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The UK 70MHz and l-3GHz allocations are now 7O-O25-7O-5OOMHz and 
1,240-1,325MHz respectively. 

The 1981 IARU Region 1 Conference recommended that rtty speeds of 50, 
75 and 100 bauds should be encouraged. 

The UK rtty calling frequency is now 7O-3MHz. 

Additional channels S10, SI 1 and SI 3—19 have been allocated for fm simplex 
use. 

UK repeaters operating to IARU Region 1 specifications require an initial 
toneburst but other stations may then carrier re-access indefinitely. 

The 1981 IARU Region 1 Conference recommended that moonbounce 
operation should take place in the segments 144-000-144.015, 432-000 
432-015 and 1,296 000 1,296 015MHz. The 144MHz ms reference fre¬ 
quencies are now- 144-100 (cw) and 144-400 (ssb); operation can take place 
up to 26kHz higher than the reference frequency. The 144MHz beacon band 
is now- 144-845 144 990MHz. 

The Federal Republic of Germany has been allocated DAA DRZ and the 
Republic of Korea DSA DTZ and HLA HLZ. The Democratic People s 
Republic of Korea has been allocated HMA HMZ. 

There are now also amateur-satellite allocations in the 18 and 24MHz, and 
I -3, 2-4, 5-6, 47, 76, 142 and 241GHz amateur bands. 

Associate members of the RSGB are now allocated BRS numbers. 
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FOREWORD 

By M. MILI 

Secretary-General, International Telecommunication Union 

IN keeping with the rapid advances in technology during the past five years the number of stations in the amateur service has correspondingly grown, and it is now estimated that by 1980 this will reach one 
million. This is in contrast with the position in 1939 when the first edition of this handbook was printed. 
Successive editions have reflected the current interests of the amateur movement and the work that has been 
done, which has made an appreciable contribution to the progress of radio communication. 

Recular communication is now effected on frequencies which only a short time ago would have been 
beyond the capabilities of radio amateurs. Their progress in microwave techniques has been rapid and the 
results achieved and the equipment used has owed little to their professional colleagues. The continuing 
interest in space techniques has led to the creation of the amateur satellite service in 1971 and the Oscar 
satellites are now an accepted and exciting part of the amateur radio scene. With the limited power and 
aerial systems at his disposal the operator must make the fullest possible use of the propagation character¬ 
istics of the various frequencies which are used. A great deal of useful scientific research has been carried 
out, the results of which are reflected in this handbook and which will aid radio amateurs in making the 
most out of those parts of the radio frequency spectrum allocated for their use. 

In parallel with the scientific aspects of the amateur service are the opportunities offered for international 
co-operation. The ability to create friendships with persons in all parts of the world in the pursuit of a 
common interest is a factor in the maintenance of goodwill which is shared by few other activities. With 
the development of amateur radio there is an ever increasing range of subjects on which there is a high 
degree of worldwide liaison. The international body of the amateur service—the International Amateur 
Radio Union—exists for the purpose of furthering this co-operation. This body is recognized as a 
participating observer at the conferences of the International Telecommunication Union at which the tasks 
of frequency allocation and conditions of use are fulfilled. 

The amateur radio service enjoys a special place in the body of services recognized by the ITU for it is 
one of the oldest radio services in existence. It is defined in the Radio Regulations as “a service of self¬ 
training, intercommunication and technical investigations carried on by amateurs, that is, by duly 
authorized persons interested in radio technique solely with a personal aim and without pecuniary interest”. 

The service is therefore recognized as having two missions—first, to instruct and to take part in the training 
of those who, in any capacity, bear responsibility for the operation of radio services. Second, to engage in 
disinterested research in order to deepen our knowledge of scientific matters. The role of radio amateurs 
in technical training seems to be little known for all its great importance. The ITU is engaged on a vast 
programme of technical co-operation to aid developing countries to expand their telecommunication 
services. In this programme training plays a vital role. There is no doubt that the development of an 
amateur radio service in the countries concerned makes a substantial contribution to the execution of this 
immense task, and a contribution moreover that costs the community so little. 
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The field for further contribution to the science of radio communication is as great today as ever. There 
are many persons who have found that experience as a radio amateur has served them well in a professional 
career. Whether the reader’s interest lies in the amateur or professional fields he will find this handbook 
to be indispensable in following his chosen area of study and experiment. 

M. Mili 



PREFACE 

By PAT HAWKER, G3VA 

Author of “Amateur Radio Techniques", "A Guide to Amateur Radio etc 

B
Y the time any book has reached its fifth edition—with total printings exceeding 250,000 copies—it 
may be safely assumed that it fulfils a real need in a manner that appeals to the amateur radio enthusiast, 

and indeed also to many students and those concerned professionally with radio communication 
The Society does not revise this handbook annually or even frequently, but when the technology has 

changed sufficiently to justify it. This means that each new edition (five in almost 40 years) is virtually a 
new book, each chapter being completely revised and up-dated, often indeed entirely rewritten. 

The problems that this practice presents should not be underestimated. The future in radio communica¬ 
tion increasingly depends upon semiconductor devices but at present (and rightly so) amateur stations still 
continue to make wide use of thermionic devices where these are reliable and cost-effective. So the amateur 
still needs to understand valves or tubes, while learning to cope with an increasing range of bipolar and 
field effect transistors, integrated circuits and digital techniques, as well as the more exotic semiconductor 
devices such as Gunn diodes. . ... 

To include the new while retaining the best and most valid of the old is a process that makes impossible 
demands on authors and editors alike. No matter how ruthlessly the blue pencil is wielded, the sheer 
amount of information that a keen amateur expects to find in a standard book of reference grows and grows. 

This edition has consequently been split into two volumes for convenience in handling; the division does 
not represent any fundamental rearrangement in subject matter compared with earlier editions. Like those 
editions it is written almost entirely by active radio amateurs for both active and would-be active amateurs 
It does not assume that every amateur always builds his own equipment but it does take it for granted tha 
the radio amateur continues to be keenly interested in the technical aspects of the equipment he uses. 

In recent years, amateur radio has developed in Europe along rather different lines from North America 
with perhaps a little more interest in why as well as how. This ensures that this handbook is not just a Bntis 
version of the popular American handbooks—though we owe a real debt to those m North America who 
originally conceived and pioneered technical handbooks of a style very different from the traditional 
engineering textbooks. 

Practical down-to-earth information—certainly every amateur needs that if he is to continue to represent 
a balanced combination of designer, constructor, purchaser and operator of modern radio equipment 
However, he also needs to absorb a feeling and an instinct for what is and is not really important. One ot 
the attractions of radio communication is the way in which fundamental ideas and techniques remain valid 
in the midst of innovation. 

It is perhaps just as well that one can still, even in a computer age, put a lot within the covers of a book. 

Pat Hawker 





CHAPTER I 

PRINCIPLES 

OPERATING an amateur radio station is a fascinating 
hobby, and the enjoyment can be greatly increased by an 

intimate knowledge of the equipment and the ability to 
modify it experimentally. For success in such home con¬ 
struction there are two essentials. An understanding of the 
theoretical principles involved allows the amateur to get the 
best out of his equipment by good design, tailored to his 
exact needs. A practical grasp of components and their 
limitations is also needed, allowing him to choose suitable 
components for any purpose and if necessary replace a 
specified type by another already to hand, perhaps with 
minor circuit adjustments. 

In this introductory chapter a practical section describing 
common components and the choice between them is 
followed by a section outlining the basic theory underlying 
each piece of equipment in the amateur station. Subsequent 
chapters are devoted to a detailed discussion of each piece of 
equipment with practical examples. Readers new to elec¬ 
tricity and radio should turn to pl.9. 

COMPONENT SELECTION 

Equipment breakdown can be frustrating, and it is worth 
using the best quality components in amateur construction. 
With care these can be found quite cheaply on the “surplus” 
market. This section gives the relevant advantages of 
different types of component. Note that it is always worth 
testing components before use. 

Wire 
Copper is the most often used conductor, being strong, 

cheap and of low resistance. Enamelled copper wire is used 
in coils and transformers because the insulating enamel 
takes up little extra room. Wire is sold in Standard Wire 
Gauge sizes (swg), and the size needed to carry a given 
current is listed in Chapter 23—General Data. Available 
wire can be roughly sized by comparing it with fuse wire or 
counting the number of turns per inch in a close-wound coil. 

Enamelled wire should not be re-used if it has been 
kinked, as this cracks the enamel. 

Radio frequency (rf) currents travel only along the surface 
of a wire. For this reason transmitter coils are often made 

TABLE 1.1 

Approx swg Turns per inch Fuse wire 
of same size 

20 
25 
30 
35 

25 
45 
70 

105 

15A 
10A 
5A 

from silver-plated wire. Where high currents are involved 
hollow tube can be used to reduce the cost of material, while 
some high-2 coils use Litz-wound wire in which many fine 
strands increase the surface area. 

Resistors 

Resistors are very reliable components, lasting usually for 
many years, but, being present in such large numbers, they 
are the commonest cause of equipment failure. Ordinary 
resistors are moulded carbon, painted or encased in ceramic. 
Their resistance decreases on heating and tends to increase 
with ageing, so high-stability types are preferable. 

Resistors less than jin long are usually rated at j or |W 
power dissipation, while those Jin long or more will dissipate 
1-2W. There is however a maximum voltage rating of 150V 
for the small carbon resistors, 250V for medium-sized ones, 
regardless of power. When soldering the miniature types 
use a heat sink clip, for excessive heat will permanently alter 
their resistance. 

Wire-wound resistors have higher power ratings (usually 
stamped on the resistor) but get very hot at full power, so 
they should be kept away from coils, etc. Unlike carbon 
types their resistance is greater when hot. 

Low-cost resistors are usually made within 10 per cent 
tolerance, which means that a nominal 1,00012 resistor may 
have an actual resistance of anything from 900 to 1,1000 
as measurement will quickly show. Resistors are therefore 
sold in preference values at intervals of twice the tolerance. 
For 10 per cent resistors this is the “E24” series of 20 per 
cent steps, ie 10, 12, 15, 18, 22, 27, 330, etc, and subsequent 
decades likewise. 

The nominal value of resistance is marked either with a 
series of coloured rings to be read from one end, or with the 
R-code. In the colour code the first two rings indicate digits 
and the third is a multiplier (see Table 1.3). A fourth ring of 
gold or silver indicates a tolerance of ±5 per cent or ± 10 per 
cent respectively; where no fourth ring exists the tolerance is 
± 20 per cent. 

In the R-code the first letter marks the decimal point and 
indicates any multiplier (R = Í2, K = k£2, M = Mil). The 
second letter gives the tolerance as F (1 per cent), G (2 per 

TABLE 1.2 

Resistor type Tolerance 
(per cent) 

Power rating 
(W) 

Advantages 

Moulded carbon 
Carbon film 
Metal oxide 
(metal film) 

Wire-wound 

±10 (or 20) 
±5 
±1-2 

±5-10 

i-2 
i-i 
I-i 

1-100 

Cheap 
Better stability 
Small, high stab¬ 
ility, low temp¬ 
erature variation 
High power 

1.1 
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Fixed resistors. Top row, left to right: sub¬ 
miniature 10mW type, bead-type ntc Ther¬ 
mistor, two low-power carbon types, 
photoresistor, pcb-mounting type. Bottom 
row, left to right, two 1W carbon types, 
resistor with fusible link, glass-encapsulated 
high-resistance type, high-power rod-type 
ntc Thermistor, high-power wirewound 

resistor. 

cent), J (5 per cent), K (10 per cent) or M (20 per cent). Thus 
the resistors described at the foot of Table 1.3 would be 
marked M39J, IkM and 4R7K respectively. 

There are various special types of resistor. The fusible 
resistor is used as a safety resistor: when a certain current is 
exceeded for a few seconds a soldered joint melts and springs 
apart to protect equipment from overload. The voltage¬ 
dependent resistor has a resistance which falls as the applied 
voltage reaches 50V or so, and is used to absorb voltage 
spikes. An ntc Thermistor has a cold resistance about 50 
times larger than its resistance when hot. The bead type is 
mounted on a transistor heat sink to adjust the bias current 
with operating temperature, while the rod type is heated by 
its own power dissipation. The opposite function is per¬ 
formed by the ptc Thermistor (positive temperature coeffi¬ 
cient, or Silistor), the resistance of which rises rapidly on 
heating and can protect transistors from thermal runaway. 

Potentiometers (“pots”, variable resistors) are usually of 
carbon film construction. The track often gets dirty and 
worn, causing crackles and unreliability, but can sometimes 

TABLE 1.3 

Colour Digit Multiplier 

Black 
Brown 
Red 
Orange 
Yellow 
Green 
Blue 
Violet 
Grey 
White 
Gold 

0 
1 
2 
3 
4 
5 
6 
7 
8 
9 

X 1 
X 10 
X 100 
X 1,000 
X 10,000 
• 100,000 
X 1,000,000 

X 01 

Examples: orange/white/yellow/gold bands indicate 390kQ ±5 per cent; 
brown/black/red bands indicate 1kQ ±20 per cent; yellow/ 
violet/gold/silver bands indicate 4-7Q ±10 per cent. 

be renovated with switch cleaning fluid. The log-law (loga¬ 
rithmic) potentiometer has a graduated carbon film, so that 
on rotating the spindle the resistance increases very slowly 
at first. This type is used as a volume control, because the ear 
responds logarithmically to sound power; the terminals 
must be connected in the correct sense or an antilogarithmic 
effect is produced. Carbon potentiometers are limited to 
|W power dissipation, while wire-wound types can be ob¬ 
tained for powers up to 50W. Tolerance is usually 10 per 
cent or 20 per cent. Other types of potentiometer include 
preset (set by screwdriver), miniature skeleton presets, 
ganged or concentric pairs, and types with a full 360° rota¬ 
tion or many turns. The photographs show a selection of the 
various types of resistor commonly in use, including most of 
those mentioned above. 

Potentiometers (variable resistors). Left to right: the type com¬ 
monly used as a volume control with an on-off switch built-in, skele¬ 
ton preset for pcb mounting, screened preset for chassis mounting. 

1.2 
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Fixed capacitors. Top row: two 
large multi-section electrolytic 
types. Middle row: two disc 
ceramic types and a miniature 
electrolytic type as used in tran¬ 
sistor circuits. Bottom row, left 
to right: silver mica, feed-through 

and tubular ceramic types. 

Capacitors 
A typical capacitor contains two layers of metal foil 

separated by a layer of insulation (the dielectric), rolled up in 
a tubular case. The nominal capacitance is usually stamped 
on the case, and tolerance is often +50 per cent 20 per 
cent. The resistor colourjcode or R-code may be used to 
indicate value (eg yellow/violet/orange = 47,000pF, 6R8 
6-8pF). Also marked is the working voltage, which is the 
maximum de voltage the device will withstand in either 
direction: the ac rating is about half this. In the case of 
electrolytic capacitors de may only be applied with correct 
polarity, and the ac (ripple) component must not exceed 
about 10 per cent of the working voltage. 

Capacitors usually fail by short circuiting, and leakage 
current should be checked before use. Ordinary capacitors 
should leak much less than luA. Aluminium electrolytics 
have a leakage current given approximately by: 

C(|xF) X K(wkg) . 
Leakage current = -;- txA o 

while tantalum electrolytics leak about one third as much. 
Other important properties are the temperature coefficient 

TABLE 1.4 

Function Type Advantages 

Capacitors for 
af/i.f. coupling 

RF coupling 

RF decoupling 

Tuned circuits 

Paper/polyester 
Polycarbonate 

Ceramic 
Polystyrene 

Silver mica 
Ceramic disc or 
feed-through 
Polystyrene 

Silver mica 

Ceramic 

High voltage, cheap 
High capacitance (to 10mF). 
compact 
Small, cheap but lossy 
Very low loss, low leakage but 
bulky 
Close tolerance 
Very low inductance 

Tolerance 1-2 per cent very 
low loss, 6 negative (—150 
ppm) 
High stability, low loss, toler¬ 
ance 1 per cent, low 0 (4-50 
ppm) 
Available with range of 6 
(4-75, 0, —150, —750 ppm) for 
temperature compensation, but 
lossy 

of capacitance change, 0 (which may be positive or negative), 
the power factor, which is a measure of the power loss 
introduced by the capacitor, and the physical size of the 
component. Table 1.4 gives some common types and their 
uses. 

Electrolytic capacitors have a foil electrode immersed in an 
electrolyte solution or paste, which forms the other electrode. 
Passing a small forward current builds up a thin layer of 
insulating deposit on the foil, so thin that huge capacitances 
(eg lOO.OOOtxF) can be accommodated in a small can. Unfor¬ 
tunately this layer of deposit allows a substantial leakage, 
and is easily destroyed by excessive voltage, heat, or a vol¬ 
tage of reversed polarity. During a long period of disuse the 
layer may fragment and require reforming by charging 
slowly through a lOkQ resistor. 

Electrolytic capacitors have a very high power factor, so 
an excessive ac ripple current will generate internal heat and 
damage the capacitor. For the same reason they do not pass 
rf well, and rf decoupling necessitates a ceramic capacitor in 
parallel. Where an electrolytic capacitor is used for af 
coupling a de bias voltage must be provided to prevent 
damage by reverse voltages (Fig 1.1): an exception is the 
tantalum type, which will stand up to 0-5V of ac signal 
without bias. 

Tuning capacitors are air-spaced variable capacitors, often 
with vanes shaped to give a “log-law” increase on rotation. 
The broadcast receiver type has two or more sections 
ganged on one spindle, and each section has a capacitance of 
about 300pF with the moving vanes earthed via the spindle. 
If a lower capacitance is required vanes can be carefully 
removed; hf types have a wider gap, giving both lower 
capacitance and higher breakdown voltage. A reduction 
gear on the spindle will provide mechanical bandspread. 

Trimmers are small preset adjustable capacitors, either 
air-spaced (capacitance up to 30pF) or of the mica com¬ 
pression type (to 750pF). If one is connected in parallel with 
a tuning capacitor the minimum capacitance of the circuit 
can be preset, ie the upper limit of the frequency range 
covered can be adjusted. Another preset capacitor in series 
with the tuning capacitor (a padder) will set the maximum 

1.3 
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Fig 1.1. Electrolytic capacitors must be biased to avoid reverse 
voltage. When coupling or decoupling af, bias is often provided by 
the circuit (a,b). Otherwise it is provided externally (c) or by signal 
rectification (d) (negative plate shown solid). Note that in the last 
method the effective capacitance is halved because the capacitors 

are in series. 

capacitance and thus the lower frequency limit. Where two 
ganged capacitors tune the aerial and the local oscillator, 
careful trimming and padding ensures that the circuits track 
across the whole range so that their frequencies always 
differ by the same amount (see Fig 1.2). 

Inductors 

Coil design depends chiefly on the frequency in use, and 
also on the permissible losses. Most short-wave coils are 
wound of fine wire (such as 32swg) on a paxolin, poly¬ 
styrene or ceramic former to form a compact lightweight 
component. Thicker wire is needed for a high-current coil 
such as a transmitter tank coil, and also where low loss 
(high Q) is important, as in aerial loading circuits, etc. At 
very high frequencies losses are minimized by omitting the 
former and using thick wire to form a self-supporting coil. 
For maximum Q coils should be air cored, single-layer 

and space-wound (ie with a small gap between each turn to 
reduce self-capacitance). Where space permits, further 
improvement is obtained by making the coil slightly shorter 
than its diameter, as this optimum shape uses the shortest 
length of wire to achieve the desired inductance. 
At low frequencies coil inductance can be increased a 

hundredfold by a ferromagnetic core. Solid iron is unsuitable 
because it becomes heated by a flow of eddy currents, 
causing large power losses from the coil. These can be 
reduced by using a core of insulated iron laminations, giving 

Variable capacitors. Top left. split-stator variable 
circuits. Top right ganged two-section log-law 
Bottom left tubular ceramic trimmer. Bottom 

solid-dielectric tuning capacitor. 

type for push-pull 
tuning capacitor, 
right: miniature 

an inductance of several henrys in ac mains chokes and 
transformers. A typical ac supply transformer has a primary 
winding with several taps near one end (for 200V, 220V, 
240V supplies), and will draw about 100mA from the supply 
with no load on any winding. Incorrectly applying the ac 
mains to a winding designed for a lower voltage causes a 
loud buzz often accompanied by rapid heating, although the 
same effect can be caused by shorted turns inside the trans¬ 
former. The principal secondary winding is often centre-
tapped for use with a full-wave rectifier. If there is another 
single lead isolated from the windings, this is usually a 
Faraday screen which when earthed prevents mains inter¬ 
ference passing from primary to secondary windings by 
capacitativo coupling (Fig 1.66). 

At audio frequencies smaller cores suffice. Typical speaker 
transformers have a turns ratio of about 40:1 (valve type) or 
5:1 (transistor type), and the primary may be centre-tapped 
for push-pull circuits. 7 he valve types are plentiful, and can 
be used for various impedance-matching applications 
(Fig 1.3 shows one example). 

Above audio frequencies the losses in a laminated core 
become too great, and it must be replaced by a dust core or 
ferrite core which are available in various shapes. Different 
grades of ferrite produce greater or smaller inductance, but 
for amateur purposes any grade can be used, the number of 
turns required being found by trial and error. Particularly 

Fig 1.2. Part of the well known 
G2DAF receiver to show tracking 
arrangements. C1, ganged tuning 
capacitors. C2, de blocking. C3a, b, 
capacitors setting the highest 
tuned frequency (C3b was a nega¬ 
tive-temperature-coefficient type 
to offset thermal drift). C4, 
trimmer for fine adjustment of 
maximum frequency. C5, padder 
setting the lowest tuned fre¬ 
quency. C6, capacitative tap for 

the Colpitts oscillator. 

1.4 
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Various inductors. Top left: rf 
coil on paxolin former and loud¬ 
speaker transformer. Bottom 
left self-supporting silver-plated 
vhf coil and Ferroxcube-potted 
high-Q coil. Centre exploded 
view of mains transformer, show¬ 
ing two-part laminated iron core, 
coil former and aluminium cover. 
Top right i.f. transformer with 
and without its screening can. 
Bottom right: small toroid trans¬ 

former for use at rf. 

rv c 
I V ® ‘ 

useful are ferrite slugs, which can be screwed towards the 
centre of a coil such as an i.f. transformer for line tuning 
adjustment, and the ferrite toroid which, when used as a 
transformer core, gives very wideband inductive coupling 
with minimal capacitativc link between the windings. 

For an rf choke one quarter-wavelength of wire on a 
small air-cored former gives an impedance of about lOOktl 

Charts and formulae for use in the design of coils are 
presented in Chapter 23, while the inductance of an available 
coil can be checked with a transmitter and an oscilloscope, 
as in Fig 1.4. Small capacitors can also be checked by this 
method. 

The resonant frequency of a complete tuned circuit can be 
measured with a signal generator or a grid dip oscillator 
(gdo): as the gdo is tuned past the resonant frequency power 
is drawn from its probe into the tuned circuit and causes a 
dip in the meter current, allowing the frequency to be read 
off the calibrated scale to within about 5 per cent. 
A relay is a magnetically operated switch, and the “Post 

Office" relay has served generations of amateurs, being 
cheap and plentiful. It has a large iron-cored coil designed to 
operate on 50V de but can be run on lower voltages or 
from an ac supply: Fig 1.5 shows one method. Various onc-
or two-way switches can be assembled on it according to 

Fig 1.3. A small loudspeaker 
used as a microphone needs 
its impedance matched to the 
amplifier input. To match a 
3*2 speaker to a transistor 
input (about 3k Q) requires a 
transformer witn a ratio of 

about 30:1. 

need. Relays are often used for transmit receive switching, 
and for aerial rf switching coaxial relays arc available. 
Several different types including the Post Office model arc 
shown in the photograph on the next page. 

SEMICONDUCTOR DEVICES 

Semiconductor devices are very small, long-lasting, 
mechanically rugged and cheap compared to valves. They 
are also very versatile—a typical silicon power diode will 
rectify a kilowatt or a few milliwatts of supply with equal 
ease. Early devices were made of germanium and were easily 
damaged by heat or overload, but silicon types are much 
less vulnerable and preferred for most purposes, except for 
work at very low voltages. 

Diodes are designed for several different uses such as 
signal detectors, power rectifiers, regulators and amplifiers. 
The first group, signal diodes, are rated at about 25V and 
need to have a low capacitance. The following types arc 
commonly available: 

Germanium point contact-
(OA91) 

low capacitance but a high 
forward voltage drop (per¬ 
haps IV at 20mA) 

Transmitter 
r f output 

Dummy 
load 

Oscilloscope 
or 

■ Valve voltmeter 

Fig 1.4. To measure the impedance of a coil (or capacitor) approxi¬ 
mately, rf current from a transmitter is passed through it in series 
with a carbon resistor (R). R is chosen so that the measuring device 
indicates equal voltage drops across R and Z: then the impedance 

is R ohms, and R = ItrfL (or 1/2nfC). 
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Various relays. The large one on 
the left is the Post Office type, 
still widely used, and the others 
are more modern types, some of 
which are suitable for mounting 

on a pcb. 

Gold bonded (INI41) —low voltage drop, high cur¬ 
rent (say 100mA) 

Silicon junction (OA202) —very low leakage, high break¬ 
down voltage 

Hot-carrier (HP28OO) —excellent at vhf, low noise, 
low capacitance (low carrier 
storage), high efficiency 

For signal detection all these are superior to valve diodes, 
which require higher signal voltage (eg 10V to pass I mA). 
The germanium type will pass an adequate current at lOOmV 
or even lower. 

Power rectifiers are usually silicon junction diodes designed 
to stand a peak inverse voltage (piv) of up to IkV, and a mean 
forward current of approximately 1A. The avalanche diode 
(avalanche-protected diode) is built to withstand small over¬ 
loads of reverse voltage without permanent damage, so long 
as excessive current is prevented by an adequate series 
resistance. A simple method of testing diodes to assess the 
piv is shown in Fig 1.6. Diodes must not be used in series to 
withstand higher voltages unless special precautions are 
taken. For very high voltages miniature selenium rectifiers 
are convenient, typically rated at 6k V at I mA. For high-
current applications diodes can be used in parallel, although 
they should ideally be matched; germanium rectifiers dissi¬ 
pate less power and may be rated at higher currents (10 or 
20A), albeit at a lower piv. 

The zener diode (occasionally called an avalanche diode) 
breaks down at a low reverse voltage (usually between 5 and 
15V) which remains remarkably constant whatever reverse 
current is applied. A more accurate version is the reference 
diode, supplied at an accurately stated breakdown voltage 
with low temperature variation, but at a higher price. There 
is also an ingenious method of making a transistor function 
as a rather leaky zener device but with an adjustable break¬ 
down voltage (Fig 1.7). 

Any diode when reverse-biased has a small capacitance 
which decreases as the reverse voltage rises, and it can 
therefore be used as a remote tuning device (see Chapter 3— 
Semiconductors). The Varicap or Epicap diode is particularly 
designed for this purpose, with a stated capacitance swing 
from, say, lOpF down to 4pF as the voltage rises by 10V 
or so. Any rectifier diode will perform the same function, and 
a little experimenting may be useful, eg an OA202 varies 
from about lOpF to 3pF at a reverse voltage of 0-10V. 
Zener diodes give a much greater capacitance change, say 
500pF to 150pF from 0-5V. 

A voltage-variable capacitor can also be used as a para¬ 
metric amplifier or frequency multiplier at extremely high 
frequencies (up to 10GHz or so), and diodes made for this 
purpose are called varactors. Input powers accepted by the 
types available vary between 4 and 40W and they have 
efficiencies of 25 to 50 per cent. 

iMn 

Fig 1.5. A relay can be powered 
from an ac source without 
“chatter” by fitting a shunt diode. 
Between positive half-cycles the 
relay coil continues to draw 
forward current from the diode, 
since an inductance opposes 
current change. A series diode 
can be added at A to reduce heat 

dissipation in the resistor. 

To Y- plates of 
oscilloscope 

Fig 1.6. To test silicon diodes a large ac voltage is applied through a 
high series resistance which protects the diode. The oscilloscope 
trace indicates the diode breakdown voltage (piv) at which the diode 
starts to leak about 0 1mA. For zener diodes a low voltage, about 
12V ac, is adequate. 
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Breakdown Devices 
Certain devices have a high resistance until the applied 

voltage reaches a threshold level, when the resistance falls 
rapidly: the resistance remains low until forward conduction 
ceases, and then the device recovers its high resistance. The 
four-layer diode (Shockley diode) breaks down (triggers) at a 
set forward voltage around 20V, and the diac is a two-way 
version. The silicon controlled rectifier (scr, thyristor) is 
a four-layer diode with a control electrode, the gate, and 
breaks down when a small current is passed through the 
gate. High-voltage thyristors (piv up to IkV) are used for 
supply regulation, while low-voltage versions function as 
switches. The triac is a two-way thyristor, permitting current 
flow in either direction when triggered, and the quadrac is a 
refinement incorporating a diac in the gate lead. The unijunc¬ 
tion transistor has no gate electrode, but the breakdown 
voltage can be set by external biasing. See Chapter 3 for 
details. 

Fig 1.7. A constant-voltage device 
using a silicon transistor. When its 
emitter-base voltage reaches 0 6V, 
ie the applied voltage reaches 
(1 4- RV/R) X 0 6V, the transistor 
conducts and maintains the volt¬ 

age at this level. 

Transistors 
Ordinary transistors are bipolar, having two pn junctions 

separated by a very thin layer called the base. Choice of 
transistor for a given purpose is dictated by the following 
considerations: 
Polarity—Silicon npn transistors are often cheaper than 

pnp types, and use a positive supply voltage. 
Voltage—The collector must be rated at twice the supply 

voltage or more, when using an inductive load. 
Frequency—In most common-emitter circuits the transistor 

needs a cut-off frequency (A, A or ff) of at least 100 
times the operating frequency in use. 

Power—Small transistors will dissipate 2OO-3OOmW, so the 
product of collector current and voltage in use must be 
less than this. Power transistors must be rated far 
above the actual power to be supplied, because their 
official rating (PD> Fo, Poo etc) is usually referred to a 
constant case temperature. No practical heat sink 
achieves this. As a very rough guide, a sheet of alum¬ 
inium 15cm square with the transistor mounted firmly 
in contact with the metal in the centre will dissipate a 
quarter of the rated power. 

These are all simply minimum requirements, so a high-
performance transistor (such as the 2N3375) could be used 
for any application within its generous limits of voltage, 
frequency and power. 

Transistors have many other characteristics, but these 
show little variation between modem types and so rarely 
govern the choice for a particular application. Examples are 
the current gain ß or hte (generally 50 to 100), leakage current 
(a few jxA in common-emitter circuits), emitter reverse 
voltage (about 5V), etc. 

Several methods of transistor construction are in use. The 
alloy transistor (alloy-junction, alloy-diffused) can be made 
to stand high voltage and power dissipation, but most have a 
poor frequency response. An example is the 2N3O55, rated 
at 100V 115W with ft — 1MHz. A variation with better 
frequency response is the germanium drift or micro-alloy 
diffused transistor (madt), in which the base is doped more 
heavily on one side. 

Fig 1.8. This transistor output 
stage uses complementary 
power transistors in push-pull. 
A driver transistor TR gene¬ 
rates signal voltage across a 
load R, and the power tran¬ 
sistors act as emitter fol lowers 
giving a low-impedance out¬ 
put. Without applied signal 
a small de current flows, con¬ 
trolled by the preset resistor 
RV (which may include tem¬ 

perature compensation). 

Much higher frequency response can be obtained from 
silicon planar construction. The base and emitter are 
deposited as thin films on the surface of a silicon chip, which 
forms the collector. A refinement is the planar epitaxial 
transistor, where the chip is heavily doped at its base to 
lower the collector resistance. An example of an epitaxial 
transistor is the 2N7O9A, rated at 15V 0-3W with ft = 
800MHz; the very thin base layer gives good frequency 
response but a low voltage rating. A rather similar process in 
germanium transistor construction produced the diffused-
base and double-diffused mesa transistors, also with high 
frequency response. 

Fig 1.9. The simplest meter 
protection circuit uses a german¬ 
ium transistor shunt which limits 
the movement voltage to about 
200mV, corresponding to a cur¬ 
rent overload of about 10 times 
the scale maximum. Transistor 
leakage introduces a small inac¬ 
curacy, the meter reading low. 

Matched pairs of transistors selected for their similar 
characteristics are available for differential amplifiers, etc. 
For best matching the transistors are formed on one chip 
side by side, and are known as dual transistors (eg the 
2N2223). Complementary transistors have similar ratings but 
opposite polarity (eg TÍS90 npn, TIS91 pnp), and are used 
in push-pull amplifiers to avoid the need for transformers 
(Fig 1.8). 
The symmetrical transistor was a germanium type designed 

to function at voltages right down to about 10mV. Any 
germanium transistor will work at 100mV or so, and this 
property can be used for meter protection (Fig 1.9). 

Any type of transistor should be tested before use as this 
takes only a few moments, and a simple testet is shown in 
Fig 1.10. Most small silicon transistors should leak less than 
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Fig 1.10. Testing transistors: 
first the leakage current Iceo 
is measured with the multi¬ 
meter, then pressing switch 
S gives a current increase in 
microamps of 10 times the 
gain (10/3, or more exactly 10 

X hFE, the de gain). 

IOjxA and have a gain of 50 or more. Another transistor 
tester is described in Chapter 18—Measurements. 

Field-effect Transistors 

The field-effect transistor (fet) has a narrow silicon 
channel surrounded by a gate electrode, which controls the 
number of mobile current carriers in the channel and there¬ 
fore its resistance. In use it has high input and output 
impedances, rather like a pentode valve, and when coupled 
to a high-impedance input circuit it generates less noise 
than a comparable bipolar transistor when used as a simple 
amplifier. It will also function as a square-law detector (see 
page 1.41),and asa variable resistor since the channel small¬ 
signal impedance varies from about lk£l up to several 
megohms depending on the gate voltage. 

In the junction-gate fet (jfet) the gate and channel meet at 
a pn junction, and a de reverse bias voltage is applied to 
isolate the gate. An example is the MPFI02 series of n-
channel jfets which in the absence of gate voltage pass 
several milliamps at 10-20V. A negative gate voltage de¬ 
pletes the channel of carriers and lowers the current, which 
stops entirely at the gate “pinch-off” voltage of about - 5V. 

Other fets have the gate insulated from the channel by a 
fine layer of metal oxide, the insulated-gate fets (igfets) or 
metal-oxide-silicon fets (mosfets). One type functions in 

Fig 1.11. Types of fet: (a) n-channel jfet with simple biasing network 
(SB substrate lead), (b) n-channel enhancement-type mosfet with 

its positive bias voltage supply, (c) dual-gate fet, (d) dual fet. 

Integrated circuits. The black rectangular types are in the common 
‘dual-in-line” package; the 8-pin one on the left is an operational 
amplifier, and the 14-pin and 16-pin versions on the right are digital 
logic circuits. The other frequently-used package is the round metal 
can shown on the left, which affords better shielding. A submini« 
ature "flat-pack” package is shown at the bottom of the picture. 

just the same way as a jfet with similar characteristics, 
except that the gate voltage need not be kept negative: this 
type comprises the depletion mosfets, such as the 3NI55. 
There is a second type, the enhancement mosfet, eg the 
3N157, in which no channel current passes until conduction 
is enhanced by a forward gate voltage above a certain 
threshold of a few volts, mosfets may be n-channel or 
p-channel. 

Because fets have a very high input impedance (about 
10'°O for a mosfet) the gate can easily be damaged by hum 
voltage while handling and installing. To prevent this they 
are supplied with a substrate lead wrapped closely around 
the other leads, and this should not be removed until the 
fet has been soldered into the circuit. Some devices also have 
internal zener diodes to limit the gate voltage, and are 
known as gate-protected fets. There may be a diode junction 
between substrate and channel, a source of confusion when 
testing fets. 

In a dual-gate mosfet the channel passes through two 
gates in succession: Fig 1.11(c). The second gate may be 
earthed, giving excellent input/output isolation, or an age 
voltage applied to control the gain of the device, or a modu¬ 
lating signal applied. They must not be confused with dual 
mosfets, which contain two matched single-gate mosfets 
formed on the same silicon chip. 

Integrated Circuits 

A monolithic integrated circuit (ic) contains several inter¬ 
connected transistors and resistors formed on the surface of 
a single silicon chip. Small capacitors may be included, and 
external tags are provided for connecting large capacitors, 
inductors, variable resistors etc. Linear tes respond to a 
continuously variable signal, while digital tes respond only 
to “on" or "off” states and are mainly confined to com¬ 
puters. 

The most common linear ic is the operational amplifier, a 
direct-coupled amplifier with high input impedance provid¬ 
ing a voltage gain of 100 to 10,000 in most cases. Opera¬ 
tional amplifiers function from de up to about 100MHz, 
and some are designed as i.f. amplifiers with provision for 
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Fig 1.12. Circuit diagram of a 
typical integrated circuit, the 
RCA CA3011 wide-band amplifier, 
showing pin numbers and ex¬ 
ternal connections. Transistors 
TR2, TR5 and TR8 are common¬ 
base signal amplifiers and the 
others are emitter followers. The 
diodes and R10 provide two stabi¬ 
lized voltages, transformed to low 
impedance by TR9 and TR10; 
further control of de bias is 
achieved by using “long-tailed 
pairs” with direct-coupled emit¬ 
ters (TR1, 2, 4, 5, 7 and 8) and via 
two de negative feedback loops 
(pins 3 and 4). Because the device 
uses no conventional common¬ 
emitter stages it gives good amp¬ 
lification atfairly high frequencies 
(up to 20MHz). Overall current 

gain is 5,000. 

age. Other linear tes function as modulators, audio am¬ 
plifiers, age generators etc. Fig 1.12 is the circuit of an 
RCA CAÎ011 ic showing the 10 transistors and associated 
components. 

VALVES 

Thermionic valves are categorized by the number of their 
electrodes, eg a pentode has five (anode, cathode, and three 
grids), and their function is fully described in Chapter 2—■ 
Valves. A few special terms are mentioned here. 
A beam valve such as a beam tetrode has an extra pair of 

plates which focus the electron beam onto the anode, so as to 
minimize secondary emission from the anode. In the beam¬ 
deflection valve the electron stream is deflected from one 
anode to another by suitable voltages applied to the plates, 
and this is useful in ssb generation. A cold-cathode valve does 
not need a heater supply: the cathode coating is activated by 
an avalanche effect stimulated by the voltage on a nearby 
accessory anode. 
A Compactron is a small unit with a 12-pin base con¬ 

taining two conventional valves. A Nuvistor is a very small 
rigid valve of metal and ceramic construction for vhf work. 
The klystron is a microwave device: in the reflex klystron an 
electron beam resonates in a metal cavity producing self¬ 
oscillation. 
The neon or voltage regulator contains two electrodes and 

neon gas. No current flows until a certain striking voltage is 
reached, when the gas ionizes and the voltage across the 
electrodes drops to a fairly constant value regardless of the 
current passed, typically 75V or 150V. It is used as a shunt 
regulator, and also in the relaxation oscillator (p 1.35). 
The thyratron was the thermionic forerunner of the 

thyristor. It is a triode containing gas, and acts as a switch. 
When a heavy negative bias is applied to the grid no current 
flows, but once the bias is relaxed anode current ionizes the 
gas, which maintains current flow regardless of grid voltage 
until the anode supply is interrupted. 

METERS 

The common type of de meter has a moving-coil move¬ 
ment with a resistance of 10Í2 or so, and requires about 
1mA to produce full-scale deflection (fsd). It will function as 

a voltmeter (by adding a series resistor) or ammeter (with 
shunt resistor), but for general test measurements the basic 
movement should be sensitive, say 0-3mA fsd or better 
(ie 3,000Q/V or more). Many low-cost instruments have a 
sensitivity of 30,0000/V. 

Most ac voltmeters comprise a de voltmeter with a built-in 
bridge rectifier and a suitably recalibrated dial. Unfor¬ 
tunately alternating current cannot be measured so easily, as 
the bridge rectifier has a considerable and non-ohmic 
resistance. It can be measured with a moving-iron meter, 
but only at low frequencies. To measure rf currents (usually 
the output to the transmitting aerial) a thermocouple meter 
can be used, in which the current heats a tiny filament. This 
heats a thermocouple, which in turn passes current through 
a de meter. These meters have a small ohmic resistance, but 
the filament is easily destroyed by overload. 

An effective method of measuring high voltages is to 
apply them directly to an oscilloscope Y-plate, having 
previously calibrated the screen with a known voltage such as 
the mains supply. The scale is linear, the impedance very 
high, and the frequency response excellent. Details of test 
equipment and methods will be found in Chapter 18. 

THEORY OF ELECTRICITY 
Electricity 

The ancient Greeks noticed that rubbing a piece of amber 
(elektron) made it attract hairs and dust by some mysterious 
force, but it took 3,000 years to establish the explanation. 
Matter is composed of atoms, which contain many electrons. 
Some of the electrons on the surface of a piece of amber can 
be rubbed off, leaving it charged, so that it attracts the elec¬ 
trons on other bodies such as hairs, which then stick to it. 

Many materials can be charged, such as glass, rubber and 
plastic. In each case the charge remains on the surface where 
it is placed and cannot cross the material, which is called an 
insulator. Metals, however, are quite different. They contain 
many free electrons which can move about within the metal, 
giving it special properties. If one end of a metal rod is 
charged, these electrons will conduct the charge right along 
the rod. Carbon, tap-water and wet objects are also conduc¬ 
tors of electricity. 

If electrons are continually removed from one end of a 
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Fig 1.13. In a light bulb the conductor is afine tungsten wire supported 
by a glass rod insulator. The wire is heated to white heat by the 
passage of electrons, and is suspended in an inert gas to prevent 

oxidation. 

metal wire (by a battery) and placed at the other end, a 
current of electrons will flow along the wire. The stronger the 
battery, the larger the current which flows. This was dis¬ 
covered by Ohm, who established that in any given con¬ 
ductor the flow of current is proportional to the electrical 
force applied to its ends. Mathematically Ohm's law is 
written 

Potential difference (in volts) _ The resistance of the 
Rate of current flow (in amps) conductor 

V (voltage) 
/ (current) 

R (resistance). 

The resistance of a conductor is measured in ohms (O), 
defined as the number of volts (V) required to push a current 
of one ampere (A) along the conductor. Consider a light 
bulb (Fig 1.13), in which the ac mains supply is connected to 
the ends of a fine wire filament. Suppose the mains (240V) 
passes a current of 0-5A through this filament. By simple 
proportion it would take 480V to push 1A through, so the 
filament has a resistance of 4800. Or, mathematically, 

V 240V R = — = = 4800 
Z 0-5A 

Using Ohm’s law in this way can sometimes give inac¬ 
curate results. One example is that when electrons are 
forced along a wire they generate heat (this makes the light 
bulb glow), and electrons have difficulty in passing along a 
hot wire. The bulb resistance is therefore net a constant, and 
is in fact about ten times higher when the bulb is lit. 
A battery is a column of cells joined end to end (in series) 

(Fig 1.14). Each cell contains chemicals, usually zinc and 
acid, which generate about 1-5V, so six cells in series make a 
9V battery. If this battery were connected to each end of a 
short piece of wire (ie “shorted”), a large current would flow 
and quickly exhaust the battery. If the battery is connected 
to a high-resistance element such as a carbon rod (a resistor) 

a small current would flow. Carbon is a poor conductor, so 
the rod presents considerable resistance to the passage of 
current, perhaps many thousands of ohms, thereby prevent¬ 
ing an excessively large current flow. 

Because it is inconvenient to write out large numbers, 
unit prefixes are used to indicate size in electrical quantities, 
as follows: 

mega- (M) = 1,000,000, ie 10’ 
kilo- (k) = 1,000, ie 103
milli- (m) = 1/1,000, ie IO-3 

micro-(g) = 1/1,000,000, ie 10” 
nano- (n) = IO-9 
pico- (p) = IO-12

For example, a 9V battery connected across a Ikü 
resistor will pass 9mA, and a small PP3 battery can keep 
this up for 36h or so. Batteries are, however, an expensive 
source of electricity: the same power from the ac mains 
supply would cost about 1,000 times less than the cost of a 
PP3. 

“High-power” batteries are designed to stand a heavy 
current drain such as that from an electric motor, and 
mercury and manganese batteries will also pass a high 
current for a short time. Nickel-iron batteries are suitable for 
emergency equipment, as they can stand unused for many 
years without deteriorating. Mercury batteries give a par¬ 
ticularly constant voltage, after a short running-in period, 
useful as a reference voltage. Chapter 16—Power Supplies 
gives a fuller description of common types of battery. 

For electricity to flow there must be a complete circuit of 
conductors for the electrons to travel along. To stop the 
current the circuit need only be broken by a small gap, eg by 
a switch. When the switch is closed electrons from the battery 
negative terminal (—) pass round the circuit and are recap¬ 
tured by the positive terminal (+), as in Fig 1.15. 

Electrons actually travel along wire very slowly, at only a 
few feet per hour. However, closing a switch causes im¬ 
mediate current flow around the circuit: each conductor 

Fig 1.14. A 9V battery contains six cells in series, one arrangement 
being as in (a), (b) A single common dry cell: the zinc case slowly 
dissolves in the hydrolysed ammonium chloride, and hydrogen 
liberated at the carbon anode is absorbed by a layer of oxidants, 

(c) Circuit symbols. 
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Fig 1.15. When the terminals of a battery are joined by a complete 
circuit of conductors current flows, conventionally from positive 
to negative terminals (a), although electrons actually flow in the 

opposite direction. Circuit symbols are shown in (b). 

already contains electrons, so pushing more in at one end 
immediately forces some out of the far end. 

Before electrons were discovered, scientists believed that 
electricity emerged from the copper or carbon terminal of 
batteries, which they named the positive terminal, and was 
absorbed by the zinc or negative terminal. This theory 
proved wrong, as electrons actually travel from negative to 
positive, but it is still customary to indicate the direction of 
“conventional current” flow rather than electron flow. 

Meters 
A method of observing the passage of electric current was 

devised by Oersted. He showed that current passing down a 
wire would deflect a nearby compass needle. The larger the 

Fig 1.17. To measure the cur¬ 
rent flowing through a 
resistor a milliammeter is 
connected in series with it (a). 
If the resistance is known the 
applied battery voltage can be 
calculated: the resistor is 
mounted inside the milli¬ 
ammeter to form a “volt¬ 
meter”. The circuit symbol is 

shown in (b). 

current, the more it will deflect the compass needle, and 
this is the principle of the ammeter (Fig 1.16). Rather than 
pivot the magnet, modern meters have a pivoted wire loop or 
coil suspended between the poles of a fixed magnet. This 
assembly is known as the movement. They are quite sensitive, 
a typical milliammeter requiring only 1mA to produce full 
scale deflection (fsd) of the pointer. To measure the current 
passing through a resistor, for example, the meter is con¬ 
nected in series with it: Fig 1.17. 

No one has discovered an equally simple way to measure 
voltage. It is usually measured indirectly, by applying the 
voltage to a known resistance and measuring the current 
passed. A voltmeter is simply a milliammeter containing a 
suitable series resistor inside the case. As drawing current 
may alter the voltage to be measured, a voltmeter should 
have a high resistance so that it draws very little current. It 
must therefore be very sensitive so that the small currents 
can be accurately measured. If several different series 
resistors are provided, with a selector switch, the meter can 
be used to measure a range of voltages. 

For example, a high-quality voltmeter may contain a 
50(xA fsd movement (ammeter) and choice of two series 
resistors, of 200kQ and 2MÍ1 The voltage producing fsd 
will be, from Ohm’s law, 

Fig 1.16. The principle of the 
ammeter. Oersted observed that 
a current will deflect a nearby 
magnet (a). In the moving-coil 
ammeter (b,c) the current passes 
between the poles of a large 
magnet and makes the coil twist, 
because each side of it is pulled in 
opposite directions (d). (e) Am¬ 

meter circuit symbol. 

Battery 
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Fig 1.18. An ohmmeter (a) is a milliammeter containing a battery 
and preset series resistor S, which is adjusted to give full scale 
deflection with the terminals shorted (zero ohms). A resistance R is 
then measured by observing the fall in meter current on a reciprocal 
scale (b). In the multimeter the battery and series resistor are 
switched out when measuring current and voltage, but this reverses 

the terminal polarity (c). 

(i) 50(xA X 2OOki2 = 10V 
(ii) 50|zA X 2MQ = 100V 

The meter therefore has two ranges across its scale, 0 to 10V 
and 0 to 100V. 

The sensitivity of a voltmeter is defined as its resistance 
divided by the voltage for fsd. On either range the above 
meter has a sensitivity of 20.000O/V. Note that a voltmeter 
is not placed in series in a circuit as an ammeter would be, 
but directly across the voltage source to be measured. 

A milliammeter can be used to measure resistance, by 
incorporating a battery and a series resistor (to protect the 
meter from overload). Such an ohmmeter is shown in 
Fig 1.18. In the multimeter version, selector switches allow 
measurement of voltage, current or resistance on several 
ranges. A peculiarity of these meters is that when measuring 
resistance the red ( + ) terminal becomes negative', this must 
be borne in mind when testing semiconductor devices. 

Resistance 

The total resistance of a combination of different resistors 
can be measured or calculated. If two resistors RI and R2, 
having resistances Rx and R2, are joined in series (Fig 1,19) 

Fig 1.19. Two resistors in series (a) cause the same voltage drop as a 
larger resistor (c) equal to the sum of their resistances. 

Fig 1.20. Resistors in parallel allow more current to pass, so the total 
resistance is smaller than that of either of the two individual 

resistors. 

the voltage required to pass 1A through each resistor in turn 
is evidently Rt + R2, and is by definition the resistance of 
the combination. 

Riot = R¡ + R2 (in series) 
If the resistors are joined not in series but side by side (in 
parallel, or shunting each other) calculation is more difficult. 
Imagine a IV battery connected across them (Fig 1.20). 
From Ohm’s law, any resistance R will pass a current l/R 
amperes from this battery, so the resistance of the combina¬ 
tion is given by: 

or 

I hus the total resistance in this case is a smaller resistance 
than either individual resistor. 

Electric power passing into a resistor is converted into 
heat. The power is proportional to both voltage and current, 

IF (in watts) = F x I 

One watt generates about 0-25 calories of heat per second, 
and this is as much as most carbon resistors will stand 
without burning. Applying Ohm’s law gives alternative 
expressions for power: 

V2IF = — or JF = /2 x R 

Thus doubling the voltage across a resistor generates four 
times as much heat. 

Suppose for example that a valve heater designed to draw 
0-3A from a 6V supply is to be powered from the ac mains 
supply. The mains voltage must be dropped from 240V to 
6V. If a “dropper” resistor is to be used it must pass 0-3A at 
this voltage, so it must have a resistance of : 

„ _ V _ 234 _ tx — — — - — /oU12 
/ 0-3 

It must also withstand the heat generated, 

IF = V X I 234 X 0-3 = 70W 
so it would have to be a large well-ventilated wire-wound 
resistor. It would be possible to use a 75W light bulb, since 
this has a resistance when hot of : 
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Fiz 1.21. A bar magnet (a) isiurrounded by line« of force, the force which would act on the north pole of another magnet brought near it. A 
wire carrying current (b) also generates a magnetic field, of strength proportional to the current passing. A coil or loop of wire (c) has a field 
like a bar magnet, and will magnetize a soft-iron or ferrite core (d) : note the increased field strength due to the core. In the relay (e) this 

magnet pulls a lever to operate a switch. 

1/2 0402 
R = — = = 770Q 

W 75 
However, because its resistance was much lower at switch-on, 
the bulb would allow several amperes to flow for a moment 
before it lit up, and this surge of current might damage the 
valve heater. 

Magnetism 
A bar magnet is a hard metal bar with the interesting 

property that it will push the pole (end) of another magnet 
away from one end of itself towards the other end. This 
force around the magnet is called a magnetic field (Fig 1.21), 
and the stronger the field the harder another pole will be 
pushed along the “lines of force”. 

Since a wire carrying current deflects a nearby compass 
needle (which is actually a pivoted magnet), the current 
must generate a magnetic field. If the wire is bent into a 
circular coil the magnetic field resembles that of a bar 
magnet. This field will affect a soft iron core placed in the 
centre of the coil, making it a powerful magnet whenever 
current passes around the coil. The arrangement is called an 
electromagnet or solenoid, and it is used in the relay to 
operate a switch, and in the earphone to vibrate a metal 
diaphragm (Fig 1.22). 

Induction 
When a wire is moved across a magnetic field a voltage is 

induced in the wire, and current will flow if there is a com¬ 
plete circuit. This is the principle of the electricity generator 

Fig 1.22. In the earphone or headphone, signal currents energize a 
U-shaped electromagnet which attracts an iron diaphragm, so that 
it vibrates and generates sound waves. In practice the electromagnet 

is also permanently magnetized to avoid distortion. 

or dynamo. A coil is rapidly rotated near a powerful magnet, 
and a large voltage appears at the ends of the coil. Another 
example of induction is the ribbon microphone, in which 
sound waves agitate a wire “ribbon” near a magnet genera¬ 
ting tiny electric signals resembling the sound waves. 

This effect also works in reverse. When a current is passed 
along a wire near a magnet a force is exerted and the wire 
tries to move across the magnetic field. In an ammeter this 
causes the coil to rotate. In the electric motor several coils are 
provided at different angles to form the armature: each is 
energized in the field of a permanent or electro-magnet 
(field coil) in turn and the armature thus spins round. A 
loudspeaker has a coil mounted on a paper cone near a 
magnet so that currents agitate the coil and cone, thus 
producing sound waves in the air: Fig 1.23. 
When current passes through a meter the needle may 

swing irritatingly back and forth before giving a steady 
reading. One ingenious method of damping these oscillations 
uses the tiny voltages which they generate in the meter coil : 

Fig 1.23. The loudspeaker has a coil suspended near a powerful 
magnet. Signal currents in the coil agitate an attached cone thereby 

generating sound waves. 
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Fig 1.24. To demonstrate magnetic induction. Closing switch S 
starts a sudden current in the primary coil and a magnetic field 
springs up around it (a). The movement of this field momentarily in¬ 
duces a voltage in the secondary coil. Opening the switch causes 
another voltage spike as the field collapses (b). In a suitable coil the 
voltage spikes may be far larger than the battery voltage, eg a car 

ignition coil may produce several thousand volts. 

a resistor is connected across the coil and absorbs power 
from the voltages, so that the oscillations rapidly die away. 
A resistor of six times the movement resistance gives ade¬ 
quate damping without excessive loss of sensitivity. Other 
meters use a metal coil former, which because it forms a 
closed circuit provides damping due to eddy currents 
circulating within it. 

Voltage can also be induced in a stationary wire or coil by 
a moving or varying magnetic field, as in Faraday’s original 
experiment (Fig 1.24). A sudden change of current in one 
coil moves its magnetic field, inducing a momentary current 
in the second coil. Similarly, the oscillating magnetic field 
in a radio wave induces tiny voltages in any conductor 
exposed to it, such as a receiving aerial or coil. A suitable 
core increases the inductance of the coil, giving a larger 
induced voltage, as in the ferrite rod aerial. 

Alternating Current (AC) 
Until now only steady voltages and currents (direct 

current or de) have been considered. However, consider 
the generator again (Fig 1.25): during each revolution 
(cycle) the coil cuts across the magnetic field first one way 
and then the other, producing positive and negative voltages 
alternately. Mains supply voltage is therefore of alternating 
polarity, and causes a flow of alternating current (ac). In 

Fig 1.25. An ac generator (alternator) is a coil rotated between the 
poles of a magnet (a). During each revolution (cycle) one side of the 
coil passes first the north pole, then the south pole of the magnet, 
generating a voltage first positive and then negative alternately (c). 

(b) Circuit symbol of a voltage generator. 

Fig 1.26. When an alternating voltage is applied to a resistor (a) 
current flows alternately backwards and forwards (b). This alter¬ 
nating current (ac) generates heat in the resistor proportional to the 

voltage-current product at each instant. 

Great Britain ac supply generators are driven at a carefully 
synchronized speed which ensures the supply frequency is 
50 cycles per second. In recent years the term “cycles per 
second” has been superseded by the unit “hertz” and this or 
its abbreviation “Hz” is used throughout this book. 

Mains voltage reaches peak values of + 340V and — 340V 
alternately, but for the rest of each cycle it is smaller than 
this. Consequently it gives less power than a steady de 
supply of 340V would give. It is in fact as effective as a de 
supply of 240V, so it is described as “240V ac” (more 
accurately, 240V rms—see below). 

Mains voltage applied to a resistor causes a flow of 
alternating current (Fig 1.26). The power generated is V x I 
or V2/R, the dotted curve. The actual power dissipated in the 
resistor will be the mean of this square term, V2jR, and 
from the graph this amounts to half its peak value, i V^IR. 
An ac supply is therefore as effective as a de voltage of 
ViFpk2 which would dissipate the same power in the re¬ 
sistor. This is the root mean square (rms) voltage, and for a 
sinewave supply is: 

Firms = "v/iKpk2 = —— = 0-7 Kpk approximately 
V 2 

Capacitance 
Consider two metal plates connected to a battery (Fig 

1.27). The battery removes a few electrons from plate A, 
leaving it positively charged, and pushes them on to plate B. 

Fig 1.27. The quantity of electricity which flows when two plates are 
charged by a 1V battery is called their capacitance. If the plates are 
close together they have a much larger capacitance, because the 
positive charge on one plate attracts electrons onto the other plate. 
( + indicates electrons removed from plate; - indicates electrons 

added). 
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Fig 1.28. Two capacitors in parallel (a) accommodate more charge 
per volt applied, so the total capacitance is the sum of each. In 
series (b) the applied voltage is divided between the capacitors, so a 
smaller current flows during charging and the overall capacitance is 

smaller than that of either capacitor. 

Plate B is now negatively charged and repels further elec¬ 
trons so strongly that current stops. The plates thus have a 
very small capacitance for electricity. Now imagine the 
plates brought very close together. Electrons approaching 
plate B are still repelled by its negative charge but they will 
also experience attraction by the positive plate in very close 
proximity, which partly overcomes the repulsion. The 
battery can now push many more electrons on to plate B, so 
the plates have a much larger capacitance. 

Such a device is called a capacitor, and its capacitance 
(measured in farads} is the number of amperes for one 
second needed to charge it up to one volt. If it charges at I 
amperes for t seconds, 

Capacitance C = Q farads (F) 

The larger and closer the plates, the greater is their capaci¬ 
tance. 

One practical difficulty is that the capacitance of air-
spaced plates is minute. The common tuning capacitor, for 
example, despite many interleaved plates, has a capacitance 
of only 500pF per section (picofarad: IO 12 farads) or less. 
In fixed capacitors a capacitance up to a few microfarads 
can be achieved with fine metal foil separated by thin paper 
or plastic; for larger capacitances electrolytic construction 
is used (see p 1.3). 

Capacitance can be varied by moving the plates together or 
apart. Rotating the spindle of a tuning capacitor enmeshes a 
greater area of the plates, thereby increasing the capacitance. 
A compression trimmer is adjusted by squeezing the plates 
together with a fixing screw. In the condenser microphone 
sound waves move one plate back and forth and the varying 
capacitance is used to generate signal currents. 

Capacitors may be used in combination (Fig 1.28). Two 
capacitors joined in parallel simply act as another capacitor 
with a larger area of plates. The charging current to reach IV 
will be the sum of the currents to each capacitor, so 

Total capacitance Got = G + C2(in parallel) 

When two capacitors are placed in series the charging 
voltage is divided between them, so they will accommodate 
less energy. 

Got = G + G 

It It It 
Therefore — = 77 + 77 

Ctot Ci C2

1 11. 
and 77— = 77 + 77 m senes. 

Ctot Ci C 2

When a capacitor is charged through a series resistor 
(Fig 1.29) it charges quite slowly, and as the voltage across 
the resistor falls during charging the current becomes 
progressively smaller. At first the current is simply V/R, and 
if this were maintained it would fully charge the capacitor in 
t seconds, where : 

V = 

V 
It R* ' 

so t = RC, the time constant of the circuit. Because the cur¬ 
rent falls, the capacitor is in fact only two thirds charged 
by this time. 

If the capacitor after charging is quickly discharged by a 
neon valve or unijunction transistor it will commence 
recharging, be discharged again, and generate a saw-tooth 
waveform: Fig 1.29(d). This arrangement is the relaxation 
oscillator, and is used to provide the timebase for an oscil¬ 
loscope. 

Once the capacitor in Fig 1.29(a) is fully charged, current 
ceases—the capacitor blocks de current. In contrast, an ac 
voltage will cause continual charging and discharging 
currents (Fig 1.30), thereby passing an alternating current. 
If a mixed ac and de voltage is applied to a blocking capacitor, 
only the ac component passes through: in this way a signal 
voltage (ac) can be separated from a power supply voltage 
(Fig 1.31). 

A larger capacitor will pass larger charging and discharg¬ 
ing currents when the same ac voltage is applied, so it offers 
less impedance to ac. Impedance, denoted by the symbol Z, 
is similar to resistance, thus: 

Voltage (ac) 
—-;—r = Impedance 
Current (ac) 

However, this impedance depends on the frequency of 

time 

(d) 
Fig 1.29. A capacitor charging through a resistor (a) draws a high 
current at first. As the capacitor voltage builds up the current tails 
off (b). If the capacitor is then suddenly discharged by a breakdown 
device such as a unijunction transistor (c) or neon tube it will re¬ 

charge repeatedly, forming a saw-tooth wave (d). 
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Fig 1.30. An alternating voltage applied to a capacitor (a) alternately 
charges and discharges it, current flowing alternately back and forth 
(b). Thus a capacitor does not block the passage of alternating 
current, but presents a definite impedance to it, measured in ohms. 
No heat is dissipated because the capacitor alternately stores power 

and returns it to the supply (dashed curve). 

the alternating voltage, higher frequencies being impeded 
less in the case of a capacitor. At a frequency of/Hz, 

Impedance Z = ¿—77, ohms 
2-/0 

A capacitor thus behaves rather like a resistor towards ac 
and obeys Ohm’s law. One important difference is that 
virtually no power is dissipated as heat. 

Close examination of Fig 1.30(b) shows that voltage and 
current peaks do not coincide, but are separated by a phase 
shift of a quarter-cycle (90 ). This has several effects, one of 
which is to prevent power loss as heat, because the mean 
power dissipated over one cycle V x / is zero (dotted curve). 
A capacitor can be used as a cold mains “dropper”, lowering 
the voltage without generating heat: Fig 1.31(b). For 
example, a 1-4/xF capacitor will provide 100mA for an 
indicator bulb since 

, F 240 1 4 
1 z~ \!2-nfC ' 240 x 277 x 50 x = 0 1A approx 

In practice a little heat does appear, because the capacitor 
has a small “ohmic" resistance as well as capacitance, and 
this wastes power. The power factor is very small, perhaps 
I in 101, where 

Power factor = 
Resistance 
Impedance 

Strictly speaking, the non-ohmic impedance of a capacitor 
or coil is termed reactance, while impedance refers to the 
combination of reactance and resistance. 

(b) 

Fig 1.31. A blocking capacitor passes alternating currents (signal) 
while maintaining isolation from the de supply, (a). Another use for 
a suitable capacitor is as an ac mains dropper (b), almost no heat 

being generated. 

Fig 1.32. Applying a battery voltage to a coil (a) causes a current 
which builds up slowly, delayed by opposing induced voltages at each 
turn, until the current is finally limited by the resistance of the coil 
wire (b). The length of the delay (or self-inductance) can be in¬ 
creased by winding more turns on the coil, or by using a core of iron 

dust, ferrite (c) or iron strips (d). 

Inductance 

Consider a conductor wound into a helix (Fig 1.32). As 
current begins to flow round the turns a magnetic field 
arises and moves past all the turns inducing opposing vol¬ 
tages in them. This slows the current down very greatly at 
first. However, such self-induction occurs only when the 
magnetic fields are moving; once a steady current is estab¬ 
lished the fields stop moving and the coil simply behaves as a 
piece of wire (of low resistance). 

When a battery is connected to a coil, current slowly 
increases as the self-induction effect is overcome, until the 
wire resistance limits further increase. The larger the coil the 
greater the induction and the more slowly the current will 
rise. The inductance in henrys (H) of the coil may be defined 
as the length of time taken to build up current of 1A from a 
IV battery, neglecting wire resistance. 

When a steady current through a coil is suddenly switched 
off the magnetic field collapses and a huge voltage “spike" 
appears across the coil (Fig 1.33): in a car ignition circuit 
this provides a spark at the sparking plugs. Switching off any 
coil (such as a relay or a motor) is likely to produce a spark 
at the switch, causing radio interference and also damage in 
some instances. 

Fig 1.33. Sudden cessation of the current in an inductance causes a 
large transient "spike” (a) which may arc across switch contacts and 
cause radio interference. A capacitor (usually 0 01— 1 OmF) connected 
across the switch allows the current to decay slowly at switch-off, 
preventing arcing (b). Commercial suppressors often contain a 

resistor and capacitor in one capsule (c). 
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Both these problems can be avoided by fitting a capacitor 
suppressor to absorb the voltage spike: Fig 1.33(b). Where 
a transistor is used to switch off the current to a coil it needs 
protection from the voltage spike. This is achieved by the 
use of a diode connected as shown in Fig 1.34. 

Fig 1.34. At switch-off the relay 
coil would develop a high voltage 
spike liable to damage the transis¬ 
tor. As the spike is of opposite 
polarity to the supply voltage it 

can be removed by a diode. 

If an alternating voltage is applied to a coil only a little 
current flows, because by the time a small current begins to 
flow in one direction the supply changes polarity, and the 
current has to decrease and flow the other way (Fig 1.35). 
The more rapidly the supply alternates the less time the cur¬ 
rent has to build up, so the coil presents a greater impedance 
to high frequencies. It behaves like a resistance of: 

Z = lnfL ohms, at a frequency /Hz 
Mathematically, the voltage across a coil is proportional to 

the rate of change of current, 

Alternating current usually has the waveform of a sine 
wave, with current 

/ — /peak sin (Ztt/T) 
Therefore 

F L.dl/dt 
Zl = -- = —-— = ¿-nfL ohms 

Once again current and voltage are 90’ out of phase, but 
unlike a capacitor the coil current lags behind the applied 
voltage. As before, no power is dissipated in a coil save that 
due to the resistance of the wire. 
An af choke is a large coil with an iron core to give it a 

very high inductance, up to 20H. It is used for smoothing 
(Fig 1.36), since the de supply passes easily through while ac 
ripple encounters high impedance. Chokes are rarely used in 

Fig 1.35. Alternating voltage applied to a coil causes a current which 
slowly increases during positive half-cycles and slowly decreases on 
negative half-cycles. The current peaks are thus delayed 90e by the 
coil’s self-inductance, and no power is dissipated as the mean volt¬ 

age-current product is zero. 

Fig 1.36. A smoothing choke presents a high impedance to mains 
ripple, about 3k Q, but allows de to pass with little voltage drop. 

psus supplying transistorized equipment, because these 
usually require a high current and therefore a thick-wire 
choke, which would be inconveniently large and heavy. 
A much smaller inductance will pass mains or audio 

frequencies, but will block radio frequencies (rf) of several 
megahertz. Such an rf choke can be made by winding a 
quarter-wavelength of wire on a small air-cored former, 
giving an impedance of about lOOkil at that wavelength. At 
very high frequencies a few turns is enough, and even a 
ferrite bead threaded on to a supply lead will prevent 
leakage of rf currents along it. In the typical transmitter pa 
stage shown in Fig 1.37 the rf choke L blocks rf current 
changes while allowing de supply current and audio modula¬ 
tions to reach the valve anode. The rf signal is thus diverted 
via a “coupling” capacitor to the tank circuit and transmitting 
aerial. 

Transformers 

When two coils are wound on the same core any current 
in one coil (the primary) induces a voltage in the other coil 
(the secondary). This is called mutual induction, see Fig 1.38. 
The larger the secondary coil the larger is the voltage induced 
in it, this voltage being 

Fs = nKp 

signal path 

Impedance at . 
a f rf 

ac (1kHz) (3-5MHZ) 

Coil L 
(2-5mH) 0 15H 50kQ 

C1 and C2 
(O’OOö^F) oo 30kil 10Í1 

Fig 1.37. In a typical transmitter pa stage a radio-frequency choke L 
blocks rf current changes while allowing de supply current and audio 
modulations to pass to the valve anode. The rf signal current instead 
passes via a coupling capacitor C1 into the tank circuit; any rf 
which does leak past the choke is smoothed out by a capacitor C2. 

Both capacitors block both de and audio frequencies. 
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Fig 1.38. A mains transformer contains two or more coils on a 
common iron core (a) : in the circuit symbol (b) a curved arrow may 
be used to indicate mutual induction between the coils. An auto¬ 
transformer contains one tapped coil (c), so that part of the coil is 
common to both primary and secondary circuits—as the currents in 
each are of opposite polarity the total current in the common section 
is actually less than elsewhere, and thick wire is unnecessary. The 
“Variac” transformer (d) supplies an adjustable output voltage. 

where n is the turns ratio (secondary turns : primary turns) 
and Ep is the voltage applied to the primary. 

Thus mains voltage can be transformed into any desired 
voltage; a 40:1 turns ratio yields 6V from a 240V mains 
supply, or a 1:3 ratio will step up the mains to 720V. Such 
manipulation is possible only with an alternating supply, 
and it was for this reason that mains supplies throughout the 
world are ac, although many (including those in Great 
Britain) were originally de. 

Although a step-up transformer increases the available 
voltage, there is no power gain. Current drawn from the 
secondary induces a “resistive” current in the primary coil 
in phase with the supply voltage, drawing as much power 
from it as is being supplied by the secondary. 

Two currents flow in the primary winding, one inductive 
(with a 90° phase shift) and one resistive (0° shift), given by : 

Zp (90°) = ~ Iv(0°) = nh litfL 

If the secondary supplies a load of resistance R, 

so Iv (0°) = n— = n^ = 
R R R/n2

In other words, a resistance of R/n2 is reflected into the 
primary winding. By suitable choice of turns ratio the 
secondary load can be transformed to any desired resistance 
for matching purposes. 
The inductive current in the primary depends on the 

inductance of the transformer, and limits the maximum input 
voltage. If this voltage is exceeded the transformer will buzz 
and become hot, even with no current drawn from the 
secondary. A shorted turn inside the transformer would have 

a heavy current induced into it, thus producing the same 
effects. 

If high frequencies are applied to an iron-cored coil or 
transformer, power is wasted in the core, which is heated by 
a flow of eddy currents. Laminated cores (insulated iron 
strips) minimize eddy currents, and they can be further 
reduced by using non-conducting magnetizable core material 
such as iron dust or ferrite compounds. At higher frequencies 
the core must be small to reduce power loss; it often takes 
the form of a small ferrite slug which can be screwed into 
the coil to adjust its inductance. At very high frequencies 
(vhf) even this is unsatisfactory and air-cored coils are used. 

Rectification 
Radio equipment needs a steady de supply voltage. To 

produce this, ac mains voltage must be rectified in a power 
supply unit (psu) to form de. The heart of the psu is a device 
which allows electrons to flow one way only, a diode. There 
are two types, semiconductor and thermionic. 

Silicon is a semiconductor: it has no free electrons when 
pure, but can be doped with impurity to provide either free 
electrons (n-type alloy), or free positive current carriers, 
holes (p-type alloy). Either type alone acts as a simple resis¬ 
tance, but in the silicon diode the two types meet at a central 
junction (Fig 1.39). When the diode is forward biased elec¬ 
trons and holes are driven to this junction and will carry 
current across it. If a voltage of opposite polarity is applied, 
however, current stops because the junction is depleted of 
these carriers. Consequently when an ac voltage is applied 

Fig 1.39. The semiconductor diode contains a central junction be¬ 
tween two alloys, one with negative current carriers (electrons)[and 
the other with positive carriers (holes). Forward bias forces carriers 
to the junction (a) and they combine, carrying current across it. 
Reverse bias draws them away from the junction leaving a depletion 
layer (which is an insulator), so current ceases (b). (c) Diode symbol : 
the n-type end is marked + because it will be connected to the 
positive end of the load resistance, (d) Top-hat and stud-mounting 
types, (e) Applying an alternating voltage results in forward current 

pulses on alternate half-cycles, or half-wave rectification. 
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Fig 1.40. The valve diode has a heated cathode which emits electrons 
into the vacuum. Forward bias attracts these to the anode and 
current flows (a), but as no electrons can leave the cold anode 

reverse bias produces no current flow (b). 

current flows only on forward half-cycles. This subject is 
dealt with more fully in Chapter 3—Semiconductors. 
In the thermionic or valve diode two electrodes are 

mounted in a vacuum and one is heated so that it emits 
electrons into the vacuum (Fig 1.40). When the cathode, the 
hot electrode, is negatively charged electrons are repelled 
towards the anode and conduct current across the vacuum. 
Reversing the polarity repels electrons away from the anode, 
so no current can flow. Chapter 2— halves covers the subject 
in more detail. 

A diode produces unidirectional pulses unsuitable for 
powering equipment, as they would produce a loud mains 
hum and distortion. To smooth these pulses into a steady de 
voltage a large reservoir capacitor is connected across the 
supply. It is charged up by each pulse and maintains a fairly 
steady supply voltage, with only a small variation or ripple. 
Power supply design is considered in Chapter 16—Power 
Supplies. 

Basic psu design is instructive and quite simple. Suppose 
it is wished to supply 100mA to an apparatus at 9V de. As 
shown in Fig 1.41(b), the ac input voltage peaks must 
slightly exceed the output, so an input of 10V peak (7V rms) 
would be suitable. A reservoir capacitor of 10V working 
voltage and a very large capacitance (to give good smooth¬ 
ing), say 1,500mF, is required. Also required is a rectifier 
diode rated at 100mA (the mean current drawn: the manu¬ 
facturer will have designed it for much larger current pulses 
to charge the capacitor). This diode must be rated at 20 
peak inverse volts (piv), since the input voltage varies 
down to — 10V while the output voltage remains at +9V. 
Of course, all these are minimum specifications—com¬ 
ponents with higher ratings will do equally well. 

° >l+ J-° +
... . X/- DC for 
AC input —«Cres transistors, etc 

(a) „_ 1 
O 4 O — 

Fig 1.41. The half-wave rectifier contains a large reservoir capacitor 
which stores the current pulses (a). Its charge is topped up by supply 
peaks to maintain a steady de voltage (b) with a small variation or 
ripple. Between peaks the capacitor slowly discharges to provide 
output current. The special capacitor symbol indicates an electroly¬ 

tic type. 

20piv 

°—Mt—t-o+ 
100mA _ . 

Input.. il500^F 97^ 
7Voc TlOVwkg at 100mA 

o— • o-

(b) 

Ri o— H—w-
5Í1 

9»5Vac 

— 
20Í1 

1500^jF 
15V wkg 

C 
1000^1 F 
15V wkg 

-o + 

9Vdc 
at 100mA 
ripple 1*/. max 

-o — 
Fig 1.42. Without smoothing, the simple half-wave rectifier (a) gives 
an output of 9V de with a ripple component of 0-5V ac. The ripple can 
be reduced by a smoothing network (R2,C) to only 0 06V, but a 
higher input voltage is needed to offset the loss in R2 (b). The series 
resistor R1 protects the diode and capacitor from very high charging 

current peaks, and further reduces ripple. 

The ripple from this simple psu (Fig 1.42(a)) can be calcul¬ 
ated easily. Between cycles the capacitor discharges 100mA 
for nearly one fiftieth of a second. Its voltage will fall by : 

01 X 0 02 
0 0015 

= 1-4V approx 

The output voltage therefore fluctuates by ±0-7V, so the 
ripple voltage is 0-7V peak (0'5V rms). 

To reduce this ripple further, a more sophisticated smooth¬ 
ing circuit is needed: Fig 1.42(b). The ripple is divided 
across an extra resistor and capacitor. The capacitor has a 
low impedance to ac (about 30), so the ripple will be reduced 
to: 

Output ripple V' = 0-5V x ——-= 60mV approx 
Pz + 3 

A single-diode rectifier like the above makes use of only 
half the supply cycle. Full-wave rectification can be achieved 
with a transformer or a diode bridge (Fig 1.43), giving better 
stability and less ripple. Another refinement is to stabilize 
the voltage, maintaining a constant output voltage despite 
supply or load changes: the simplest method is the shunt 
regulator (Fig 1.44), or a more complex type as shown in 
Fig 1.88. 

Sometimes there is a need to generate a de supply from a 
smaller ac voltage. Two half-wave rectifiers in series as 
shown in Fig 1.45(a) will double the voltage, or the voltage 
can be increased almost indefinitely by a voltage multiplier, 
as shown in Fig 1.45(b). Although the circuit arrangement 
can be used to obtain millions of volts it is more commonly 
used in the eht circuits of oscilloscopes. 

SIGNAL CIRCUITS 

Sound travels through the air as small compression waves, 
and the frequency with which waves arrive at the ear is 
sensed as “pitch”. The lowest audible tone has a frequency 
of about 30Hz and the highest about 20kHz, while most of 
the energy in speech lies in the range 300 3,000Hz. A micro¬ 
phone will convert these sound waves into small voltages 
carrying all the information of the original speech. Such a 
voltage is often called a signal, and some examples are 
shown in the photograph. They are alternating voltages, in 
this case at the same frequencies as the sound waves, ie 
audio frequency signals (af). 
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Fig 1.43. The usual full-wave rectifier (a) contains a centre-tapped 
transformer which supplies positive half-cycles from each end of the 
winding alternately. The bridge rectifier needs no transformer (b), 
and is used in ac meters: a disadvantage is that neither output 

terminal is at earth potential with respect to the input. 

A popular microphone is the crystal type (Fig 1.46), in 
which sound waves cause vibration in a piezoelectric crystal, 
a crystal which generates voltage when it is compressed or 
deformed. Louder sounds generate larger signal voltages, up 
to about 100mV ac. A crystal gramophone pickup works 

(a) 

Zener 
voltage 

▼ 

Fig 1.44. A zener diode conducts at a fixed reverse voltage, its zener 
voltage (a). A simple stabilized psu (b) can be constructed by shunt¬ 
ing excess power away via a zener diode, limiting the output to the 
reverse breakdown voltage of the diode, usually 5 to 15V. Above 50V 

a neon regulator would replace the zener diode (c). 

Fig 1.45. A voltage doubler consists of two half-wave rectifier* in 
series (a). With a voltage multiplier (b) any desired voltage can be 
achieved by a cascade effect. In each circuit capacitor* with isolated 

cans are needed. 

similarly, the crystal being agitated by the vibrations of the 
gramophone stylus. 

Signals can be modified in several ways. Audio signals, 
for example, can be amplified to a high power, enough to 
operate a loudspeaker. This might require about 50mW for 
comfortable listening volume. (This is for speech—to 
produce loud bass notes for music reproduction much more 
power is needed.) Signals can also be attenuated (made 
smaller): two resistors in series will divide the signal voltage 
between them (Fig 1.47) so that the output is only a fraction 
of the input voltage. The signals can also be filtered, by 
passing them through resistors and a capacitor for example 
(Fig 1.48). The capacitor allows high frequencies (treble) to 
pass more easily than others, so the combination gives more 
attenuation at some frequencies than at others (a non-
uniform frequency response). 

Resonance 

A coil and a capacitor connected in parallel have some 
interesting properties. If the capacitor is momentarily 
charged by an external voltage it discharges through the coil, 
but the coil then continues to pass current until its magnetic 
fields have collapsed; see Fig 1.49. By this time the capacitor 
is charged in the reverse direction, so it again discharges 
through the coil, and once more becomes charged by the coil 
current. The whole cycle is repeated many times, and the 
larger the coil and capacitor the longer each cycle takes. The 
frequency of this resonance is given by 

is agitated by the sound waves. This makes the crystal vibrate, and 
small voltages from it are picked up by the metal contacts on each 

side. 
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A microphone converts sound waves into signal voltages, small ac voltages which alternate at the same frequency as the sound waves. 
These photographs show oscilloscope traces of signals produced by whistling (i) middle C, (ii) a note two octaves higher, (ni) the same note 

but more loudly, and (iv) the signal from a human voice calling "CQ”. 

When an ac voltage is applied to the circuit the result 
depends on the applied frequency (Fig 1.50). If the applied 
voltage alternates at exactly the resonant frequency a large 
current builds up inside the circuit and little external current 
can pass through. The circuit is said to be tuned to this 
frequency, at which it has a very high impedance or dynamic 
resistance of perhaps lOOkii. A small current is drawn from 
the applied source while a much magnified current circulates 
inside the circuit. Such a parallel-tuned circuit can be used 
to select signals at its resonant frequency, or to reject them 
(Fig 1.51). The use of a variable capacitor allows the circuit 
to be tuned over a range of frequencies. 

Fig 1.47. To attenuate a signal it is applied to two resistors in series: 
the signal voltage is divided proportionately between them (a). The 
potentiometer allows the degree of attenuation to be varied, the 
output voltage being proportional to R (b). Because the human ear 
is most sensitive at low volume levels, a volume control potentio¬ 
meter for an audio stage should have a non-linear (log-law) resist¬ 
ance scale (c) if uniform changes in loudness over its range are to be 

achieved. 

A coil and capacitor in series also form a tuned circuit, 
but with almost opposite properties to that mentioned 
above. At resonance the circuit has almost zero impedance 
and draws a large current from the supply. For this reason it 
is called an acceptor circuit. It is often used to magnify the 
output voltage in a vhf amplifier (Fig 1.52), because at 
resonance the high current generates a very large voltage 
across both coil and capacitor, providing voltage gain. 

Input 

(b) 

Signal 
freq 

Impedance 
of C 

•/. Output 
(approx) 

100Hz 300kn 20°/o 

1kHz 30kQ 15’/. 

10kHz 3kO 5-/. 

100 1000 10,000 
Frequency(Hz) 

Fig 1.48. A treble filter (a). The capacitor impedance changes with 
frequency and so varies the attenuation (b). Its low impedance at 
high frequencies gives a falling frequency response, ie the treble 

frequencies are filtered off. 
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(a) 

t 
V 

I 

(b) 
Fig 1.49. A coil and capacitor form a resonant circuit (a). A charge 
placed on the capacitor flows through the coil, which continues to 
pass current until almost the whole charge has accumulated on the 
other plate of the capacitor. This reversed charge then flows back 
through the coil, and current oscillates back and forth at the circuit 
resonant frequency, slowly losing amplitude. After Q cycles the 
current has fallen to about 5 per cent of its initial value, due to 

resistive losses. 

The ratio of this resonance current (or voltage) to that 
supplied externally is a measure of the “goodness” of the 
circuit, and is known as the magnification factor (Q). 
The magnification factor produced by a resonating 

circuit is theoretically infinite. In practice the ohmic resist¬ 
ance of the coil wire (and a small loss in the capacitor) limit 
Q to between 10 and 300 times magnification. Building 
high-2 tuned circuits is an art for which amateurs are 
justly famous. The coil must be of the shortest possible 
length of thick wire for minimum resistance, which necessi¬ 
tates a short squat coil (wider than its length). It should 
generally be a single-layer air-cored coil of as large an induc¬ 
tance as is feasible, and the capacitor should be a low-loss 
type. 

The effect of ohmic resistance on Q can be calculated. 
Consider a series-tuned circuit of L, C and a small ohmic 
resistance r, which is passing a current 7 at frequency/. The 
total voltage across the circuit is the sum of that across each 
element, 

V = /ZL — 1ZC ( + 7r at 0 ) 

The subtraction occurs because coil and capacitor voltages 
are of opposite phase. This voltage falls to a minimum when 
ZL = Ze, ie resonance occurs at a frequency such that : 

whence 

At resonance the first equation reduces to: 

F = /res r 

receiver 

Fig 1.50. A parallel-tuned circuit has a very high impedance at its 
resonant frequency, fres, because a small applied current excites a 
huge circulating current inside the circuit. Current at a lower 
frequency can pass easily through the coil, while frequencies higher 

than fres pass through the capacitor. 

so the dynamic resistance is simply r. The voltage across the 
coil at resonance will be: 

KL = ZresZL = 
r 

The voltage magnification, Q, is therefore: 

Equally, 
1 

iTtfiesCr 

As the ohmic resistance of a tuned circuit is almost entirely 
due to the coil, amateurs often refer loosely to the “2” of a 
coil, but the intended resonant frequency must be specified 
(since 2 varies with frequency). 

For a parallel-tuned circuit similar calculations show that 
the current magnification is again 

but in this case the impedance at resonance (the dynamic 
resistance) is 

L 
Cr 

Fig 1.51. Signals can be selected with a 
parallel-tuned circuit by shorting 
unwanted frequencies to ground (a), 
transforming the desired signal to a 
high voltage (b), or by generating a 
high current at resonance (c). An 
unwanted local signal can be atten¬ 
uated by a “wave-trap” placed be¬ 

tween aerial and receiver (d). 

- (d) 
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Fig 1.52. A series-tuned circuit (a) passes a high current at its reso¬ 
nant frequency (b), which generates a very large voltage across the 
coil. This is used to provide voltage gain in vhf amplifiers (c), the 
magnified voltage being coupled to the next stage by a small capa¬ 

citor. (Biasing not shown). 

Any load which draws power from a tuned circuit will 
damp down the oscillations and reduce Q. For example, a 
transmitter tank circuit (Fig 1.53(a)) is loaded by the aerial; 
close aerial coupling will give a very low Q, but loose coup¬ 
ling will transfer little power to the aerial. The best com¬ 
promise (for maximum aerial power) lowers Q to about 12 
and needs careful adjustment, preferably by a variable 
loading control in a pi-tank circuit. The low Q has certain 
advantages, making the pa stage more efficient and easier to 
tune. 

Bandwidth 

Because a tuned circuit contains some resistance it will not 
only resonate at its exact resonant frequency but also at any 

Fig 1.53. When a tuned circuit is heavily loaded (ie closely coupled to 
a resistive load) oscillations in it are damped by the load, and it 
becomes less selective. In the tank circuit of a transmitter the aerial 
must be quite loosely coupled to the pa to minimize this effect (a). 
To reduce loading in transistor i.f. transformers the collector 
impedance is placed across only part of the primary winding (b). 
Other examples of loose coupling to reduce loading are shown in 

Figs 1.51 (b) and (c). 

nearby frequency, the magnification falling as the frequency 
departs from /res (Fig 1.54). The 70 per cent bandwidth of 
the circuit is the range of frequencies which will pass through 
it with at least 70 per cent of the full magnification (ie at half 
power or more compared to a signal at /res). It can be shown 
that this range is 

Bandwidth /= Hz 

At high frequencies a tuned circuit makes a very poor filter. 
For example a circuit with a Q of 100 tuned to 7 05MHz 
will pass all frequencies between 701 and 709MHz— 
almost the whole of the 40m amateur band! 

Fig 1.54. Tuned circuits with high magnification Q make better filters (a). The “70 per cent bandwidth”, the bandwidth at half power (or 70 
per cent voltage), is inversely proportional to Q. For receivers a better filter consists of several tuned circuits in succession (b), giving a 

broader “nose” and better attenuation of distant frequencies. 
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Í double-tuned transformer (a) depends on how closely the coils are coupled. Loose coupling (b) gives a low outout 
f ri «u?MbU fir nV' m,lar 5^ °f tW° “"«“P1«* circuits (dotted curve). Critically coupled circuits give a broad peak with steep skirts 
(c) suitable for telephony reception, since a.m. s.gnals have a bandwidth of 10kHz or more. For high fidelity reception over-coupled circuits 

give an even broader bandwidth (d), although a central notch appears and there is some loss of selectivity. 

Filters 
Today’s crowded bands require a highly selective receiver, 

able to separate stations only a few kilohertz apart. There 
are several filter types, of which only the tuned circuit is 
cheap and easily adjustable, and several methods are used to 
compensate for its poor selectivity. The signal frequency is 

reduced to a low intermediate frequency (i.f.) of about 
500kHz and then filtered, because the tuned circuit band¬ 
width is much smaller at this frequency. Also the signal is 
passed through six or more tuned circuits in succession, so 
that off-tune signals will be successively attenuated. The 
tuned circuits can be paired to form double-tuned transformers 

d 

Fig 1.56. The quartz crystal reso¬ 
nator (a) contains a thin quartz 
slice with metal plates attached 
to each side, as in the circuit 
symbol (b). It acts as a series-
tuned circuit of very large induc¬ 
tance and high Q (c), with a low 
impedance at its resonant fre¬ 
quency fi (d). Owing to the 
capacitance of the metal plates, 
the crystal can also resonate as a 
parallel-tuned circuit at its anti-
resonant frequency f2, with an 
impedance of several megohms. 
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Fig 1.57. In this simple crystal i.f. filter the crystal resonates in its 
series mode. The resonant frequency can be adjusted slightly by a 

small trimmer C, about 30pF for a 465kHz filter. 

(Fig 1.55): the tuned circuits interact to produce better 
rejection of adjacent frequencies, especially when they are 
critically coupled. 

Unfortunately tuned circuits of high Q interact so strongly 
that critical coupling occurs with them wide apart, when 
little signal would reach the secondary coil. Practical i.f. 
transformers are therefore a compromise, using coils with 
an uncoupled Q of about 100. They are slightly under¬ 
coupled to make alignment easier. 

Other types of filter act by converting the electric signal 
into mechanical vibrations. In the crystal filter (Fig 1.56) the 
signal is applied to a piezoelectric quartz crystal and makes 
it vibrate. At a certain frequency the crystal “rings” and its 
impedance drops sharply to almost zero, giving the effect of 
a “Ö” of 100,000 or so. The thinner the quartz slice the 
higher its resonant frequency, but a 01 mm slice (which res¬ 
onates at about 20MHz) is as thin as is practicable. For 
higher frequencies the quartz can be resonated at an odd 
harmonic (overtone) of its fundamental resonant frequency, 
and overtone crystals are cut to facilitate vibration in this 
mode. 

Crystal filters have superb stability, the frequency remain¬ 
ing almost unchanged during years of correct use. It does 

Fig 1.58. A high-pass T-filter (a) allows high frequencies to pass 
through the capacitors, low frequencies being shunted away by the 
coil (b). At the cut-off frequency fc resonance occurs (c), giving the 

curve a fairly sharp edge (depending on the circuit Q). 

Fig 1.59. Low-pass T-filter (a) and pi-filter (c), the latter being pre¬ 
ferred as it needs only one coil. Low frequencies pass through the 
coil, while high frequencies are removed by the capacitors. Reson¬ 
ance occurs at the cut-off frequency, and the circuit forms a capaci-
tatively-tapped transformer (b): using variable capacitors any 
desired output impedance (eg a transmitting aerial) can be mat¬ 

ched to the input impedance. 

vary a little with temperature, perhaps by 50 parts per million 
over a day. Quartz filters are expensive but can be found on 
the surplus market. A very simple crystal filter circuit is 
shown in Fig 1.57, and many others in Chapters 4 and 6. 

Other filters include the ceramic transfilter, a piezoelectric 
device with high and low impedance terminals, and also the 
mechanical filter which is excellent but expensive and delicate. 

Wideband Filters 

Filters can be deliberately constructed to pass a wide 
range of frequencies, for example any signal above a certain 
cut-off frequency /c. An example of such a high-pass filter is 
shown in Fig 1.58 and a low-pass filter in Fig 1.59. These 
filtersare tuned to resonate at the cut-off frequency (constant-k 
filters): signal rejection is good throughout most of the 
stop band (the band of unwanted frequencies) but low near 
the cut-off frequency. 

Another type is the m-derivedfilter, which contains circuits 
tuned to more than one frequency. It can be designed to 
give a very sharp cut-off and excellent rejection near the 
band edge, but rejection is poor elsewhere in the stop band 
(Fig 1.60). M-derived filters are simple to build, but design 
and alignment are more complex. 

Capacitive Tapping 

When a coil is tapped by connecting a terminal part-way 
along the coil it becomes an auto-transformer, and any 
voltage across one part appears in greater magnitude across 
the whole coil. If the coil and a capacitor form a tuned 
circuit at resonance the coil can still be tapped directly, or it 
can be as effectively tapped by dividing the capacitor into 
two parts, since the coil and capacitor bear the same voltage 
at resonance (Figs 1.61 and 1.62). The circuit behaves like an 
auto-transformer, and signals applied across one capacitor 
appear enlarged across the whole circuit. 

An advantage of capacitive tapping is that the effective 
position of the tap can be adjusted by varying the capacitors. 
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Fig 1.60. An m-derived low-pass filter (a) resonates at two adjacent 
frequencies. At the cut-off frequency fc it acts as a tuned transformer 
(c), while at its infinite rejection frequency fx it forms a notch filter 
(d). This gives the m-filter a steep slope near the edge of the pass¬ 
band (b). Unfortunately higher frequencies leak through C2, so 

attenuation is poor in the rest of the stop-band. 

This is the principle of the popular pi-tank transmitter circuit, 
in which varying the tap position alters the loading on the 
output valve so that it can be matched to the aerial resist¬ 
ance: Fig 1.59(b). 

Matching 

No power source will supply an infinite current. When a 
heavy current is drawn from a source its output voltage 
falls, as though it contained an internal source resistance in 
series (Fig 1.63). Maximum power will be drawn from the 
source by a load resistance equal to this ohmic source 
resistance. This applies to any signal source, such as an 
aerial, tuned circuit or pa valve; the maximum signal power 
is extracted by matching the source resistance with an equal 

Fig 1.62. The Colpitts oscillator uses a capacitatively tapped coil. 
Signal from the cathode is applied to C1 ; a magnified signal appears 
across the whole coil and is fed to the grid, maintaining oscillation. 
A separate tuning capacitor VC allows the circuit to be tuned with¬ 

out altering the tap position. 

load. The reason is simply that a larger load would draw 
less current, while a smaller load resistance will cause a 
large drop in output voltage, in either case lowering the 
power output. 
A signal source will often have additional non-ohmic 

impedance due to internal inductance or capacitance, which 
will limit the current drawn. This internal impedance can be 
tuned out by resonating it with an external coil or capacitor, 
because this forms a series-tuned circuit which has zero 
impedance at resonance. Complete matching thus requires 
separate matching of ohmic and non-ohmic source im¬ 
pedance. 

For example, a mobile aerial at hf acts as a signal source 
with a small internal resistance and capacitance (Fig 1.64). 
Very little current can be drawn through the capacitance 
(which has an impedance of several thousand ohms) unless 
it is resonated with a loading coil to give zero impedance. 
Aerial current is then only limited by the aerial’s ohmic 
resistance, and for maximum power transfer the receiver 
input stage must present an equal resistance. The aerial is 
then fully matched. 

Source impedance usually varies with the frequency in 
use, so matching arrangements have to be readjusted at 
each change of transmission frequency. If a mismatch occurs 
less power is transferred. For example, when a crystal 
microphone (which has a high source impedance) is plugged 
into an amplifier of low input impedance the mismatch is 
most severe at low (bass) frequencies, which are severely 
attenuated, giving a harsh sound. 

Hum and Shielding 

If the power supply to an audio output stage is incom¬ 
pletely smoothed, mains supply harmonics (100. 150, 200Hz, 
etc) cause smoothing hum at the loudspeaker. Unlike hum 

Fig 1.61. In this 144MHz converter front end (a), the need for a 
tapped coil can be avoided by using a capacitative tap (b). To load 
the circuit lightly the tap is placed near the earthy end of the coil by 

making C2 larger (of lower impedance) than C1. 

Fig 1.63. Matching. The power drawn from a source is limited by its 
internal resistance Rs. Maximum power will be delivered if the load 
Rl is of exactly the same resistance, ie a load matched to the source 

resistance. 
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(c) 
Fig 1.64. A short receiving aerial such as a 7M Hz mobile whip acts as 
a signal source E in series with a small resistance and capacitance (a) 
The capacitance can be tuned with a loading coil to form a series* 
resonant circuit of very low impedance (b). For maximum signal 
transfer the receiver input impedance of 75 Q or so is matched to the 
aerial resistance by a transformer (c) or a tap on the loading coil. 

from other sources it is not affected by the volume control, 
but can be reduced by fitting an extra smoothing capacitor. 
More common is induced hum. Any wire or conductor 

carrying a small signal to a sensitive amplifier is liable to 
pick up induced voltages from nearby mains cables and 
their alternating magnetic fields. This adds hum to the 
signal. Input wiring should be carefully shielded with 
earthed metal braid and kept away from ac supply lines, 
transformers and the heater supply line. The latter should be 
made from twisted flex: the two wires carry equal and oppo¬ 
site currents, so the resultant magnetic field is almost 
zero. 

Wires carrying rf currents are surrounded by very powerful 
magnetic fields, which easily introduce signal voltage into 
neighbouring circuits. This may produce heterodyne whistles 
(“birdies”) or parasitic oscillation, or the signal may leak 
out of the apparatus along supply wires and cause television 
interference. Stages passing large rf currents therefore need 
shielding, usually by enclosing the whole stage in a wire mesh 
cage. Wires entering or leaving the cage pass through a 
filter such as a feed-through capacitor or a ferrite bead to 
prevent rf leakage. 

If one wire or strip of chassis provides a return path for 
both a signal and an alternating current (eg heater supply), 
the large ac current adds an earth-return hum to the signal. 
Separate earth return paths are necessary. Other causes of 
hum are valve heaters affecting the electron stream (this 
effect can be balanced out as in Fig 1.65), a loose transformer 
core buzzing, and earth-loop hum. AC mains interference is a 
series of clicks and crackles from the mains supply: it 
crosses the mains transformer by capacitive coupling, 
which can be prevented by a Faraday screen (Fig 1.66). 

Fig 1.65. Hum from valve heaters can be reduced by a balanced 
voltage supply from a winding with an earthed centre-tap (a), so 
that effects from each end of the heater cancel out. Even better is a 
“hum-bucking potentiometer", which can be adjusted for minimum 

hum (b). 

RADIATION 

A conductor carrying alternating current radiates or trans¬ 
mits energy in the form of electromagnetic waves (radio 
waves). These waves travel at the speed of light 
(300,000,000m/s) through air and vacuum and nearly as fast 
through most solid materials. When they meet another con¬ 
ductor, such as an aerial, they are absorbed and induce a 
current in it similar to the original current in the transmitting 
aerial. 

After a one-second transmission the distance between first 
and last waves is 300,000,000m. If n waves were produced in 
that second, the distance between waves (the wavelength) is 
evidently: 

300,000.000 3 X 1010
Distance = -metres, or-cm. n n 

Thus a transmission at a frequency n of 28MHz has a wave¬ 
length of 10-7m. 

Short electromagnetic waves (of high frequency) tend to 
travel in straight lines and are quickly absorbed by solids: 
the shortest are light waves. X-rays and gamma-rays (Fig 
1.67). Radiation from an aerial is efficient only at lower 
frequencies, over the range IO5 to 1010Hz, and these are 

Fig 1.66. A Faraday screen is an earthed sheet of copper plate or 
wires between the primary and secondary windings of a transformer. 
As copper is non-magnetic mutual induction is unaffected, and no 
current flows because it does not form a complete turn. It prevents 
mains interference reaching the secondary winding by capacitive 

coupling. 
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Fig 1.67. The electromagnetic spectrum, showing the central portion used for radio communication. Longer waves are difficult to radiate, and 
shorter waves do not reach distant stations. The central portion is shown in more detail in Fig 1.68. 

termed radio frequencies (rf). Fig 1.68 shows the rf spectrum 
together with the amateur and broadcast bands. 

Use of the various bands depends how the waves travel 
(their propagation), which depends on the frequency. In the 
super high frequency (shf) bands (9cm, 5cm, 3cm, 12mm) 
signals travel in a straight line almost like light waves, and 
can be similarly focused on to the aerial by a curved dish 
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Fig 1.68. The radio communications spectrum, showing the location 
of the amateur bands. Amateur television is restricted to certain 
parts of some bands, and telephony is transmitted in the high-

frequency portion of each band. 

reflector. The bands are therefore used for line-of-sight 
communication. 
On very high frequency (vhf) bands (4m and 2m) direct 

ground-wave communication is possible over 100 miles or so. 
These frequencies are also very well reflected by large objects 
such as mountains, the moon and meteor trails, allowing 
occasional reception over much longer paths. Television is 
broadcast at uhf and vhf because a video signal contains a 
wide band of frequencies (3-6MHz wide) which would be 
difficult to accommodate at lower frequencies. 

Short wave or high frequency (hf) signals (80m, 40m, 20m, 
15m, 10m) behave quite differently. They are reflected by the 
ionosphere, a layer of ionized gas about 100 miles above the 
earth, and also by the earth's surface, so that round-the-
world sky-wave communication is possible under ideal con¬ 
ditions (Fig 1.69). Propagation depends on the time of day, 
however. Sunshine disturbs the ionosphere, so that signals 
are reflected better on the dark side of the globe, and 
bands are open mainly in the evening and at night. The iono¬ 
sphere also shows seasonal variations, and a slow change over 
the years due to sunspot activity. The effect of all this is to 
confront the amateur tuning in at a particular time with some 
open bands (open for communication in certain directions) 
and some dead ones: a dead band is evidenced by lack of 
static as well as signals, since static too travels round the 
world by ionospheric reflections. Charts predicting the con¬ 
ditions and open times on each band appear monthly in 
Radio Communication. 

Sky-wave propagation introduces some odd effects. One is 
skip : a transmission clearly audible thousands of miles away 
may not be received at 50 miles, this being too close to catch 
the reflected signals. Movements in the ionosphere may 
cause fading, a periodic fluctuation in signal strength at the 
receiver. At times ionospheric reflection may separate diff¬ 
erent frequency components of the signal, particularly an 
amplitude-modulated signal, producing phase distortion 
(harsh garbled reproduction). Together with the loud back¬ 
ground noise and intense interference from other stations, 
these difficulties make successful communication on the hf 
bands a task requiring considerable skill and patience. 
Low-frequency signals (If and mf, 10km to 100m wave¬ 

length) tend to curve round the earth’s surface for 100 miles 
or more. This ground-wave reception is undistorted and 
reliable, and is used by sound broadcasting stations and 
marine services. Further information can be found in Chapter 
11—Propagation. 

Aerials 
When a radio wave meets a metal surface, free electrons in 

the metal rush back and forth under the influence of the 
wave’s electric and magnetic fields, generating a small signal 
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Fig 1.69. Short waves from transmitter A are reflected by the iono¬ 
sphere and the earth's surface allowing communication over thou¬ 
sands of miles, although the signal may “skip” over a nearby station 
B so that it cannot be received there. Ionospheric reflection is poor 
over the daylight side of the earth and activity on the amateur 
bands thus depends on the time of day, most bands being busiest 

during the evening. 

voltage. The object of aerial design is to fashion the con¬ 
ductor so that the maximum signal power can be drawn 
from it into the receiver. An excellent aerial for vhf work is 
the half-wave dipole of Hertz (Fig 1.70). The radio wave meets 
a straight rod one half-wavelength long and induces signal 
current in it, greatest at its centre. The rod is broken at this 
point and the two poles connected to the receiver input. 
This half-wave aerial has a low impedance (70Q) which is 
entirely resistive and almost independent of the rod’s thick¬ 
ness, making aerial matching very simple. For maximum 
signal strength the aerial must be mounted parallel to the 
approaching wave-front and parallel to its electric field (the 
direction of polarization). 

Any aerial exhibits the same properties when radiating as 
when receiving. When a signal voltage is applied to the 
centre of a half-wave dipole current flows as though it were 
a 700 resistor in phase with the applied voltage. In aerials of 

Approaching 
radio waves 

H-X-H 

Half-wave 
aerial 

(a) 

Fig 1.70. When radio waves meet an aerial half a wavelength long, 
signal currents are induced in it, these being a maximum at its 
centre (a). In the half-wave dipole a gap at the centre diverts this 

large current to the receiver input (b). 

most other lengths current would be out of phase, ie most 
aerials have inductance or capacitance needing careful 
matching if they are to function efficiently. 

Unfortunately half-wave dipoles become inconveniently 
large at hf and shorter aerials are much less efficient. The 
effective length can be doubled by Marconi’s method. 
Wave reflection by the earth produces an image of the ver¬ 
tical aerial, and signal current passes from aerial to image 
(ie the ground): Fig 1.71. The difficulty here is to obtain a 
low-resistance ground connection, sometimes avoided by 
providing an artificial ground reflector of horizontal wires 
(the ground-plane aerial). Many ingenious aerial arrange¬ 
ments are discussed in Chapters 12 and 13. 

Fig 1.71. For longer wavelengths a Marconi vertical aerial is used. It 
acts as a dipole by virtue of the image produced by ground reflection. 

AMPLIFICATION 

An early radio was the crystal set, consisting of an aerial, a 
tuned circuit to select the station, and a crystal detector to 
convert the rf signal to audio frequencies (see p 1.40). Only the 
small amount of power collected by the aerial was available 
at the headphones, and modern receivers only became 
possible with the invention of active devices or amplifiers 
(valves, transistors and certain diodes). These absorb power 
from a local source (battery or mains) and add part of it to 
the signal, which is amplified to a larger voltage or current 
but retains its original form. 

Several simple amplifiers are shown in Fig 1.72. They all 
draw a few milliamps from a de power supply: about 10V 
for transistors, 200V for valves (valves also require a low-
voltage heater supply). These amplifiers produce an output 
signal at increased voltage and current, appearing as fluctua¬ 
tions in the current drawn from the supply. The current is 
usually supplied through a load resistance, which develops 
the output signal voltage across it: being ac this can be 
drawn off via a coupling capacitor. The amplifiers differ in 
their input requirements. The bipolar transistor requires 
appreciable signal current: the other devices require very 
little input current but a larger signal voltage. This circuit 
configuration (common-cathode or common-emitter) amp¬ 
lifies both input current and voltage—where only one is to 
be amplified, other configurations may be more suitable. 
Valves have obvious disadvantages. They are large, 

breakable, expensive, get hot and use too much power for 
battery operation. They are of quite complicated construc¬ 
tion, designed for a specific purpose and operating condi¬ 
tions, and have a limited life. Nevertheless they will in most 
cases handle larger voltages and power levels than presently 
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Fig 1.72. An amplifier (a) converts a small signal to a large one using 
power from an external source. Examples are the triode valve (b), 
pentode (c), bipolar transistor (d) and fet (e). At low frequencies RC 
coupling is used between amplifying stages (b), but radio frequen¬ 

cies may be transformer-coupled (c). 

available transistors, and for this reason are almost always 
used for transmitter output stages in amateur equipment. 

In contrast, a transistor is a very simple device. A good¬ 
quality transistor can be used for almost any purpose, and 
the manufacturer’s data are only needed if it must perform 
near the limits of its capability. Below its maximum voltage, 
power and frequency it will function efficiently over a wide 
range of conditions. 

Much more comprehensive details on valves and tran¬ 
sistors will be found in Chapters 2 and 3. Biasing techniques 
are considered here as theyillustrate several basic principles. 

Valve Bias 

In addition to the signal (ac) input, an amplifier also 
requires a de input, the bias. Valves need a bias voltage 
applied to the grid (whereas transistors need a bias current), 

since a valve amplifier will only function normally while the 
grid is kept at a lower voltage than the cathode. The simplest 
method is to apply a negative voltage to the grid from a 
battery or rectifier: Fig 1.73(a). This fixed bias is sometimes 
used in the power amplifier (pa) valve of a transmitter as it is 
reliable and easy to adjust, but several extra components are 
used. 

Self-bias is generated by the valve itself from the input 
signal. The cathode and grid act as a diode, developing a 
rectified bias voltage across the grid leak resistor. The valve 
functions very efficiently because there is always just enough 
bias voltage to cover the input signal, and this arrangement 
will simultaneously detect an amplitude-modulated signal. 
Self-bias is not used for audio amplifiers as it produces 
distortion. If it is used for a pa stage great care must be taken 
that the input rf signal (the drive) does not fail, allowing the 
valve to run without bias and burn out. 

Auto-bias (cathode bias) is produced by a cathode resistor 
Äk. The valve current passes through Rk and generates a 
positive voltage at the cathode; the grid is earthed through a 
large resistor, and is thus at a lower voltage: Fig 1.73(c). As 
an example of the calculation, consider the E88CC triode, 
which is designed to pass 15mA of anode current and needs 
a grid bias of —IV. From Ohm’s law, 

n r 1
= J = 0^15 = 68n aPProx 

Because the valve current carries signal variations the bias 
voltage also fluctuates, and this reduces the gain. To avoid 
this a cathode bypass (decoupling) capacitor is fitted, which 
maintains a steady bias voltage. 

Transistor Biasing 

Bipolar transistors require a steady bias current across the 
base-emitter junction. The simplest method is to provide it 
directly from the supply line via a large resistor: Fig 1.74(a). 
Calculation is simple: suppose a BFY90 transistor is to pass 
10mA collector current (Ic) from a 9V battery. This trans¬ 
istor has a stated gain of about 90, so 

Zc = 90 X Zb (Zb = the base current) 
10mA 

Zb = ——— 011mA 

From Ohm’s law, this current is provided by a bias resistor of 
V W 

= 7 7777—7 - 82ki) approx 1 011mA K

Fig 1.73. The control grid of a 
valve must be biased negative 
relative to the cathode. Alter¬ 
natives are fixed bias from an 
external source (a), self-bias 
produced by grid rectification 
of the signal (b), and auto-
bias(c). In the latter the grid is 
earthed and a positive bias 
applied to the cathode by 
passing the valve current 
(from anode and screen grid) 
through a cathode resistor 

Rk. 
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Fig 1.74. Bipolar transistors require a steady base-emitter bias 
current, which can be supplied directly through a large resistor Rb 
(a). In the voltage bias method a divider network R1,R2 maintains a 
steady base voltage which develops a predetermined current 
through the emitter resistor Re (b). Negative feedback can be used 
to control the bias current (c), and in direct-coupled amplifiers this 
is essential (d) in view of the high gain: any increase in TR1 bias 
current is neutralized by a drop in the current supplied to it from 

TR2. (Bypass capacitors omitted for clarity). 

In practice the transistor gain may be anything from 40 to 
200, so the calculation is only a rough guide. The resistor is 
fitted, the collector current (or voltage) is then measured, 
and the resistor changed as necessary until the desired 
current flows. 

Apart from the slight effort of changing resistors direct 
biasing is a good simple method. Occasions when it is un¬ 
suitable are when using germanium transistors (which have 
high leakage currents) and when the base resistor value 
needed would be very large, as resistors of several megohms 
tend to age badly. 

In the voltage bias method the transistor base is maintained 
at a suitable voltage by a divider network, and the desired 
current is developed across an emitter resistor Rc: see 
Fig 1.74(b). This method suits large-scale manufacturers as 
no measurement is necessary, the desired current flowing 
regardless of transistor gain. The circuit uses extra resistors, 
the values of which must be calculated, and a large bypass 
capacitor to avoid loss of gain. The same gain is obtained as 
with direct biasing, but the maximum output voltage is 
reduced. 

Using the same example of the BFY90, first a suitable 
base voltage is chosen. It should be much larger than the 
internal emitter-base voltage of the transistor (0-6V for 
silicon), say 3V. Next, the divider current is chosen to be 
much larger than the transistor base current; in this case the 

*i = 

^2 

The emitter current is 

„ . gmr^Rv Gain = -— 

A transistor absorbs current and power from the input 
signal, and the current gain depends on its construction: 

„ /out 
Current gain = -7— 

/ in 
The current gain in common-emitter use (ß) is typically 100 
at low frequencies. 

Transistor gain falls at vhf because the electrons (or 
holes) scarcely have time to cross the base layer during one 
half cycle; in fact the current gain falls to unity at the cut-off 
frequency (/i), typically 2OO-5OOMHz. Amplification can 
still be achieved at vhf by using the common-base configura¬ 
tion (Fig 1.75), often with a series-tuned load to magnify the 
output voltage, as in Fig 1.52(c). Although there is a net 
current loss there will be a power gain of perhaps 10. 

Power gain is usually measured on a logarithmic scale of 
decibels (dB) ; 

Gain 

The effectiveness with which a voltage on a valve grid 
controls the anode current is called the slope (gm) of the 
valve. If IV on the grid alters the anode current by 10mA 
the slope is lOmA/V, a typical figure. The voltage gain is the 
change in output voltage per volt of input, and for an ideal 
valve this would be simply 

Voltage gain = Anode voltage change per grid volt 
= Rl X current change per grid volt 
= Rl X gm (Rl = anode load resistance) 

In practice a fall in anode voltage lowers the anode current, 
the valve behaving as a resistance (r;d to ac. This reduces the 
gain with large anode loads, so that with an average triode 
there is little point in having a larger load than 5kil The 
approximate maximum gain is then : 

Gain = Rl gm - 5kO X lOmA/V = 50 
Pentode valves have a much higher anode resistance and 
will accept a load up to 1MQ, giving a gain of over 1,000. 
The exact gain is: 

base current is about 01mA so a reasonable divider current 
would be 1mA. Therefore: 

9V — 3V 

current, which is to be 10mA. Since the emitter voltage is: 
Emitter voltage = Base voltage — 0-6V = 2-4V 

the emitter resistor needed is: 
V 2-4V 

Emitter resistor Re = v = 777—7 = 24OÍÍ 1 10mA 
Transistor gain does not enter the calculation, except to give 
a rough estimate of base current. The gain is still important, 
however, as it determines the maximum amplification avail¬ 
able from the stage. 

Another method of transistor biasing is to regulate the bias 
current using de feedback, as shown in Figs 1.74(c) and (d). 
This is chiefly used in direct-coupled amplifier chains, where 
the very high overall gain necessitates careful control of the 
bias current. 

~TmÃ~ 6kQ

Ä = 3kn ImA 
almost the same as the collector 
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Fir 1.75. A common-base transistor amplifier for vhf (part of a 70cm 
pre-amplifier). The collector current is smaller than the input 
current due to losses in the base at vhf, but flows through a large 
resistance, giving an increased output voltage and a net gain in 
signal power. C1,C2 are decoupling feedthrough capacitors: C1 
effectively earths the transistor base, which is thus common to both 

input and output circuits. 

_ Po ut Power gain = —— 
/In 

^out Pout Log power gain log -77— bels = 10 log dB 
/in .Tin 

If input and output impedances are equal, doubling the 
voltage also doubles the current, giving a power gain of 
four times (6dB). For a transistor, 

Power gain = fp~^L , . R^ 
7T¿~ = (current gam)- — 
/i Ain Ain 

The common-base input impedance may be 25Q or less, so 
a large load will compensate for the current “gain” of about 
0-5. 

A common-emitter transistor amplifier begins to lose gain 
at a much lower frequency than the common-base type. A 
transistor with rated gain of 200 and /t = 300MHz will lose 
half its gain at only l-5MHz (= fdß), despite the impressive 
frequency rating. (The cut-off frequency may be listed as 
/i>/t, /«, or /ab, depending on the method of measurement. 
The differences are unimportant.) 

Noise 

Electricity is not a fluid but discrete particles, and the 
current through an amplifier or resistor varies slightly from 
moment to moment as random numbers of electrons pass. 
This generates a noise voltage. In general low currents and 
low resistances produce least noise. A low source impedance 
also reduces amplifier noise, about IkQ being best for 
transistor circuits. In a radio receiver most of the noise is 
due to the first stage (front-end), because this noise is ampli¬ 
fied by each subsequent stage and gives a hiss or roar, 
limiting the reception of weak signals. The input stage must 
therefore be a low-noise device. 

In a valve each electrode contributes to the noise. Valve 
noise is usually quoted as the equivalent noise resistance, the 
input resistance which would generate an equal thermal 
noise. Typical values are 3000 for a triode, 1,5000 for pen¬ 
todes, and 100,0000 or more for multigrid mixer valves. 
This accounts for the popularity of triodes as mixers and rf 
amplifiers. 
Transistor noise depends greatly on impurities and 

surface effects, so different specimens of the same transistor 
vary enormously in how much noise they produce. It is 
worthwhile trying several samples of a low-noise transistor 

Fig 1.76. The maximum signal power output from an RC-coupled 
amplifier (a) is one quarter of the de power consumed, ie its effici¬ 
ency is 25 per cent or less. An inductive load does not dissipate 
power as heat, and the efficiency rises to 50 per cent, (b). If the 
valve is heavily biased it will conduct only on positive signal half¬ 
cycles (Class B amplification), and with still heavier bias only signal 
peaks are conducted (Class C). The heavy bias reduces the mean 
anode current and the valve dissipates less heat, raising the effici¬ 

ency towards 75 per cent. 

in the front-end of the finished receiver and selecting the 
quietest. Transistor noise is measured as the noise power 
gain (noise factor) at a stated input impedance, and is 
usually about 2-4dB. Some fets generate even less noise 
than the quietest bipolar transistors. 

Efficiency 

Only part of the power consumed by a valve from the de 
supply is recovered as signal output, the rest being wasted as 
heat. UK amateurs may only supply a maximum 150W of de 
to the pa stage of the transmitter, so its efficiency is of vital 
importance. The efficiency of an amplifier depends on the 
input power, 

. Output power (signal) 
Efficiency = —:---—— Input power (de) 

which in turn depends on the average current drawn. An 
ordinary linear amplifier (ie Class A) passes a high mean 
current and has an efficiency of less than 50 per cent : half the 
power is wasted and makes the valve very hot. An RC 
coupled amplifier is even less efficient (Fig 1.76). 

Suppose a transmitter pa stage is a single 807 valve 
operating in Class A, drawing 50mA from a 500V supply. 
The power supplied is: 

Pin = 500V X 0 05A = 25W 
The anode current can vary from O-lOOmA, so the maximum 
output current is: 

/out = ±50mA peak = 35mA rms of rf signal 
The maximum anode voltage swing (with an inductive load) 
is from 0-lkV, so: 

Rout = ±500V peak = 350V rms 
The maximum output power is therefore: 

Pout = 350V X O O35A = 12-5W 
12-5 

Efficiency = = 50 per cent (at maximum output). 
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Ia 

Fig 1.77. The efficiency of a pa is the ratio of its signal output power 
(Irf* X load resistance) to the de input power (Va x la). Direct 
measurement of the rf aerial current requires a thermocouple 

ammeter. 

and to achieve this the valve would require a load resistance 
of: 

350V 
^ = ÕÕ3^ = 10kn

Fig 1.79. This single-fet radio receiver by G3UMP uses regeneration 
(reaction) to achieve sufficient amplification and selectivity. Aerial 
current excites oscillations in the tuned circuit L, C1 and these are 
amplified by the jfet. Part of the output is fed back to the input via 
the reaction control C2 (which acts as a variable impedance) and 
greatly increases the output at the resonant frequency. Positive 

feedback path shown in bold. 

In practice the valve cannot be operated down to zero anode 
volts, so the maximum efficiency is less than 50 per cent. 
Also, when the signal falls below its maximum level the out¬ 
put power drops, so the overall efficiency on a speech trans¬ 
mission may be only 10 per cent or less. 

For greater efficiency the valve is cut off between peaks by 
a large grid bias, so that it amplifies only signal peaks {Class 
C). These peaks excite resonance in the anode tank circuit, 
which restores the rest of the waveform. Not only is the 
mean anode current reduced (increasing efficiency towards 
75 per cent) but it falls when the signal amplitude drops, so 
that during quiet passages input power falls and the effi¬ 
ciency remains high. PA efficiency can be measured as 
shown in Fig 1.77. 

Class C amplification would distort an audio signal beyond 
recognition. Audio power amplifiers (eg an a.m. modulator) 
use two valves (Fig 1.78) or transistors in push-pull, ampli¬ 
fying half cycles alternately The valves are biased to cut-off 
during negative half-cycles (Class B) to increase efficiency, 
but the transition from one valve to the other between half 
cycles introduces some cross-over distortion. If necessary 
this can be reduced by allowing each valve to pass rather 
more than half the cycle (Class AB). 

Fig 1.78. In a push-pull amplifier valves are usually biased near cut¬ 
off. Positive signal half-cycles are delivered to each valve alternately 
by the centre-tapped transformer, and output half-cycles are re¬ 

combined in the anode transformer. 

Positive Feedback 

Suppose the output of an amplifier is partly coupled to 
its input. The input signal will be amplified, return along this 
feedback path, and be amplified over and over again. The 
total gain will be very large; indeed a single valve or transis¬ 
tor with positive feedback (reaction, regeneration) becomes 
powerful enough to function as a complete radio set (Fig 
1.79). A filter is included in the feedback path, so that the 
signal passes through the filter many times, giving high 
selectivity. The same principle is used in the Q-multiplier to 
convert a tuned circuit into a very selective filter with a Q of 
1,000 or more (Fig 1.80). 
Adjusting the amount of positive feedback is always 

difficult. With a fraction too much feedback the stage gain 
becomes infinite and the amplifier bursts into spontaneous 
oscillation, maintained by the feedback signal. 

Oscillators 

An oscillator is an amplifier with generous positive feed¬ 
back via a filter, so that it can oscillate only at the filter 
frequency. The filter may be a tuned circuit, forming a 

Fig 1.80. A simple Q-multiplier. The i.f. signal is applied to the tuned 
circuit L, C which shunts away unwanted frequencies. As resistive 
losses in L and C are overcome by positive feedback to the transistor 
the circuit has an almost infinite impedance at resonance and acts as 
a very narrow filter. Amplification, and therefore filter width, are 
controlled by the resistor VR. Positive feedback path drawn in bold. 
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Fig 1.81. In an oscillator input signal is provided from the output by 
positive feedback. Simple oscillators are the transformer-coupled 
(a), the emitter-coupled for vhf work (b), and the Hartley oscillator 
(c) which uses the tapped tuned circuit as a transformer to provide 

feedback of the correct polarity. 

variable frequency oscillator (vfo), or a quartz crystal (crystal 
oscillator), or both. The crystal oscillator has much better 
frequency stability, varying by only one part in 106 per day 
due to temperature and supply voltage variations, but it can 

Fig 1.83. Parallel-mode crystal oscillators. The “Harmonic” oscil¬ 
lator (a) IS a Colpitts circuit with a crystal replacing the parallel-
tuned circuit. The anode circuit may be set to select the crystal 
fundamental frequency or one of its harmonics (overtones), with 
adequate output power. In the Miller circuit (b) signal is fed back via 
the internal capacitance of the transistor or valve, the crystal again 

acting as a parallel-tuned circuit. 

only oscillate at or near the crystal frequency. Many efforts 
have therefore been made to improve the stability of the 
versatile vfo. 
The simple transformer-coupled oscillator has many 

defects, one being that the output voltage varies with 
frequency. This is partly overcome by providing feedback 
from a tap on the tuned circuit, as in the Hartley oscillator 
and others (Fig 1.81). Another defect is that the following 
stage affects (pulls) the oscillator frequency: to minimize 
this electron-coupled oscillators are arranged so that the 
output is not taken from part of the feedback path (Fig 
1.82). 

Slow change of oscillator frequency (drift) is caused by 
coil and capacitor variation as the temperature alters, and 
also by changes in the internal capacitance and resistance of 

Fig 1.82. Oscillators designed for 
frequency stability, (a) '‘Electron-
coupled” Hartley circuit to 
isolate the feedback path from the 
output circuitry: note the lightly-
loaded tuned circuit, (b) Electron-
coupled Colpitts mosfet oscil¬ 
lator, avoiding the need for three-
terminal coil switching. A dual¬ 
gate fet will give better isolation 
from the output circuit, (c) The 
Clapp oscillator is a Colpitts 
circuit modified to reduce the 
tuned circuit loading, as is evident 
when it is redrawn (d). Its tuning 
range is small but enough for any 
amateur band, (e) The Vackar 
or Tesla oscillator is a similar 
modification with a wider tuning 

range. 
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Fig 1.84. Most vhf oscillators use a crystal in its series-mode. The 
Squier circuit is a Hartley with an added crystal low-impedance 
Filter (compare with Fig 1.81b), designed to operate at an overtone 

of[the crystal frequency. Capacitor C is for de blocking only. 

the valve or transistor. The latter effect can be minimized by 
using a lightly tapped high-ß tuned circuit as in the Clapp 
and Cachar (Tesla) oscillators, which at the same time 
lowers the harmonic content of the output. A stability of 
linlO1 per day can be achieved. 
Practical considerations when choosing an oscillator 

circuit are the coil requirements (so a capacitatively tapped 
circuit may be preferred) and the number of connections 
which have to be switched to change bands. 

Crystal oscillators work at an almost fixed frequency, a 
trimmer providing fine adjustment. In oscillators designed 
for 20MHz or below, the crystal resonates at its funda¬ 
mental frequency and forms a high-impedance tuned circuit, 

Fig 1.8S. The multivibrator (flip-flop) gives a square-wave output (a). 
When one transistor conducts, the base of the other transistor is 
driven negative until the coupling capacitor has discharged: then it 
starts to conduct and the first transistor is cut off. The diodes pro¬ 
tect the transistors from excessive negative base voltage, and the 
frequency is set by the time-constants R1C1 and R2C2. A relaxation 
oscillator gives a triangular waveform by repeatedly discharging a 
capacitor through a breakdown device such as a neon tube (b), 
thyristor, four-layer diode or a unijunction transistor (c). Frequency 
depends on the time-constant VR.C, which sets the charging time. 

ie these are parallel-mode oscillators. The crystal replaces the 
coil and capacitor of a vfo, eg the Colpitts oscillator becomes 
a “harmonic” oscillator, (Fig 1.83). A special type is the 
Miller oscillator, in which feedback occurs via the internal 
capacitance of the valve or transistor. It is not quite so stable 
but gives a high output, and the frequency can be varied 
over a somewhat larger range. 

Above 20MHz crystal overtone oscillators are usually 
series-mode, and give a stable output at low amplitude. 
Practical arrangements are discussed in Chapters 6 and 7: 
a simple example is the Squier oscillator, which is the 
Hartley circuit with an added crystal filter (Fig 1.84). VHF 
oscillator construction is difficult, and an oscillator at 
lower frequency followed by frequency multipliers usually 
gives better results. 

Fig 1.86. The gain of this amplifier is controlled by a negative feedback 
signal current (shown in bold), which cancels most of the input signal 
and leavesagain R2/R1, regardless of individual transistor gains and 
operating frequency. (Capacitors are for coupling and de blocking, 

and biasing is not shown). 

Some oscillators are designed to produce a non-sinusoidal 
waveform. The multivibrator generates a square wave rich in 
odd harmonics of the fundamental frequency (Fig 1.85). 
Relaxation oscillators produce a roughly triangular or 
saw-tooth waveform, such as that used for the timebase of an 
oscilloscope. A capacitor is slowly charged to a preset 
voltage, at which a neon tube or unijunction transistor 
discharges it and the cycle starts again. Microwave signals 
are sometimes generated by a similar arrangement using a 
tunnel diode or a Gunn diode. 

Negative Feedback 
If a fraction of the output from an amplifier is subtracted 

from its input, the gain is reduced. This negative feedback is 
used in mass-produced transistor circuits because it produces 
a predetermined gain, regardless of wide variations in indi¬ 
vidual transistors (Fig 1.86). Advantages are constant gain 
over a wide frequency range, and reduced distortion. How¬ 
ever, the low total gain necessitates extra stages of amplifica 
tion. 

RF negative feedback was formerly used to neutralize the 
internal capacitance of valves or transistors (Fig 1.87), to 
prevent instability (parasitic oscillation as a Miller oscillator). 
Modern devices rarely need neutralization except at uhf, 
since pentodes, triode-cascodes and dual-gate fets all have 
low output-to-input capacitance. 

AF negative feedback is used in high-fidelity amplifiers to 
reduce distortion. New frequencies produced by distortion 

1.35 



RSGB— RADIO COMMUNICATION HANDBOOK 

Fig 1.87. Neutralization. An rf amplifier is liable to oscillate due to 
positive feedback across its internal capacitance (shown dotted), 
like a Miller oscillator. This feedback may be neutralized by an 
equal negative feedback current of opposite polarity, adjusted by the 

capacitor Cn. 

return to the input in antiphase, and so are largely self¬ 
cancelling. 

DC negative feedback is used to stabilize de currents or 
voltages in amplifiers (see pl.31) and power supply units. 
Fig 1.88 shows a simple voltage-stabilized psu in which a 
fraction of the output voltage is compared with a zener 
diode voltage. The difference generates a current which 
controls the output voltage, in this case by a series transistor, 
thus compensating for any change in output voltage. Other 
methods of stabilization are described in Chapter 16— 
Power Supplies. 

THE TRANSMITTER 

The amateur transmitter may be considered in five sec¬ 
tions. The oscillator generates a steady signal, frequency 
multipliers convert this to the transmission frequency, a 
modulator impresses the intelligence (speech) upon this 
carrier, the power amplifier magnifies the signal to a high 
power, and the aerial matching (tank) circuit feeds most of 
this power to the aerial. See Fig 1.89. 

Fig 1.88. In a series-stabilized psu the output voltage is regulated by 
de negative feedback. Any fall in output lowers the negative feed¬ 
back current; the drop is amplified by TR1 and causes a rise in TR2 
base voltage, which in turn counteracts the falling output voltage. 

Frequency Multiplier 
When a sine-wave signal passes through a non-linear 

stage such as a specially biased amplifier the waveform 
becomes distorted. This distorted signal is actually a mixture 
of new frequencies, harmonics of the original signal freq¬ 
uency (/), with frequencies If, 3f 4f 5f etc. Harmonics can 
be selected by a tuned circuit in the amplifier output; if for 
example the second harmonic (2/) is selected, the stage 
becomes a frequency doubler. A typical transmitter might 
have a vfo tunable from 1-7 to 20MHz with four doublers 
which can be switched in, allowing transmission directly on 
the I-8MHz band and by successive doubling on the 3-5MHz, 
7MHz, 14MHz and 28MHz bands. If a tripler is added the 
21 MHz band can also be covered. 

Another example of harmonic distortion is found in the 
crystal calibrator (Fig 1.90). Signal at exactly 100kHz is 
heavily distorted to produce components at every harmonic 
of that frequency. If the output is applied to a top-band 
receiver, for example, signal will be picked up at 1-8, 1-9 and 
2 0MHz, allowing accurate dial calibration. 

Modulation 
The simplest way of impressing information on to a sine¬ 

wave carrier is to interrupt it by keying, forming the morse 
code characters in continuous-wave carrier (cw): Fig 1.91. 
Such telegraphy gives very reliable communication under 

Fig 1.89. The stages in a transmitter. Signal is generated by the oscillator, multiplied to the desired frequency, modulated by the speech wave* 
form, amplified to a high power and fed to the aerial via an impedance-matching unit, the “tank” circuit. 
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Fig 1.90. In this simple crystal calibrator the output of the emitter-
coupled oscillator TR1 is heavily distorted by TR2, which has no bias 
supply. This distortion generates many harmonics, up to 10MHz 

from a 100kHz crystal. 

even the worst conditions, but is rather slow and impersonal. 
To transmit speech (telephony) the voice frequencies must 
modify or modulate the carrier waveform, and there are 
several available methods. 

When voice and carrier signals are passed together through 
a non-linear stage, two new frequencies called intermodula¬ 
tion products are generated by the distortion (as well as 
harmonics of each signal). One is at the sum of the two 
input frequencies and the other at the difference frequency. 
The output contains unchanged carrier surrounded by two 
sidebands of intermodulation products, an upper sideband 
of sum frequencies and a lower sideband of difference 
frequencies. If the signal is examined on an oscilloscope the 
carrier is found to be amplitude modulated (a.m.) by the 
speech signal. Most broadcast radio stations use a.m., as it 
is very easy to recover the voice signal in a receiver demodu¬ 
lator, and slight detuning of the receiver produces little 
distortion. 

Close examination of an a.m. signal shows that half the 
power is being used to transmit a pure carrier frequency, 
which carries no information. Attempting to modulate more 
strongly cuts off the carrier entirely on voice peaks, causing 
overmodulation distortion (splatter), which interferes with 
transmissions on adjacent channels. The carrier can be 
suppressed by other methods, however, leaving only a 
double-sideband signal (dsb). As both of these sidebands 
carry the same information, even more power can be saved 

Fig 1.91. Continuous-wave (cw) telegraphy morse symbols are trans¬ 
mitted as bursts of rf carrier (a), the ends being rounded off to avoid 
key-clicks. Frequency-shift keying (fsk) is an alternative method 
using an unbroken carrier (b) which alternates between two fixed 

frequencies during keying. 

Fig 1.92. A simple amplitude modulator uses the speech signal to 
vary the ht voltage supply to the valve: this alters the valve gain and 
produces a carrier of fluctuating amplitude (a). Frequency modu¬ 
lation is conveniently achieved by applying the speech signal to a 
reverse-biased diode, causing its capacitance to vary slightly (b). 
The diode is placed across the tuned circuit of the transmitter vfo, 
in this case an electron-coupled Colpitts oscillator, and varies the 

output frequency. (Biasing not shown). 

by filtering off one of them and transmitting a single sideband 
signal (ssb), with the added advantage that the signal band¬ 
width is halved and takes up less room on the frequency 
band. 

SSB modulation offers a four-fold gain in efficiency com¬ 
pared to a.m. transmissions, where half the power is divided 
between two sidebands. However, the equipment is complex 
and requires careful adjustment to suppress the carrier in the 
transmitter, and to regenerate it at exactly the same fre¬ 
quency in the receiver. There is also a loss of listening com¬ 
fort as receiver tuning is very critical and some distortion 
usually remains. 

Some relief from both distortion and background noise is 
offered by another method of modulation, narrow-band 
frequency modulation (nbfm). Speech signal is applied to a 
voltage-variable capacitor (a diode) in the oscillator pro¬ 
ducing small fluctuations in the frequency of the carrier, 
which is transmitted at constant amplitude (Fig 1.92(b)). Most 
background interference appears as amplitude variations of 
the carrier, so it can be filtered off by amplitude limiters in 
the receiver without affecting the fm signal. See Chapters 5 
and 9 for details. 
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Modulated waveforms as displayed on an oscilloscope. The corresponding spectrum analysis is shown alongside, the horizontal axis 
being frequency (increasing going right) and the vertical axis being amplitude. Adding a pure rf carrier (a) to an audio (speech) signal (b) 
produces a signal (c) which cannot be transmitted, since it contains audio frequencies which will not radiate. Multiplying a carrier by an 
audio signal produces an amplitude-modulated (a.m.) signal (d) which contains carrier and two sidebands at adjacent frequencies. An 
audio signal which is too powerful produces overmodulation distortion (e), the extensive sidebands splattering across nearby channels. The 
carrier and one sideband of an a.m. signal can be suppressed by special techniques to leave a single-sideband (ssb) signal (f) which transmits 
the same information using a quarter of the power. Frequency modulation impresses the audio signal as fluctuations in carrier frequency 
rather than amplitude (g). Note that for clarity the oscilloscope time base has been speeded up in parts (c) and (g) to show individual rf 

oscillations. 

Transmission Power 

A speech signal shows great variations in amplitude, 
accented syllables causing large peaks. If the transmitter is 
adjusted to accept these peaks without overmodulating 
(a.m.) or exceeding the legal power limit (ssb) the average 
transmitted speech power will be small, perhaps 5 per cent 
of the legal maximum. It can be increased by speech com¬ 
pression'. an automatic volume control device in the speech 

amplifier selectively amplifies quiet passages, raising the 
mean speech amplitude. A simpler method is dipping, where 
the loud peaks are cut off by a limiter, but this gives the 
voice a harsh sound and generates many harmonics, which 
must be filtered off before transmission. 
The rf power of an ssb transmission drops to zero be¬ 

tween words, and the de input to the pa also drops to zero if 
it is operating in Class B or C. Therefore the legal power 
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Fig 1.93. In a superheterodyne receiver the aerial signal is mixed with another rf signal from an oscillator to produce a beat note or heterodyne 
at a lower frequency, about 0 SMHz. This intermediate-frequency (i.f.) signal can be easily amplified and filtered to remove interfering signals 
and the speech modulations are then recovered by a detector. SSB and cw signals must be combined'with another i.f. signal before detection. 

Figures in brackets are typical signal voltages. 

limit for ssb is not defined in terms of de power input, but as 
a maximum rf power actually transmitted of 400W peak 
envelope power (p.e.p.). 

This corresponds to the envelope power of a fully modula¬ 
ted a.m. transmission from a 150W input pa. About two-
thirds of the 150W is radiated as rf under optimum condi¬ 
tions, giving 100W mean aerial power. At 100 per cent 
modulation the envelope voltage and current vary from 
zero to twice their mean values, so the peak envelope power 
is 400W. In the a.m. transmission this occurs as carrier 
(200W) and sidebands (100W each), but the ssb transmission 
reaches 400W in the sideband. 

Legal power limits in Europe are generally similar to those 
in Great Britain, but in the USA the limit is 1.000W on most 
bands. 

Transmit/Receive Switching 

When changing from reception to transmission the trans¬ 
mitter must be energized, the receiver muted, and the aerial 
transferred from receiver to transmitter. This can be accom¬ 
plished by a single switch operating a relay: press a single 
pit (push-to-talk) button and the microphone is “live”. For 
convenience the button may be mounted on the microphone, 
the so-called mocs or mox (microphone-operated control 
switching) operation. Still further refinement is provided by 
operating the change-over relay from the speech signal, 
ie vocs or vox (voice-operated control switching) with auto¬ 
matic return to the receive position a short while after speech 
ceases. 

For telegraphy the corresponding refinement is break-in 
operation. Pressing the key mutes the receiver and starts the 
transmission; between words the receiver functions and 

Fig 1.94. An early radio receiver the crystal set, contained only a 
tuned circuit and a crystal diode. A diode performs envelope detec¬ 
tion by rectifying the a.m. signal: after smoothing only the speech 

modulations and a de component remain. 

gives early warning of any interference. See Chapter 8 for 
further details. 

THE RECEIVER 

A good receiver performs an incredible task, selecting a 
tiny signal from thousands at the aerial, keeping faithfully 
to the same frequency for hours, smoothing out fluctuations 
of a million or more in signal amplitude, and converting the 
signal to intelligible sound, neither wasting any signal 
power nor introducing much noise. Modern receivers are 
dauntingly complex and expensive. However, adequate 
resultsand great pleasure can be obtained from much simpler 
"home-brewed” constructions. 

The essentials of a receiver are filters, amplifiers and a 
detector (demodulator). Of these, filters pose the greatest 
problem. It has already been shown that a tuned circuit (or 
half a dozen tuned circuits) is not nearly selective enough at 
radio frequencies. One solution is to convert the rf signal to 
a much lower intermediate frequency (i.f.) in a superheterodyne 
receiver. This also avoids the problem of tuning several 
filters: any desired signal is converted to a fixed i.f. (often 
465kHz) so that subsequent filters need no adjustment. 

Fig 1.93 shows the progress of a signal through a “super¬ 
het”. The incoming signal is converted to the much lower 
intermediate frequency by a mixer or frequency changer. 
At this frequency it can be amplified with ease, and a succes¬ 
sion of double-tuned transformers provides good selectivity. 
The resultant i.f. signal is demodulated by a detector and the 
modulations passed to a loudspeaker or headphones. 

Detector 

As mentioned earlier, when two signals of different 
frequencies are distorted by any non-linear stage one of the 
new frequencies generated is a “beat note” or heterodyne 
signal at the difference frequency. For example, signals at 
465 and 466kHz would combine to produce an audible 
1kHz tone. An a.m. signal can be detected by any distorting 
device because each sideband heterodynes with the carrier to 
produce audio frequencies. Thus a 7MHz transmission 
amplitude-modulated by a 1kHz tone consists of: 7 001MHz 
(upper sideband), 7 000MHz (carrier), and 6-999MHz 
(lower sideband). 

At the receiver detector, each sideband heterodynes with 
the carrier to generate a 1kHz difference frequency, ie the 
modulation is recovered as an audio signal. The simplest 
non-linear device is the diode, and Fig 1.94 shows a diode 
detector in the simple crystal set. Audio passes to the phones 
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Fig 1.95. A triode-heptode mixer consists of a local oscillator (the 
triode section) with its output internally connected to the second 
control grid of the heptode. Incoming signal is applied to the first 
control grid, so the electron stream is modulated by both voltages 
and the resulting anode current is roughly proportional to their pro¬ 
duct. This contains a heterodyne frequency which is selected by the 
anode transformer. The other grids serve only to isolate input and 
output circuits from each other. To change receiving frequency both 
incoming and local oscillator signals are varied together, using gang¬ 
ed tuning capacitors on one spindle (indicated by the dotted line). 

(Biasing not shown). 

while the various higher frequencies are shunted away by a 
capacitor. 
To detectan ssb signal the carrier must first be replaced by a 

signal from an oscillator in the receiver. The mixture can 
then be detected by a single diode as above, or by a balanced 
detector or a product detector, described below. 

Detection of morse (cw) signals requires that the bursts of 
carrier be made audible in some way. The simplest method 
is to add a signal at a frequency slightly above the i.f. from a 
beat-frequency oscillator (bfo) and pass the combination 
through any detector, generating a heterodyne note during 
each burst of carrier. 

At and the local oscillator signal is V cos Bt, the anode 
current is of the form: 

I = Io cos At. cos Bt 
= bio [cos (A + B)t + cos (A — B)t] 

which are the sum and difference frequencies. 
The chief defect of the multigrid mixer is noise—it is so 

noisy that quiet signals would be missed unless they were 
amplified before reaching the mixer, and an rf amplifier 
stage is usually provided. However, this highlights another 
defect of the multigrid (and most other mixers), the tendency 
to cross-modulate. A strong interfering signal on a nearby 
frequency after amplification may reach the multigrid mixer 
at such high voltage that the valve becomes cut off on 
peaks, and the interfering signal modulates the desired 
carrier. This interference cannot be removed by any subse¬ 
quent stage. 

Suppose the input to a mixer is : 

V = X cos At (desired carrier with modulation X) 
4- T cos Bt (unwanted signal) 
+ cos Ct (output from local oscillator) 

The non-linear mixer output can be written as follows: 
Output I = a + by + cVz + dV^etc 

The square term generates the desired difference frequency: 
V~ = 2X cos At. cos Ct + other terms 
= X cos (A — C)t etc 

Higher order terms produce cross-modulation, eg 
V* = 12%y2cos Bt. cos At. cos Ct + other terms 
= 3 XY- cos (A -C)retc 

This latter is a signal at the desired i.f. but bearing modu¬ 
lations from the interfering signal, ie the interfering modu¬ 
lations appear on the desired carrier. 

Cross-modulation can thus be avoided by using a square¬ 
law detector such as a depletion fet with a low gate bias (Fig 
1.96). This device gives an output proportional to the 
square of the input voltage (over a small range), which 
generates a heterodyne but no cross-modulation unless 
driven outside this range. 

Mixer (Frequency Changer) 

The frequency of the incoming signal is lowered by 
mixing in a non-linear stage with another rf signal from a 
local oscillator (lo). This produces an ultrasonic difference 
frequency (superheterodyne) signal with the same speech 
modulations as the original signal. Signals from several 
stations will reach the mixer, and by tuning the local oscilla¬ 
tor one signal is selected to heterodyne at the desired i.f. The 
others then produce lower or higher heterodyne frequencies 
which will be rejected by the i.f. filters. 
The multigrid valve is a popular mixer, and Fig 1.95 

shows a triode-heptode version. Electron flow through the 
heptode is controlled successively by two control grids, one 
carrying incoming signal and one coupled to the local 
oscillator (the triode section). The anode current is roughly 
proportional to the product of the two grid voltages, and this 
non-linear process generates the difference (heterodyne) 
frequency. 

Mathematically, if the incoming signal has the form V cos 

Fig 1.96. A fet square-law detector operates on a curved portion of 
the device’s response characteristic, at which the drain current is 
proportional to Vin*. Cross-modulation is absent unless the fet is 

driven off this portion by a very strong signal. 
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¿Modulating input 
(From local oscillator 

or BFO) 

Fig 1.97. The ring-diode circuit (a) is a double-balanced modulator, both input signals cancelling at the output to leave only heterodyne 
ln(b > the «am e circuit is redrawn to show the switching action of the diodes. When the local oscillator applies a positive half-cycle 

(ideally a square wave), diodes D1 and D3 conduct (c). On negative half-cycles these diodes are cut off, and signal passes through D2 and D4 
arriving at the output transformer with reversed polarity. The resulting waveform (d) consists entirely of sum and difference frequencies (e) 

and harmonics. 

Other types of mixer are quieter than the multigrid type 
but produce less output. In the triode mixer signal is fed to 
the grid and the local oscillator is coupled to the cathode, or 
vice versa. This type is more reliable than the multigrid one, 
which has a short working life. 

Since the advent of hot-carrier diodes interest has centred 
on the balanced mixer, in which one or both input frequen¬ 
cies are removed from the output by cancellation, leaving 
only intermodulation products. The ring diode circuit 
(Fig 1.97) will function as mixer, modulator or product 
detector: the local oscillator signal is injected at high voltage 
and the diodes act as switches. Diode mixers are compact 
and reliable but give no amplification, and do add a little 
noise to the signal. 

All of these mixers introduce second-channel interference: 
each station tends to appear twice on the band, and these 
images interact to produce howls (“birdies") as the receiver 
is tuned. This is because the mixer converts two frequencies 
to the same i.f., one from above the local oscillator fre¬ 
quency and one from below. For example: 

Desired signal 28 00MHz 
Local oscillator = 28-465MHz 
Interfering 
station = 28-93MHZ 

heterodyne 

heterodyne 

465kHz i.f. 

465kHz 

Second-channel interference can only be avoided by 
fdtering off the unwanted signal before the mixer stage, ie at 
radio frequency. Since the separation between wanted and 
interfering signals is twice the i.f., filtering would be easier if 
a high i.f. was chosen (say l-6MHz). Unfortunately ampli¬ 
fication and i.f. filtering then becomes less efficient, so a 
compromise must be reached. An alternative is the double-
conversion receiver, which uses two intermediate frequencies 
(see Chapter 4—HF Receivers). 

Automatic Gain Control 

A weak signal reaching the receiver may fluctuate in 
strength from 1/xV to IV as atmospheric conditions vary 
during the transmission. To prevent great variations in 
listening volume the receiver is fitted with automatic gain 
control (age, avc). Signal reaching the detector is rectified 
and applied as a negative bias voltage to the i.f. amplifiers. 
Strong signals provide a heavy bias, reduce the gain, and so 
emerge only a little louder than weak signals. 

Refinements include avoiding any attenuation of weak 
signals (delayed age), suppression of background noise in 
the absence of signal (quiet age or squelch), preventing sudden 
noise spikes from causing attenuation of the signal (slow-rise 
age), and preventing noise increase during short pauses in 
transmission such as between sentences (hang age). 

Static interference often occurs as very short “spikes” of 
high amplitude, and these are unpleasant for the listener. A 
noise limiter is a gate applied to the i.f. signal which limits its 
maximum amplitude, so that noise spikes are clipped off at 
a preset level. In the automatic noise limiter (anl) the width 
of the gate is controlled by the steady signal voltage, so that 
clipping of any sudden increase occurs (see Chapter 4—HF 
Receivers). 

Transceive Operation 

The vfo of a transmitter is quite similar to the local 
oscillator of a superhet, although the Io operates slightly off 
the station frequency. In the transceiver one oscillator func¬ 
tions as combined vfo and lo, so that once the receiver has 
been netted (tuned to the exact frequency of an incoming 
station) the transmitter is already set to reply on the same 
frequency. To allow for errors and drift, the receiver can 
usually be tuned over a small range by a receiver indepen¬ 
dent tuning (rit) control without disturbing the transmission 
frequency. 
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CHAPTER 2 

ELECTRONIC TUBES AND VALVES 

MODERN electronic tubes and valves have attained a 
high degree of reliability and are available in many 

forms for a wide variety of common and specialist applica¬ 
tions. Although for many purposes semiconductors are 
superseding the electronic tube, the latter retains many 
important advantages in its ability to withstand severe over¬ 
load without serious damage, its electrode isolation and the 
high power gain it provides at very high frequencies. 

FUNDAMENTALS 
Emission 

In most types of evacuated electronic tube the emission of 
electrons is produced by heating the cathode, either directly 
by passing a current through it, or indirectly by using an 
insulated heater in close proximity. The quantity of electrons 
emitted is governed by the construction and surface coating 
of the cathode and the temperature to which it is heated. 
This is known as thermionic emission. 

Emission may also be produced when electrons impinge 
on to a surface at a sufficient velocity. For example, electrons 
emitted from a hot cathode may be accelerated to an anode 
by the latter’s positive potential. If the velocity is high enough 
electrons will be released from the anode. This is known as 
secondary emission. 

The emission of electrons from metals or coated surfaces 
heated to a certain temperature is a characteristic property 
of that metal or coated surface. The value of the thermionic 
emission may be calculated from Richardson’s formula: 

Is = AtT2 e-».'T

where Is is emission current in amperes per square centimetre 
A! is a constant of the emitting substance 
T is absolute temperature in degrees Kelvin (°K) 
b! is a constant depending on the material of the 
emitting surface, 

or from a similar formula developed by Dushman. 

Electron Flow 
Electrons are negatively charged. When in an evacuated 

tube an electron leaves a parent molecule, as for example 
during emission from a cathode, the molecule becomes more 
positively charged. If an electrode such as an anode is placed 
near to the cathode and is charged positively with respect to 
it, the electrons released by emission from the cathode will 
be attracted to the anode. As the electrons traverse the space 
between one electrode and another they may collide with 

gas molecules (because no vacuum can be perfect) and such 
collisions will impede their transit. For this reason the 
residual gas left inside the evacuated envelope must be 
minimal. An electronic tube which has been adequately 
evacuated is termed hard. 

If however a significant amount of gas is present the 
collisions between electrons and gas molecules will cause it 
to ionize. The resultant blue glow between the electrodes 
indicates that the tube is soft. This blue glow should not be 
confused with a blue haze which may occur on the inside of 
the envelope external to the electrode structure: this is 
caused by bombardment of the glass, and in fact indicates 
that the tube is very hard. 

Space Charge 
When electrons travel from cathode to anode in useful 

quantities they form a cloud in the space between the 
electrodes. The electric charge associated with this cloud is 
known as the space charge. It tends to repel the electrons 
leaving the cathode because it carries the same polarity. 
However, if the anode potential is sufficiently high the 
effect of the space charge will be overcome and electrons will 
flow from the cathode, the flow being completed by an 
external circuit back to the cathode. As the anode potential 
is raised, the electron flow or current will increase to a point 
where the space charge is completely neutralized and the total 
emission from the cathode reaches the anode. The flow can 
be further increased only by raising the cathode temperature. 

Cathodes 
Although several types of cathode are used in modern 

valves, the differences are only in the method of producing 
thermionic emission. The earliest type is the bright emitter 
in which a pure tungsten wire is heated to a temperature in 
the region of 25OO-26OOK. At such a temperature emission 
of 4 to 40mA per watt of heating power may be obtained. 

Bright emitters are still employed in high power trans¬ 
mitting valves for broadcasting but the only common 
amateur use is in diodes for applications such as noise 
generators. The life of a pure tungsten filament at full 
operating temperature is limited by evaporation of the 
tungsten, failure occurring when about 10 per cent has been 
evaporated. 

Dull emitters are directly heated thoriated tungsten 
cathodes which produce greater emission than bright 
emitters and require less heating power. In a dull emitter, a 
small quantity of thorium oxide is introduced into the pure 
tungsten wire. A process known as carburization is used 
to create an outer skin of tungsten carbide on the wire 
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which facilitates the reduction of the thorium oxide to metallic 
thoria, stabilizes the emission and increases the surface 
resistance of the cathode to gas poisoning. Typical emission 
efficiency is in the region of 30-100mA per watt of heating 
power at an operating temperature of 1900-2100°K. This 
type of cathode is relatively fragile and valves should not be 
subjected to shocks or sharp blows. 

Provided the operating temperature is correctly maintained 
long life may be expected. In particular, the rated voltage or 
current should be closely controlled. Operation at constant 
filament power will give the longest life. 

Oxide coated cathodes are the most common type of 
thermionic emitter found in both directly and indirectly 
heated valves. In this type, the emissive material is usually 
some form of nickel ribbon, tube or thimble coated with a 
mixture of barium and strontium carbonate, often with a 
small percentage of calcium. During manufacture, the coat¬ 
ing is reduced to its metallic form and the products of 
decomposition removed during the exhaustion process. The 
active ingredient is the barium which provides much greater 
emission than thoriated tungsten at lower heating powers. 
Typically, 50-150mA per watt is obtained at temperatures 
of 95O-1O5O°K. 

Although the emission efficiency of oxide coated cathodes 
is high and large currents may be drawn, they are less able 
to resist the poisoning effects of gas or ion bombardment. 
This type must not be operated under temperature limited 
conditions. 

In certain valves that are subject to back bombardment of 
the cathode, such as magnetrons, some form of protected 
cathode coating/material is necessary. Such cathodes are 
known as impregnated, the active coating material being 
mixed with nickel or tungsten powder; this mixture is then 
coated on the cathode surface. 
An indirectly-heated cathode is a metal tube or sleeve, or in 

some cases is of thimble shape, having a coating of emissive 
material on the outer surface. The cathode is heated by 
radiation from a metal filament, called the heater, which is 
mounted inside the cathode. The heater is electrically 
insulated from the cathode. The emissive material is 
generally the same as that employed for filamentary oxide¬ 
coated cathodes and operates at about the same temperature. 
The cathode may be made of pure nickel or of special alloys, 
depending upon the purpose of the valve. The heater is 
normally made of tungsten or molybdenum-tungsten alloy. 

The life of valves with oxide coated cathodes is generally 
good provided the ratings are not exceeded. Occasionally 
there is some apparent reduction in anode current due to the 
formation of a resistive layer, between the oxide coating 
and the base metal, which operates as a bias resistor. 

In cold cathode valves, such as gas stabilizers, the cathode 
is an activated metal or coated surface. 

Anodes 

In most electronic tubes the anode takes the form of an 
open-ended cylinder or box surrounding the other electrodes, 
and is intended to collect as many as possible of the electrons 
emitted from the cathode; some electrons will of course be 
intercepted by the grids interposed between the cathode and 
the anode. 
The material used for the anode of the small general 

purpose type of valve is normally bright nickel or some form 
of metal coated black to increase its thermal capacity. 

Power dissipated in the anode is radiated through the glass 
envelope, a process which is assisted when adequate circula¬ 
tion of air is provided around the glass surface. In some cases 
a significant improvement in heat radiation is obtained by 
attaching to the valve envelope a close-fitting finned metal 
radiator which is bolted to the equipment chassis so that this 
functions as a worthwhile heat sink. 

Higher power valves with external anodes are cooled 
directly by forced air, by liquid, or by conduction to a heat 
sink, as follows: 
Forced air: this method of cooling requires a blower, prefer¬ 
ably of the turbine type, capable of providing a substantial 
quantity of air at a pressure high enough to force it through 
the cooler attached to the anode. 
Liquid cooling calls for a suitable cooler jacket to be fitted to 
the anode; generally, this method is confined to large power 
valves. If water is used as the coolant care must be taken to 
ensure that no significant leakage occurs through the water 
by reason of the high voltage used on the anode. 
Conduction cooling carries the heat from the anode to a 
suitable heat sink via a heat conducting insulator forming 
part of the tube envelope or by attachment of a heat con¬ 
ducting block connecting the anode to the heat sink. The 
latter is preferable, for the heat conductor block forms part 
of the external equipment, but a heat conductor that is part 
of the tube envelope is lost when failure occurs and the tube 
is discarded. 

Conduction-cooled tetrodes: (left) requiring separate heat sink 
(centre picture), and (right) with heat conduction direct from 

envelope to chassis. (Photo by courtesy of the M-0 Valve Co. Ltd.) 

In certain uhf disc seal valves a different form of conduc¬ 
tion cooling is used, the anode seal being directly attached to 
an external tuned-line circuit that functions as the heat-sink 
radiator. Needless to say, it must be suitably isolated elec¬ 
trically from the chassis. 

Whatever the type of electronic tube, and whatever the 
method used to cool it, the limiting temperatures quoted by 
the makers, such as bulb or seal temperature, should be 
adhered to if a reasonable life is to be expected. 

Grids 

The electron flow from cathode to anode may be con¬ 
trolled by the introduction of one or more electrodes known 
as grids, the number of such electrodes depending on the 
purpose for which the tube or valve is required. 

Electronic tubes are classified by a generic title based on 
the number of active electrodes they contain, as shown in 
Table 2.1. 

Mechanically, the grid electrode takes many forms, dic¬ 
tated largely by power and the frequency of operation. In 
small general purpose valves the grids are usually in the form 

2.2 



ELECTRONIC TUBES AND VALVES 

of a helix (molybdenum or other suitable alloy wire) with 
two side support rods (copper or nickel) and a cross-section 
varying from circular to flat rectangular, dependent on 
cathode shape. 

TABLE 2.1 

number of 
electrodes 

generic 
title 

number of 
grids 

2 
3 
4 
5 
6 
7 
8 

diode 
triode 
tetrode 
pentode 
hexode 
heptode 
octode 

none 
1 
2 
3 
4 
5 
6 

For a given operating cathode temperature a point of 
saturation is reached beyond which no further increase in 
current can be obtained unless the cathode temperature is 
increased. 

Fig 2.1. Typical diode character¬ 
istic, showing emission limit¬ 
ation for a given filament temp¬ 

erature. 

In some uhf valves the grid consists of a single winding of 
wire or mesh attached to a flat frame fixed directly to a disc 
seal. 

In high performance tubes where close clearance between 
cathode and grid is required for high mutual conductance, 
the grid winding is made on to a frame consisting of support 
rods and metal straps, the helix being wound under con¬ 
siderable tension (about half its breaking strain). This 
method of construction is generally confined to Grid No 1 
(the control grid), where the minor axis of cross-section is 
decided by the support rod diameter. 

In beam tubes such as klystrons, travelling wave tubes and 
cathode ray tubes, the electron flow is concentrated through 
a single hole in the electrode plates, the potential applied to a 
plate having the effect of varying the tube characteristics. 
For higher power tubes the grid may be in the form of a 
“squirrel cage”. 

Primary emission from a grid due to heating must be 
minimized to obviate affecting the tube’s operation. To 
inhibit emission at the normal operating temperature various 
types of coating or plated surface perform both this function 
and at the same time increase the working surface of the grid. 
It is particularly important to minimize grid emission in 
transmitting valves, where the grid may be operating in a 
positive mode. Similar operating conditions apply also to 
Grid No 2 (the screen grid), more especially in audio output 
and transmitting types. 

Both No 1 and No 2 grids are sometimes fitted with radia¬ 
tion fins to cool them in the interests of holding primary grid 
emission at a satisfactory level. 

Where a variable gain facility is required, as in i.f. am¬ 
plifiers, the No 1 (control) grid is given a variable helix pitch 
to enable it to handle changes from high gain to relatively 
low gain. Pitch variation is conveniently introduced by 
providing suitable gaps in the winding around the centre of 
the cathode system. 

TUBE TYPES 
Diodes 

The simplest form of electronic tube is the two electrode 
diode, consisting simply of an emitting surface (heater¬ 
cathode or filament) and an anode. The current which can be 
drawn from the anode is governed by the type of emitting 
cathode employed, its temperature and its spacing from the 
anode. 

Diodes have a wide variety of applications, from low level 
rf signal detection to power rectification up to very high 
voltages. 

To provide a low impedance characteristic, where the 
voltage drop across the diode is virtually independent of the 
current drawn, gas filling is used, either mercury vapour or an 
inert gas such as xenon. The resultant low voltage drop 
helps to reduce the anode dissipation. 

Fig 2.2. Diode saturation curves, showing the effect of different 
filament voltages and hence temperatures. 

Triodes 
By introducing a grid between the cathode and anode of an 

electronic tube the electron flow may be controlled. This 
flow may be varied in accordance with the voltage applied to 
the grid, its value being decided by the geometry of the grid 
and in particular the amplification factor and mutual con¬ 
ductance required from the valve. 

Varying the potential applied to the grid modifies the 
space charge, but because the grid has an open mesh only 
partial interception of the electrons occurs, the majority of 
them remaining available for acceleration to the high poten¬ 
tial anode. Electron collection by the grid is low if its 
potential is low, or negative, but increases significantly as 
the voltage is made more positive. 
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It is important to recognize that a small general purpose 
triode or pentode used as an audio amplifier with a negative 
potential on its grid may, if operated as a positively driven 
amplifier, be called upon to withstand more grid dissipation 
than the designer intended, and could be less reliable than a 
valve designed specifically for the purpose. 

Fig»2.3. Negative region characteristic curves of a triode, showing 
thejreduction in anode current which occurs with increase of neg¬ 

ative grid voltage. 

Fig 2.4. Positive region triode characteristic curves, showing how 
enhanced values of positive grid voltage increase anode current flow. 

The grid voltage (grid bias) for a small general purpose 
valve may be obtained by one of several methods: 
A separate battery; 
A resistor connected between the cathode and the chassis (earth) 
so that when current flows the voltage drop across i t renders 
the cathode more positive with respect to the chassis (earth), 
and the grid circuit return becomes negative with respect 
to cathode; 
A resistor connected between the grid and the chassis (earth). 
When the grid is so driven that appreciable current flows 
(as in an rf driver, amplifier or multiplier), the grid 

resistor furnishes a potential difference between grid and 
chassis (earth), and with cathode connected to chassis a 
corresponding negative voltage occurs at the grid. A com¬ 
bination of grid resistor and cathode resistor is good practice 
and provides protection against failure of drive, which a grid 
resistor alone would not give. 
Contact potential. A high value of resistance (1-10MÛ) is 
used as the grid resistor. A small current flow through it will 
provide sufficient negative voltage for small signal applica¬ 
tions (eg, an input audio amplifier). 

Characteristic curves which show graphically the relation¬ 
ship between anode current and anode voltage for various 
values of grid voltage are given, one illustrating the curve 
produced when negative grid voltages are applied, the other 
those for positive grid voltages, together with the correspond¬ 
ing grid currents. 

Tetrodes 

A tetrode (“four electrode”) valve is basically a triode 
with an additional grid mounted outside the control grid. 
When this additional grid is maintained at a steady positive 
potential a considerable increase in amplification factor 
occurs compared with the triode state; at the same time the 
valve impedance is greatly increased. 

The reason for this increased amplification lies in the fact 
that the anode current in the tetrode valve is far less depen¬ 
dent on the anode voltage than it is in the triode. In any 
amplifier circuit, of course, the voltage on the anode must be 
expected to vary since the varying anode current produces a 
varying voltage-drop across the load in the anode circuit. A 
triode amplifier suffers from the disadvantage that when, for 
instance, the anode current begins to rise due to a positive 
half-cycle of grid voltage swing, the anode voltage falls (by 
an amount equal to the voltage developed across the load) 
and the effect of the reduction in anode voltage is to diminish 
the amount by which the anode current would otherwise 
increase. Conversely, when the grid voltage swings negatively 
the anode current falls and the anode voltage rises. Because 
of this increased anode voltage the anode current is not so 
low as it would have been if it were independent of anode 
voltage. This means that the full amplification of the triode 
cannot be achieved. The introduction of the screen grid, 
however, almost entirely eliminates the effect of the anode 
voltage on the anode current, and the amplification obtain¬ 
able is thus much greater. 

A screen functions best when its voltage is below the mean 
value of the anode voltage. Most of the electrons from the 
cathode are thereby accelerated towards the anode, but some 
of them are unavoidably caught by the screen. The resulting 
screen current serves no useful purpose, and if it becomes 
excessive it may cause overheating of the screen. 

Fig 2.5. Characteristic curves of 
a pure tetrode (often termed 
“screened grid”), showing the 
considerable secondary emis¬ 
sion occurring when no suppres¬ 

sion is used. 
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If in low voltage applications the anode voltage swings 
down to the screen voltage or lower, the anode current falls 
rapidly while that of the screen rises, due to secondary 
emission from the anode to the screen. It should be noted 
that the total cathode current is equal to the sum of the screen 
and anode currents. 

Another important effect of introducing the screen grid 
(No 2) is that it considerably reduces the capacitive coupling 
between the input (control) grid and the anode, making 
possible the use of stable, high gain rf amplification. To 
utilize this facility additional shields are added to the grid 
(electrically connected) so that the input connection cannot 
“see” the anode or its supports. With such a structure it is 
possible to reduce the unit’s capacitance by a factor of almost 
1000 compared with the triode. Adequate decoupling of the 
screen at the operating frequency by the use of a suitable 
external by-pass capacitor is essential. 

In another type of tetrode known as the space charge grid 
tetrode the second grid is positioned between the usual con¬ 
trol grid and the cathode. When a positive potential is 
applied to this space charge grid, it overcomes the limiting 
effect of the negative space charge, allowing satisfactory 
operation to be achieved at very low anode potentials, 
typically 12-24V. 

Pentodes 

To overcome the problem presented by secondary emis¬ 
sion in the pure tetrode a third grid may be introduced 
between the screen and the anode and maintained at a low 
potential, or connected to the cathode. Anode secondary 
emission is overcome and much larger swings of the anode 
voltage may be realized. This third grid is known as the 
suppressor grid (G3). 

Other methods which achieve the same effect are: 
(a) Increasing the space between screen grid and anode, as 

in the Harries Critical Anode-distance valve; 
(b) Fitting small fins to the inside surface of the anode; 
(c) Fitting suppressor plates to the cathode to produce 

what is known as the “kinkless tetrode”, which is the 
basis of the beam tetrode suppression system. 

In some special types of pentode where it is necessary for 
application reasons to provide two control grids, the No 3 
(suppressor) grid is used as the second and lower sensitivity 
control for gating, modulation or mixing purposes. Units of 
this type need to have a relatively high screen grid (No 2) 
rating to allow for the condition when the anode current is 
cut off by the suppressor grid (No 3). 

Beam Tetrodes 

A beam tetrode employs principles not found in other types 
of valve; the electron stream from the cathode is focused 
(“beamed”) towards the anode. The control grid and the 
screen grid are made with the same winding pitch and they 
are assembled so that the turns in each grid are in optical 
alignment: see Fig 2.6. The effect of the grid and screen 
turns being in line is to reduce the screen current compared 
with a non-beam construction. For example, in a pentode of 
ordinary construction the screen current is about 20 per cent 
of the anode current, whereas in a beam valve the figure is 
5-10 per cent. 

The pair of plates for suppressing secondary emission 
referred to above are bent round so as to shield the anode 
from any electrons coming from the regions exposed to the 

influence of the grid support wires at points where the 
focusing of the electrons is imperfect. These plates are 
known as beam-confining or beam-forming plates. 

Fig 2.6. The general arrangement of a modern beam tetrode, show¬ 
ing the aligned grid winding and the position of the beam forming 
plates. View “A”: looking vertically into a beam tetrode. View “B”: 
showing how the aligned electrode structure focuses electrons from 

cathode to anode. 

Fig 2.7. Characteristic curves of a beam tetrode. Anode secondary 
emission is practically eliminated by the shape and position of the 

suppressor plates. 

2.5 



RSGB—RADIO COMMUNICATION HANDBOOK 

Beam valves were originally developed for use as audio¬ 
frequency output valves, but the principle is now applied to 
many types of radio-frequency tetrodes both for receiving 
and transmitting. Their superiority over pentodes for af 
output is due to the fact that the distortion is caused mainly 
by the second harmonic and only very slightly by the third 
harmonic, which is the converse of the result obtained with a 
pentode. Two such valves used in push-pull give a relatively 
large output with small harmonic distortion because the 
second harmonic tends to cancel out with push-pull connec¬ 
tion. Fig 2.7 shows the characteristic curves of a beam tetrode. 

By careful positioning of the beam plates a relatively sharp 
“knee” can be produced in the anode current/anode voltage 
characteristic, at a lower voltage than in the case of a pentode, 
thus allowing a larger anode voltage swing and greater 
power output to be achieved. This is a particularly valuable 
feature where an rf beam tetrode is to be used at relatively 
low anode voltages. 

Fig 2.8. Characteristic curves of the beam tetrode connected for use 
as a triode. 

VALVE AND TUBE CHARACTERISTICS 

Technical data available from valve and tube manufacturers 
includes static characteristics and information about typical 
operating performances obtainable under recommended 
conditions. Adherence to these recommendations—indeed, 
to use units at lower than the quoted values—will increase 
life and reliability, which at higher than quoted values can 
easily be jeopardized. In particular, cathodes should always 
be operated within their rated power recommendations. 

The following terms customarily occur in manufacturers’ 
data: 
Mutual Conductance (slope, gm, transconductance): this is 
the ratio of change of anode current to the change of grid 
voltage at a constant anode voltage. This factor is usually 
expressed in milliamperes per volt or micromhos (ImA/V = 
1000 micromhos). 
Amplification Factor (p): this is the ratio of change of anode 
voltage to change of grid voltage for a constant anode cur¬ 
rent. In the case of triodes classification is customarily in 
three groups, low p, where the amplification factor is less than 
10, medium p (10 to 50) and high p (greater than 50). 

Impedance (ra, ac resistance, slope resistance): when the 
anode voltage is changed while grid voltage remains con¬ 
stant, the anode current will change, an Ohm’s Law effect. 
Consequently, impedance is measured in ohms. 

The relationship between these three primary characteris¬ 
tics is given by : 

Amplification Factor 
Impedance (ohms) = tt————3——- x 1000 Mutual Conductance 

or, ra = — gm 
It will be noted that the mutual conductance and the 

impedance are equal to the slopes of the Ia/Vg and Ia/Va 

characteristics respectively. 
Inner and Outer Amplification Factor (p): in tetrodes and 
pentodes it is customary to quote the amplification factor of 
the device as if it were a triode, using the screen (G2) as the 
anode, or screen and anode connected together. This is 
known as inner p or inner amplification factor. Similarly, 
where the screen (G2) is considered as a control grid in 
conjunction with the anode, the ratio of change of anode 
volts to the change of screen voltage for a constant anode 
current is known as the outer p or outer amplification factor. 

Electrode Dissipation 
The conversion from anode input power to useful output 

power will depend upon the tube type and the operating 
conditions. The difference between these two values, known 
as the anode dissipation, is radiated as heat. If maximum 
dissipation is exceeded overheating will cause the release of 
occluded gas, which will poison the cathode and seriously 
reduce cathode emission. 

The input power to be handled by any valve or tube will, in 
the limiting case, depend on the class of operation. Typical 
output efficiencies expressed as percentages of the input 
power are : 
class A 33% 
class ABI 60-65% 
class AB2 60-65% 
class B 65% 
class C 75-80% 

Considering a valve with a 10W anode dissipation, the 
above efficiencies would give outputs as follows (assuming 
there are no other limiting factors such as peak cathode 
current) : 
class A 5W 
class ABI and AB2 15 to 18-5W 
class B 18-5W 
class C 3O-4OW 

Control and Screen Grid Dissipations 
The control grid (No 1) and screen grid (No 2) due to their 

more fragile construction have a lower thermal capacity than 
the anode, and their maximum ratings must therefore not be 
exceeded. 

The control grid is heated considerably by radiation from 
the cathode and therefore its dissipation rating is quite small; 
any significant overheating will cause grid primary emission 
(grid emission). 

The screen grid, being shielded to a large extent from the 
cathode by the control grid, can accept a higher temperature 
rise before primary emission ensues. In an aligned grid 
tetrode any grid wire which becomes distorted by overheating 
may become red hot by drawing excessive current. 
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Noise in Valves 
Microphonie Effects: These are simple mechanical effects 
producing modulation of the wanted signal by variation in 
the relative positions of the parts of a valve under mechanical 
vibration, shock, etc. 
Resistive Noise: An ideal resistance R (Q) at an absolute tem¬ 
perature T(°K) has current fluctuations generated within it by 
the random motion of its free electrons. The mean square 
values of voltage and current so produced are described 
below under “Equivalent Noise Resistance”. 
Flicker Noise: This is so called because it describes the com¬ 
paratively large amplitudes of the noise output pulses pro¬ 
duced by a valve at low frequencies. The amplitude is 
usually related to frequency according to a 1/f law and be¬ 
comes noticeable compared with shot noise below a threshold 
frequency which may range from 100Hz to 50kHz, depend¬ 
ing upon the valve type and the operating conditions. 
Valves have been designed to produce a minimum of 

flicker noise when operated under specified conditions. For 
very exacting low frequency applications it is necessary to 
select valves for first stage operation and to pay special 
attention to other noise sources such as carbon resistors. 

An approximate expression for the anode current fluc¬ 
tuation SL? due to flicker noise, for a valve with an oxide 
coated cathode, is given by : 

- IO"13
Sia2 = —— X B X gm (amperes)2

where gm is the valve mutual conductance in A/V. 
Partition Noise: In a pentode or other multigrid valve, the 
division of the cathode current between the anode, screen 
and other grids is not constant at all instants of time. There 
are fluctuation components in both the anode and other 
electrode currents which add to the total fluctuation in the 
anode current itself. This added fluctuation component in 
the anode current is termed partition noise. 

At all but low frequencies, where flicker noise predomi¬ 
nates, the partition noise component in the output is greater 
than the shot noise; consequently triodes are generally 
preferred to pentodes in low noise amplifiers for most pur¬ 
poses. 

In general, the greater the number of current taking elec¬ 
trodes in a valve, the greater the effect of partition noise. 
Thus, multigrid mixers are especially noisy and so should be 
preceded by as much signal frequency amplification as 
possible. 
Induced Grid Noise: At very high frequencies, the finite 
transit times of electrons through the cathode-to-grid space 
enable the grid to extract energy from the electrons. This 
effect means that the high frequency components of the anode 
current fluctuations already present due to shot noise, them¬ 
selves induce current fluctuations in the grid circuit, which 
then remodulate the electron stream, giving rise to another 
fluctuation component. 

This transit time loading of the grid circuit has the effect of 
connecting a shunt conductance across the amplifier input 
circuit. This is discussed later. 
Equivalent Noise Resistance: This is defined as the ideal 
resistance, held at a temperature of 290°K (17°C) which, 
when placed in series with the grid lead of an ideal noiseless 
valve, produces the anode current fluctuation due to shot or 
partition noise effects obtained from a given actual valve of 
the same characteristics. 

The value of the equivalent noise resistance, R cq, can be 
calculated as follows: 

(a) For a triode (considering shot noise only) 
3-5 „ 

Req — fl 
gm 

(b) For a pentode or tetrode (considering shot and parti¬ 
tion noise only): 

R.q= x Cl +^.) 
\Ia + Ige* \gm gm“ z 

The equivalent noise resistance explains the noise behav¬ 
iour of valves fairly well over the range 50kHz to about 
20MHz. Below 50kHz, flicker noise effects become in¬ 
creasingly important and above 20MHz induced grid noise 
predominates. 
Transit Time Conductance and Induced Grid Noise: Above 
20MHz the induced grid noise effects predominate, imposing 
a shunt conductance across the input circuit of an amplifier. 
This shunt conductance, Ge, can be calculated as follows: 

_ 5gm(af)2 / 3 3 b/a \ 
Ge V, X IO*6 V + 1 + (Va/V)»/ ( ’ 

where: V, = 5-69 x 103 x a4'» X JC2,’(V) 
gm = mutual conductance of [the valve under the 

given operating conditions (A/V). 
a is the grid-cathode spacing (cm). 
b is the grid-anode spacing (cm). 
f is the frequency (Hz). 
Va is the anode voltage (V). 
Jc is the cathode current density of the valve under 

the given operating conditions (A/cm2). 
This relationship assumes the following : 
(a) The valve geometry is planar. 
(b) The initial velocities of the electrons leaving the 

cathode surface are zero. 
(c) The emission is space charge limited. 
(d) The grid plane can be considered as equipotential. 
(e) The p value is large. 
(f) The signal voltages on grid and anode are small. 
(g) The transit angles through the cathode-to-grid and 

grid-to-anode spaces are small. 

Hence : Ge * f2

The shunt conductance, Ge, applied across the amplifier 
input terminals, generates current fluctuations as if it were an 
ideal resistance held at a temperature of about 1400°K. 

The transit time shunt conductance Ge should not be con¬ 
fused with the shunt conductance placed across the input 
terminals of an amplifier containing a valve, either in the 
grounded cathode or grounded grid connection. 

In the case of the grounded cathode connection, the inter¬ 
action between the valve and the cathode lead inductance 
produces a conductance Ge, placed across the amplifier 
input, of value given by : 

Gc = gm (4tt- f2) Lc Cg-k (A/V) 

where: gm is the mutual conductance of the valve in A/V. 
f is the operating frequency in hertz. 
Lc is the cathode lead inductance in henries. 
Cg-k is the grid-cathode capacitance in farads. 

Here again, Gc a f2. 
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Gc does not contribute any noise to the amplifier but it 
does serve to apply extra damping to the input of the am¬ 
plifier, which is not usually desirable. 

In the case of the grounded grid connection, a shunt con¬ 
ductance term Gin is applied across the input, taking into 
account the valve, the transit time conductance Gc and the 
load applied to the output of the valve circuit. 

Gin is given by: 
. gm 

XJin = uc + -—;——-— 
1 + l/(ra Gi.) 

where: gm is the valve mutual conductance. 
Gi is the external load shunt conductance. 
ra-1 is the valve anode conductance. 

To minimize the noise factor of an amplifier, the effects of 
the equivalent noise resistance and transit time conductance, 
considered as noise sources, must be made as low as possible 
at the operating frequency, always bearing in mind the 
importance of sufficient gain to eliminate the effects of second 
stage noise contributions. 
Hum: When a cathode is heated by ac the current generates 
a magnetic field which can modulate the electron stream, and 
a modulating voltage is injected into the control grid through 
the inter-electrode capacitance and leakages: additionally 
there can be emission from the heater in an indirectly-heated 
valve. 

When operating directly heated valves such as transmitting 
valves with thoriated tungsten filaments, the filament supply 
should be connected to earth by a centre tap or a centre 
tapped resistor connected across the filament supply (a 
"hum bucking” resistor). 

The hum is usually expressed as an equivalent voltage (in 
microvolts) applied to the control grid. Valve hum should 
not be confused with hum generated in other circuit com¬ 
ponents. 

Electrode Primary Emission 
In an indirectly heated valve it is possible for the heater to 

become contaminated with emissive material and so emit 
electrons. This is known as heater emission. The emitted 
electrons will be attracted to any electrode which is positive 
with respect to the heater, and such an electrode may be the 
cathode or the screen grid or anode; it can even be the con¬ 
trol grid, which although generally negative to the cathode 
can become sufficiently positive to one end of the heater dur¬ 
ing at least part of the ac cycle of the heater supply. This 
explains why it is sometimes recommended that the centre¬ 
tap of the heater supply should be connected to a positive 
point in the circuit to reduce hum. The grid can thereby be 
maintained at a negative potential with respect to the heater. 

Grid primary emission is a condition in which a grid com¬ 
mences to emit electrons itself and, figuratively speaking, 
competes with the cathode. The effect is produced by the 
heating of the grid which may be caused by an excessive flow 
of grid current, by the close proximity of the hot cathode or 
by radiated heat from the anode. The effects are accentuated 
if the grid becomes contaminated with active cathode 
material, which can happen if the valve is appreciably 
over-run even for a relatively short time. 

The control grid, the screen and the suppressor grid are all 
subject to these effects. They are avoided by keeping the 
grid-cathode resistance low and by avoiding excessive heater, 
anode or bulb temperature (ie by not over-running the 
valve). 

Two examples of the effects of control-grid primary 
emission can be given: 

(a) In a small output valve the anode current rises steadily 
accompanied by distortion due to grid current flowing 
in the high-resistance grid leak in such a direction as to 
oppose the grid bias. 

(b) In a power amplifier or frequency multiplier in a 
telegraphy transmitter the drive diminishes when the 
key is held down, accompanied by rising anode current. 

Primary screen emission: in an oscillator or amplifier when 
the screen voltage is removed, for example by keying, the 
output is maintained often for quite long periods if the valve 
is already hot. 

Anode primary emission is similar to grid emission but 
occurs when the anode attains a sufficiently high temperature 
to emit electrons. This effect occurs mostly in rectifiers and 
causes breakdown between anode and cathode. 

Secondary Emission 

When an electron which has been accelerated to a high 
velocity hits an electrode such as a grid or anode, electrons 
are dislodged and these electrons can be attracted to any 
other electrode having a higher potential. This effect is 
termed secondary emission. Under controlled conditions one 
electron can dislodge several secondary electrons, and a 
series of secondary-emilting “cathodes” will give a con¬ 
siderable gain in electrons. This principle is used in the 
electron-multiplier type of valve. 

Conversion Conductance 
The term conversion conductance is used in regard to 

frequency changers to represent the ratio of the output 
current of one frequency to the input voltage of another 
frequency. As applied to the mixer of a super-heterodyne 
receiver, for example, the conversion conductance is the 
current in the anode circuit at intermediate frequency 
(measured in microamperes) divided by the input voltage to 
the grid at signal frequency. The symbol commonly used is 
gc and it is generally measured in microamperes per volt. 

Conversion or Translation Gain 
Conversion or translation gain is the ratio of intermediate 

frequency output voltage to radio-frequency input voltage. 
It can be obtained from the conversion conductance if the 
dynamic resistance and other parameters of the i.f. trans¬ 
former used in the mixer anode circuit are known. 

Cathode-interface Impedance 

When a valve is operated for long periods, particularly with 
low cathode current or at complete cut-off, the mutual con¬ 
ductance steadily falls and so also does the available peak 
emission. This effect is due to the growth of a film between 
the metallic cathode and its emissive coating. This film 
possesses an impedance—the cathode interface impedance— 
which may be represented by a resistance with capacitive 
shunt connected in series with the cathode and acting as an 
automatic bias resistor. The rate of growth of interface 
resistance is considerably affected by the material of the 
cathode and is accelerated by high temperatures resulting 
from excessive heater voltage. Since the cathode-interface 
resistance is normally of the order of a few hundred ohms 
it has a most serious effect on valves having a high slope and a 
short grid base because the normal cathode resistor is likely 
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to be comparable with this value. The effect of the parallel 
capacitance is to make the drop in performance less notice¬ 
able as the frequency is increased. 

Contact Potential 
A small potential difference exists between electrodes of 

dissimilar materials in a valve irrespective of any externally 
applied potentials. This is known as the contact potential. In 
a simple diode there is a potential difference between the 
anode and the cathode which causes a current to flow in any 
external circuit from anode to cathode. The magnitude of 
this contact potential depends on the cathode material, the 
type of emissive coating, the anode material and any con¬ 
taminating film present upon its surface. Its value (anode to 
cathode) is between +1V and —0-5V but it is most frequently 
positive; it is affected by cathode temperature and varies 
throughout the life of the valve. In a triode or any other 

Fig 2.9. The diagram illustrates 
the grid contact potential point 
—always a negative voltage. 

valve with a control grid a potential difference exists simi¬ 
larly between the control grid and cathode and between 
other electrodes. All electrodes except the control grid and 
possibly the suppressor grid can be ignored in practical 
applications, because the current due to it is small compared 
with other currents flowing in the circuit. The contact 
potential is effectively in series with the control grid, with the 
result that if no external grid bias is applied grid current will 
flow in the external circuit in the same manner as in a diode. 
If an increasing external grid bias is applied, a value of 
negative bias is reached when the grid current ceases and this 
is a measure of the contact potential for this particular valve. 
In order to operate the valve satisfactorily it is necessary in 
most cases to increase the bias still further to a point where 
the maximum positive signal input does not swing the grid 
more positive than the contact potential. 

VALVE APPLICATIONS 
Amplifiers 

When an impedance is connected in series with the anode of 
a valve and the voltage on the grid is varied, the resulting 
change of anode current will cause a voltage change across 
the impedance. The curves at Fig 2.10 illustrate the classi¬ 
fications of valve amplifier operating conditions, showing 
anode current/grid voltage characteristics, and the anode 
current variations caused by varying the grid voltage. 

Class A : The mean anode current is set to the middle of the 
straight portion of the characteristic curve. If the input 
signal is allowed either to extend into the curved lower region 
or to approach zero grid voltage, distortion will occur be¬ 
cause grid current is caused to flow by the grid contact 

potential (usually 0-7 to 10V). Under class A conditions 
anode current should show no movement with respect to the 
signal impressed on the grid. The amplifier is said to be 
linear. 

Typical valves used in many linear amplifiers. (Photo by courtesy of 
the M-0 Valve Co. Ltd.) 

Class ABI: The amount of distortion produced by a non¬ 
linear amplifier may be expressed in terms of the harmonics 
generated by it. When a sine wave is applied to an amplifier 
the output will contain the fundamental component, but if 
the valve is allowed to operate on the curved lower portion 
of its characteristic, ie, running into grid current, harmonics 
will be produced as well. Harmonic components are ex¬ 
pressed as a percentage of the fundamental. Cancellation of 
even harmonics may be secured by connecting valves in push-
pull, a method which has the further virtue of providing 
more power than a single valve can give, and is to be widely 
found in audio amplifiers and modulators. 

Class AB2: If the signal input is increased beyond that 
used in the class ABI condition peaks reaching into the 
positive region will cause appreciable grid current to be 
drawn and the power output to be further increased. In both 
the class ABI and AB2 conditions the anode current will 
vary from the zero signal mean level to a higher value 
determined by the peak input signal. 

Class B: This mode, an extension of class AB2, uses a 
push-pull pair of valves with bias set near to the cut-off 
voltage. For zero signal input the anode current of the 
push-pull pair is low, but rises to high values when the signal 
is applied. Because grid current is considerable an apprec¬ 
iable input power from the drive source is required. More¬ 
over, the large variations of anode current necessitate the use 
of a well regulated power (ht) supply. 

Class C: This condition includes rf power amplifiers and 
frequency multipliers where high efficiency is required with¬ 
out linearity, as in cw, a.m. and nbfm transmitters. Bias 
voltage applied to the grid is at least twice, sometimes three 
times, the cut-off voltage, and is further increased for pulse 
operation. The input signal must be large compared with the 
other classes of operation outlined above, and no anode 
current flows until the drive exceeds the cut-off voltage. This 
could be for as little as 120° in the full 360° cycle, and is 
known as the conduction angle. Still smaller conduction 
angles increase the efficiency further, but more drive power 
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is then needed. Pulse operation is simply “super class C”; 
very high bias is applied to the grid and a very small angle of 
conduction used. 

Grid Driving Power 
An important consideration in the design of class B or 

class C rf power amplifiers is the provision of adequate 
driving power. The driving power dissipated in the grid¬ 
cathode circuit and in the resistance of the bias circuit is 
normally quoted in valve manufacturers’ data. These figures 
frequently do not include the power lost in the valveholder 
and in components and wiring or the valve losses due to 
electron transit-time phenomena, internal lead impedances 
and other factors. Where an overall figure is quoted, it is 
given as driver power output. If this overall figure is not 
quoted, it can be taken that at frequencies up to about 30 
MHz the figure given should be multiplied by two, but at 
higher frequencies electron transit-time losses increase so 
rapidly that it is often necessary to use a driver stage capable 
of supplying 3-10 times the driving power shown in the 
published data. The driving power available for a class C 
amplifier or frequency multiplier should be sufficient to 
permit saturation of the driven valve; ie, a substantial 
increase or decrease in driving power should produce no 
appreciable change in the output of the driven stage. This is 
particularly important when the driven stage is anode¬ 
modulated. 

Passive Grid 

In linear amplifiers the driver stage must work into an 
adequate load, and the use of the passive grid arrangement is 
to be recommended. A relatively low resistance (typically 

IkQ) is applied between grid and 
cathode with a resonant grid circuit, 
where appropriate. This arrangement 
helps to secure stable operation, but 
should not be used as a cure for ampli¬ 
fier instability. 

Grounded Cathode 
Most valves are used with the cathode 

connected to chassis or earth, or where 
a cathode-bias resistor is employed it 
is shunted with a capacitor of low 
reactance at the lowest signal frequency 
used so that the cathode is effectively 
earthed. In modulated amplifiers two 
capacitors, one for rf and the other for 
af, must be used. 

Grounded Grid 

Although a triode must be neutralized 
to avoid instability when it is used as 
an rf amplifier this is not always 
essential if an rf type of tetrode or 
pentode is employed. However, at very 
high frequencies (above about 100MHz) 
a triode gives better performance than 
a tetrode or pentode, providing that 
the inherent instability can be over¬ 
come. One way of achieving this is to 
earth the grid instead of the cathode so 

that the grid acts as an rf screen between cathode and anode, 
the input being applied to the cathode. The capacitance 
tending to make the circuit unstable is then that between 
cathode and anode, which is much smaller than the grid-to-
anode capacitance. 

The input impedance of a grounded grid stage is normally 
low, of the order of 1000, and therefore appreciable grid 
input power is required. Since the input circuit is common 
to the anode-cathode circuit, much of this power is, how¬ 
ever, transferred directly to the output circuit, ie, not all of 
the driving power is lost. 

Grounded Anode 

For some purposes it is desirable to apply the input to the 
grid and to connect the load in the cathode circuit, the anode 
being decoupled to chassis or earth through a low-reactance 
capacitor. Such circuits are employed in cathode followers 
and infinite-impedance detectors. 

Neutralizing Amplifiers 

Instability in rf amplifiers results from feedback from the 
anode to the grid through the grid-to-anode capacitance and 
is minimized by using a tetrode or pentode. At high freq¬ 
uencies, particularly if the grid and/or anode circuit has high 
dynamic impedance, this capacitance may still be too large 
for complete stability. A solution is to employ a circuit in 
which there is feedback in opposite phase from the anode 
circuit to the grid so that the effect of this capacitance is 
balanced out. The circuit is then said to be neutralized. 

A typical arrangement is shown in Fig 2.11. Here the anode 
coil is centre-tapped in order to produce a voltage at the 
“free” end which is equal and opposite in phase to that at the 
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anode end. If the free end is connected to the grid by a 
capacitor (C „) having a value equal to that of the valve grid-
to-anode capacitance shown dotted, any current flow¬ 
ing through C,ja will be exactly balanced by that through C„. 
This is an idealized case because the anode tuned circuit is 
loaded with the valve anode impedance at one end but not at 

Fig 2.11. 
Neutralizing a grounded-cathode 
triode amplifier. The circuit 
is equally suitable for a tetrode 

or a pentode. 

the other; also the power factor of C„ will not necessarily be 
equal to that of C, The importance of accurate neutraliza¬ 
tion in transmitter power-amplifier circuits cannot be over¬ 
stressed, and will be achieved if the layout avoids multiple 
earth connections and inductive leads—copperstrip is gen¬ 
erally preferable to wire for valve socket cathode connec¬ 
tions. 

Double Tetrodes for VHF/UHF Service 

Early designs of double tetrode contained two complete 
electrode systems in one envelope. In current designs there 
is a common cathode and a common screen grid, with 
separate control grids and anodes positioned on each side of 
the cathode. In the design illustrated at Fig 2.12 crossover 
neutralizing capacitors arc built in. The form of construction 
shown helps to reduce the effects of circulating currents and 
lead inductance, especially in cathode and screen. 

Fig 2.12. 
Cut-away view of a vhf 
double tetrode, the 

QQV06-40A 
r, r'—electrode support 
rods; c, c'—neutralizing 
capacitors; a, a'—anodes; 
B—beam plate; M—mica 
electrode supporting 
plate; k—cathode; g,— 
control grid; g—screen 
grid; S—internal screen. 
(Photo by courtesy of Mullard 
Ltd.) 

Suitably designed class C amplifier and frequency multi¬ 
plier valves will give satisfactory operation up to about 
600MHz. 

CALCULATION OF OPERATING CONDITIONS 
FOR RF AMPLIFIERS 

In a tuned amplifier the anode and grid voltages are of 
sine-wave form and in phase opposition. The anode current 
does not flow continuously, but in a series of pulses whose 
duration varies from 40° to more than 180° of each complete 
cycle of 360°. 

The grid current flows for a shorter duration, since this 
only occurs when the grid is positive relative to the cathode. 

Fig 2.13. Basic circuit of a tuned amplifier. 

Figs 2.13 and 2.14 show the basic circuit and phase rela¬ 
tionships, respectively. It will be seen that the peak values of 
anode and grid currents occur when the anode voltage is 
low and the grid voltage is at its maximum positive 
value. The design methods given here are based on the 
location of this point on the valve characteristic curves and 
the translation of the peak values into rms and mean values, 
by applying factors derived from a Fourier analysis of sine 
and sine squared pulses of appropriate angles of flow. This 
method is very much quicker and only slightly less accurate 
than the alternative of plotting load lines on constant current 
characteristics. 

Fig 2.14. Anode grid phase relationship in the tuned amplifier. 

The method is best illustrated by a typical example; in this 
case a transmitting tetrode type TT21 (7623) has been used. 
The valve has a rated continuous anode dissipation of 37-5W. 
Its characteristics measured at /a 140mA are: mutual 
conductance (gm) = 1 ImA/V, and inner amplification factor 
(^ki — sa) = 8. The relevant valve curves are shown in Figs 
2.15,2.16, 2.17 and 2.18. 
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Fig 2.17. 

(7623) transmitting tetrode. Figs 2.15, 2.16, 2.17, 2.18. Characteristic curves of a TT21 

Fig 2.18. 

Fig 2.19. Design factors for Class C telegraphy (see text). 
Fs = 20 
Ft = 5-8 

Ft = 4-6 
F2= 1-8 

Class C Telegraphy 

A typical angle of anode current flow (2 ) for class C 
telegraphy is 120°. Smaller angles give increased efficiency, 
but at the expense of increased peak emission demand, 
greater driving power and possibly shorter valve life. Larger 
angles are sometimes used when power output is more im¬ 
portant than efficiency. 

The design factors required for calculations are F,, F2, F3 
and Ft. These can be obtained from the curves in Fig 2.19 
for an angle of 0 of 60°. These are: 
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The design formulae are: 

Peak Anode Current ia(pk> = F, X Za (1) 

Peak Anode Voltage va(Pk) = Ca - va(mln) (2) 
F 

Power Output Pout = y x Za x va(Pk) (3) 

Grid Voltage (Triodes) 

y X F 
— Pg = I- (vg-k(Pk)) X (F3 — 1) (4a) 

Grid Voltage (Tetrodes) 

Kg2 X F* 
— Vg = ~~ + (Vgi - k(pk)) X (F3 — 1) (4b) M(gl - g2) 

Peak Grid Voltage vgl(Pk) = VS1 + (vgl - k( Pk)) (5) 

Fig 2.20. Deiignf actorsf or Class C telegraphy (see text). 

Grid Current Zg = (6) 

Grid Dissipation pgl — (^g-k(pk)) 

Driving Power Par = pgI + (Fg x Zg) (8) 

Screen Current Zg2 = ^Upk) (9) 

Screen Dissipation pg2 = rg2 x Zg2 (10) 

Output Impedance Za = ~~ (1 j) 

In order to choose a value for anode input which will 
exploit the ratings of a chosen valve, an estimated efficiency 
may be assumed. Alternatively, the input may be fixed by 
other considerations, such as available power supplies or 
licence regulations. 

A reasonable efficiency for a class C amplifier, at frequen¬ 
cies up to 30MHz, is 75 per cent. Hence, for the valve 
chosen, which has an anode dissipation rating of 37-5W: 

* j • 37’5 Anode input = t _ = 150W 

At an anode voltage of 1000 this corresponds to a de anode 
current of 150mA. 

From Equation (1) calculate Za(pk) = 4-6 x 150 = 690mA. 
Next locate the current on the valve’s anode current (Za), 
anode voltage (Ka) characteristic (Fig 2.15) at a low value of 
anode voltage, just inside the knee of the curve; this corres¬ 
ponds to an anode voltage of 150V and a grid voltage of 
+ 12V. 

From Equation (2), calculate Pa(pk) = 1000 - 150 = 850V. 

From Equation (3), calculate 

1-8 
Pout = y- X 015 X 850 =115W 

The anode dissipation is the difference between anode in¬ 
put and power output. 

Pa (dissipation) = 150 — 115 = 35W 
This dissipation is sufficiently close to the maximum rating 

and can be accepted for the rest of the calculation. If the 
figure had been greater or considerably lower than the rated 
maximum, a new design should be made using a different 
power input, angle of flow or minimum anode voltage Faumn). 

The chosen valve is a tetrode and from Equation 4(b) 
calculate grid voltage : 

- Kg = 
300 X 2 

8 + 12 X 1 = - 87V 

From Equation (5) calculate vg(pk) = 87 + 12 = 99V 

Kg 87 
Calculate : -—  = — = 0-88 and from Fig 2.20 read values rg(Pk) vv 
of F6 and F,. 

These are 117 and 1-975, respectively. 
From the grid current (Zg), anode voltage (Fa) curves of 

the TT21 (7623) a peak grid current of 32mA occurs at Fa 
= 150V and Fgl = +12V 

From Equation (6) calculate Zg = 32 
yy = 2-75mA 

From Equation (7) calculate 

2-75 X 1-975 X 12 
Pn= -z-= 32-5mW 

From Equation (8) calculate 
Par = 32-5 + (2-75 x 87) = 273mW 

The driver stage should produce considerably more than 
this minimum power in order to allow for losses in the 
coupling system. 

From the screen grid current (Zg2), anode voltage (Ka) 
curves of the TT21 (7623), a peak screen current of 80mA 
occurs at Fa = 150V and Fgl = +12V 

80 
From Equation (9) calculate Zg2 = — = 13-8mA 

3"o 
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From Equation (10) calculate = 300 X 13-8 = 415W. 
This dissipation is within the maximum rating of 6W and is 
acceptable. 

850 
From Equation (11) calculate Z» = x pg = 316kil 

It is now possible to design a pi-coupler to match 316k£i 
to the impedance of the load. 

Anode-modulated Amplifiers 
Anode-modulated amplifiers are designed in a similar 

manner to that given for class C telegraphy, but checks must 
be made to ensure that the required conditions at the modu¬ 
lation crest are met. 

Fig 2.21. Phase relationship at the carrier and modulation crest for 
an anode-modulated Class C amplifier. 

At the modulation crest, the anode and screen voltages 
will be increased but the bias will be unchanged; hence the 
angle of anode current flow will increase. Typical values are 
between 150° and 180°. In making a design, it is necessary to 
assume an angle and later check the accuracy of the assump¬ 
tion. 

In the following equations, values at the crest of modula¬ 
tion are indicated by ('), thus 6' may be between 75° and 90°. 

Since the amplifier is assumed to be linear, then: 

F out 4 Pout (12) 
v'atpk) — 2 Va(pk) (13) 

Hence v'a(min) 2va(mln) (14) 
By using Equation (3) rearranged, the anode current at 

modulation crest can be calculated from— 

z P out X 2 
■ a ’ r—Z , . 

r 2 X 'a(pk) 

and from Equation (1) 
Z a(pk) — F i X Z a 

(15) 

Normally, the positive grid voltage may be assumed to have 
the same value as calculated at the carrier. 
The peak working point corresponding to f'a(pk), v'a(min) 

and vBJ-k(pk) must be located on the anode current (/a), anode 
voltage ( Fa) curves. 

In the case of a tetrode, a value of the screen voltage must 
be found which satisfies these conditions. In triodes, it may 
be found that a different (usually greater) value of Vg-k(pk) is 
required to satisfy t'a(pk) and v'atmtn). 

The grid current at the modulation crest is usually signifi¬ 
cantly less than at the carrier. By using some grid leak bias, 
the angle of flow can be increased to 180°, requiring less bias, 
and hence making available an increased positive grid 
excursion. An alternative is to supply sufficient modulation 
to the driver stage to provide the required positive excursion. 

For convenience of illustration, it will be assumed that the 
foregoing class C telegraphy design is now to be modulated, 
but it should be noted that this will not necessarily give a 
practical result, since the anode dissipation rating may be 
exceeded during modulation. 

It is usual practice to quote anode dissipation ratings at 
carrier (unmodulated) conditions of two-thirds of the 
maximum valve rating. This is based on the assumption that 
the average power dissipation will be increased by 15 times 
when modulation is applied. In the valve used for the 
example, the anode dissipation under modulation must be 

37-5 
reduced to -jy = 25W. 

In practice, however, with speech waveforms of relatively 
high peak to mean ratio, it is satisfactory to use a rather 
higher dissipation rating. When speech compression is used, 
or continuous 100 per cent tone modulation is applied, it is 
important to ensure that the actual anode dissipation under 
modulation conditions is within the maximum rating. 

Returning to the previous design — 
From Equation (12) calculate P'out = 4 x 115 = 460W. 
From Equation (13) calculate v'ajpki = 2 x 850 = 1700V. 
From Equation (14) calculate v'atmtn) = 2x 150 300V. 
Assuming an angle of anode current flow (20') = 150°, 

then : 
F\ = 3-75 
F't = 1-69 
F\ = 135 

, 460 X 2 
From Equation (15) calculate I a = , 320mA 

1 "Öz X 1 /UU 

From Equation (1) calculate Z'a(pk) = 3-75 x 320 1200mA. 
In order to obtain a peak working point where t'a = 

1200mA at v'atmtn) 300V, it is necessary to find the correct 
value of screen voltage, it being assumed that the grid voltage 
for the carrier conditions is still available (+ 12V). 

From the Za/Fa curves for the valve at various screen 
voltages when Vi = 0, it is now necessary to predict the 
screen voltage required to produce ta'tpk) = 1200mA at 
v'atmtn) = 30ÒV and v'gl = +12V. 

From the TT21 data, the mutual conductance (gm) at 
Za = 140mA is 1 ImA/V, therefore, at t'atpk) = 1200mA, the 
mutual conductance will increase by: 

/1200V 
I —— 1 2 046 which gives 22mA/V approx. 

From this it follows that the anode current at f gl = +12V 
will be 12 X 22 = 264mA greater than the value at FgJ = 0V. 

The point on the curve that now has to be found is for 
F'a = 300V, Za 1200 — 264 = 936mA. This corresponds to 
a screen voltage of 465V. 

The screen voltage should therefore be increased by 
slightly more than 1-5 times when the anode voltage is 
doubled by modulation. The modulation transformer should 
be designed to provide this screen modulation point either 
by a tap on the main winding or by additional winding. 
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The assumed angle of flow can be checked to see if it is 
realistic, by calculation of the bias from Equation (4b). 

, 465 X 1-35 
-Fgi = -õ- + 12 X 0-35 = - 82-5V o 

This is close enough to the original value of —87V for a 
practical design. 

In practice, the regulation of the driver source, the change 
of grid current when the screen voltage is raised, and the 
method of obtaining the bias, will modify the available 
positive grid voltage at the crest, but the calculation gives 
sufficient guide as a practical starting point. 

Class AB and Class B Linear Amplifiers 

In class AB and class B linear service, the amplifier is 
required to handle modulated waveforms without distortion. 
The amplification of single sideband suppressed carrier 
signals is the most usual example. 

In a class B amplifier, the angle of flow of anode current is 
close to 180°. An acceptable design can be made using the 
procedure given for class C telegraphy but with 0 90°. 

In practice, however, such amplifiers are operated with 
some standing anode current (/a(oi) in the absence of a signal, 
as a means of improving the linearity. 

Class AB amplifiers invariably operate at significant 
standing anode current. Design curves based on angle of flow 
are therefore inconvenient; curves based on the ratio of mean 
anode current under driven conditions to standing anode 
current are more useful. 

Fig 2.22. Design factors* or Class AB and Class B linear amplifiers 
(see text). 

The curves given in Fig 2.22 are suitable. In these, F-, 
corresponds to F^ and Fa to F»; from which, under these new 
conditions: 

Peak Anode Current i»(pk) = F., X Za (16) 

F. 
Power Output, POut = — x Za x va(Pk) (17) 

In a typical class AB amplifier driven to maximum peak 
envelope power the valve will have an anode efficiency of 
about 70 per cent. The anode dissipation is a maximum at 
some value of drive less than the maximum. The anode 
dissipation at maximum drive must therefore be less than the 
maximum rating, say, 80 per cent. 

Taking the same example as used for the class C calcula¬ 
tions, the TT21 (7623), an anode dissipation of 30W is a 
suitable starting point. In a final design, the values must be 
chosen so that, taking into account the peak to mean ratio of 
the modulation waveform, excessive anode dissipation does 
not occur. 

Taking anode dissipation as 30W and anode efficiency of 
70 per cent, then: 

30 
Anode Input Pin —— 100W. 

Decide on the anode voltage; in this case, take Fa = 1000V; 
then the anode current Za = 100mA. 

Next, it is necessary to decide the zero signal (standing) 
anode current Za<o>; this depends on a compromise between 
efficiency and intermodulation distortion. Generally a current 
corresponding to about 66 per cent of the rated anode 
dissipation is typical, from which 

2 
Za(o) = j X 37-5 = 25mA. 

T-L. Tnen -— = 4 
Za(o) 

from Fig 2.20 Fs = 2-99 and Fe 1 -53 

and from Equation (16) /a(p k) = 2-99 X 100 = 299mA. 
Locate this current on the Za/Ea characteristic curve to find 

the value of va(min). To preserve linearity it is important that 
this point shall not be in the curved part of the knee 
characteristic. 

From the curve a value of 100V is suitable. 
Hence : 

va(pk) = 1000 - 100 = 900V 

and from Equation (17) Pout = -y- x 0 10 x 900 = 69W. 

Anode dissipation p* = 100 — 69 = 31W. 

The calculation of driving power (if any) and anode load 
impedance follow the same procedure as for class C tele¬ 
graphy. The bias will, however, be decided by the chosen 
value of Za( o). The approximate value can be taken from the 
characteristic curve, but in practice should be set to give the 
required value of Za(o>. 

The intermodulation of linear amplifiers is frequently 
assessed by using a test signal consisting of two or more 
signals (tones) of equal amplitude. The average power output 
will decrease as the number of tones is increased in the test 
signal as shown in Fig 2.23. 
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Fig 2.23. The assessment of intermodulation in linear amplifiers. 

In the usual case of a two-tone test signal, and assuming 
ideal linear characteristics, the relation between single and 
two-tone conditions is: 

7a (two-tone) — la (single tone) 

Average input power: 

Pin (two-tone) — Ka X /a (two-tone) 

Average output power: 

Pout (two-tone) — i Pout (single tone) 

Grounded Grid Operation 

All the preceding designs are based on the assumption that 
the signal is applied to the grid and the cathode earthed (grid 
drive or common cathode connection). Sometimes the signal 
is applied to the cathode and the grid earthed (grounded grid 
or cathode drive connection). 

This arrangement has the advantage of improved stability 
usually without neutralizing. It has the disadvantage that 
much greater driving power is required than that needed for 
grid drive connection, but some of the driving power is 
recovered in the output circuit. 

The driving power 

PúT ( Kg X /g) + /7 g I 
Vgi(pk) X F2 X /a 

2 

The drive power which appears in the output is 

Vgi(pk) X X /a

In the case of a tetrode, there is a small additional driving 
power which is not recovered in the output; this occurs due 
to the product of peak drive voltage and the fundamental 
component of the screen current. It is usually sufficiently 
small to be ignored. 

Frequency Multipliers 
Frequency multipliers are class C amplifiers in which the 

anode circuit is tuned to a harmonic of the drive frequency, 
and may be designed in the same way as a class C amplifier. 
In general, smaller angles of flow are used, as this tends to 
increase the harmonic output. 

The factor F2, which in the amplifier design gives the ratio 
of peak fundamental to de anode current, is replaced by a 
factor giving the ratio for peak harmonic to de anode current. 
These factors for harmonics up to the fifth are shown in 
Fig 2.24. 

Fig 2.24. Design factors for frequency multipliers (see text). 

Factors 
Peak anode current 

Ft and F-, --(assuming sine waveform) DC anode current 

, Peak fundamental component of anode current 
F, and F, -r—-;-DC anode current 

(assuming sine waveform) 

1 

Peak screen current (assuming squared sine 
DC screen current waveform) 

Peak grid current (assuming squared sine 
DC grid current waveform) 

Peak fundamental component of grid current 
DC grid current 

(assuming squared sine waveform) 

VALVES AND TUBES FOR SPECIAL PURPOSES 

Noise Diodes 

Noise diode valves, useful for measurement purposes, 
operate as follows. 

When a diode is operated in a condition where the emission 
is temperature-limited, the anode current will contain a com¬ 
ponent of noise which is readily calculable. The frequency 
spectrum of the noise would be infinite unless it was limited 
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at the higher frequencies by the shunt capacitance of the 
valve and its holder and by the electron transit-time between 
the cathode and the anode. 

Typical noise diodes: 
(left) wire-in type and 
(right) plug-in type. 
(Photo by courtesy of the 

M-0 Valve Co. Ltd.) 

The noise output is controlled by adjustment of the anode 
current. This is achieved, while maintaining the temperature 
limited condition, by variation of filament temperature. A 
directly heated pure tungsten bright emitter filament is used 
and the filament current adjusted to give the required anode 
current. An indirectly heated cathode or a coated or thoriated 
filament cannot be used since the emissive properties would 
be destroyed by operation in a temperature-limited condition. 

Coaxial noise diode (for inser¬ 
tion in the line). (Photo by courtesy 

of the M-0 Valve Co. Ltd.) 

Noise diodes are specially designed for the purpose of 
noise generation and if required for uhf circuits they are 
frequently of coaxial construction. 

At frequencies above 1000MHz gas discharge noise diode 
tubes may be inserted across a waveguide feeder system to 
inject noise. These tubes are similar to fluorescent lighting 
tubes but without the surface phosphor because no light 
output is needed. Those in the 4-10W range are used for test 
purposes. 

Fig 2.25. Typical noise generator circuits using a CV2171 (A2087): 
(a) for coaxial output, (b) for balanced output and (c) with earthed 

anode. 

Voltage Stabilizers 

Shunt type stabilizers'. These may be of the cold glow dis¬ 
charge gasfilled type for use at up to 150V, or the corona 
discharge gasfilled tube for 20kV or higher, each having a 
cylindrical electrode system. Provided that the current passing 
through the device is kept within the published rating any 
voltage variation across the tube will be small. Particularly 
with corona discharge stabilizers the current must not be 
exceeded, otherwise the discharge may change from the 
“corona mode” to the "glow mode” and the voltage will fall 
considerably. 

Corona discharge stabilizers are used for stabilizing the 
final anode voltage of a cathode ray tube where the currents 
involved are at most a few hundred microamperes. 

With glow discharge stabilizers the current passing through 
the valve may approach 50-60mA, depending on type. The 
striking voltage is usually significantly higher than the 
operating voltage, and an additional trigger electrode is often 
provided. Glow discharge stabilizers may be used singly or 
in series where higher voltages are to be controlled, so long as 
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some means of striking is included (Figs 2.26, 2.27). The 
resistor R is chosen so that the current through the valve(s) is 
within the maximum-minimum current rating, making due 
allowance for the total load current also passing through the 
resistor. 

For some purposes close tolerance glow discharge valves 
are available; these are known as voltage reference tubes. 

4 
Stabilized 
Vol tage 

I 

Fig 2.26. The connection of a 
shunt stabilizer. The series resi¬ 
stor R is chosen so that the 
current through the tube is 
within the limits necessary to 
provide the stabilized voltage. 

Fig 2.27. The use of two stabil¬ 
izers in series to provide a 
higher voltage. Rs is the com¬ 

mon striking resistor. 

Where the current to be drawn from a high voltage supply 
is greater than that which can be stabilized by the devices so 
far described, a hard valve high voltage triode may be 
employed (Fig 2.28), where a glow discharge reference 
stabilizer is placed in the cathode return to provide steady 
bias. 

Fig 2.28. Hard valve shunt stabilizer circuit for higher voltages. 

Fig 2.29. Series stabilizer. 

Series stabilizers: For high current supplies where variations 
of voltage are to be absorbed a low impedance valve is 
connected in scries with a control triode and a voltage 
reference tube (Fig 2.29). As voltage changes occur the 
control valve applies a varying bias to the series valve. 

Special low impedance valves are available for this appli¬ 
cation, but many standard power output tetrodes triode-
connected operate satisfactorily. 

Deflection Beam Tubes 

In certain types of valve the electrode construction is so 
arranged that the electron flow may be deflected from one 
anode to another by deflecting electrodes (Fig 2.30). The 

Fig 2.30. Arrangement of electrodes in the 7360 beam deflection 
valve. 

type 7360 is shown; another type, the 6AR8, has an additional 
suppressor grid interposed between the accelerator (G2) and 
the deflecting electrodes. Each of these valves is especially 
suitable for use as a balanced modulator for generating 
single or double sideband signals, and achieves significantly 
better carrier suppression than that given by conventional 
double triodes. 

Nuvistors 

The Nuvistor is a receiving valve of sub-miniaturized 
construction in a metal-ceramic envelope, and is especially 
applicable at vhf by reason of its low internal capacitance 
and high mutual conductance. It is marketed in simple triode 
form (6CW4, 6DS4), as a grounded grid triode (Fig 2.31) and 
as a tetrode (7587) which is similar in appearance to the 
grounded grid version but is provided with a screen grid (G2). 
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Disc Seal Valves 

In the disc seal triode (Fig2.32),characteristically of high 
mutual conductance, the electrode spacing is minimal. The 
“top hat” cathode contains the insulated heater, one side of 
which is connected to the cathode and the other brought out 
coaxially through the cathode sleeve connection. The fine-
wire grid stretched across a frame emerges through the 
envelope by an annular connection. Because the clearance 
between grid and cathode is very small, the cathode surface 
is shaved during construction to provide a plane surface. 

The anode also emerges via an external disc for coaxial 
connection. On larger disc seal valves the anode may 
form part of the valve envelope. 

Disc seal valves are available for power dissipations of a 
few watts to 100W with forced air cooling and outputs in the 
frequency range 5OO-6OOOMHz. It should be noted that maxi¬ 
mum power and frequency are not available simultaneously. 

A 2C39A disc seal 
transmitting valve. 

(Photo by courtesy 
of S.T. & C. Ltd). 

Disc seal valves although in¬ 
tended for coaxial circuits may be 
effectively employed with slab type 
circuits. Important points to be 
observed are (a) only one electrode 
may be rigidly fixed, in order to 
obviate fracture of the seals (which 
is more likely to occur in the glass 
envelope types); and (/>) except in 
the case of forced air anode cooling 
the anode is cooled by conduction 
into its associated circuit. With a 
shunt-fed circuit thin mica insula¬ 
tion will function both as a 
capacitance and a good transmitter 
of heat. 

Certain sub-miniature metal¬ 
ceramic envelope types such as the 
7077, although of the generic disc 
seal form, require special sockets 
if they are used in conventional 

circuits. Many of them give significant output at the lower 
shf bands. 

Cathode Ray Tubes 

A cathode ray tube contains an electron gun, a deflection 
system and a phosphor coated screen for the display. 

The electron gun, which is a heated cathode, is followed 
by a grid consisting of a hole in a plate exerting control on 
the electron flow according to the potential applied to it, 
followed in turn by an accelerating anode or anodes. 

Fig 2.33. Diagram of the electron gun used in cathode ray tubes, 
travelling-wave tubes and klystrons. 

The simplest form of triode gun is shown at Fig 2.33. The 
beam is focused by the field between the grid and the first 
anode. In tubes where fine line spots and good linearity are 
essential (eg, in measurement oscilloscopes) the gun is often 
extended by the addition of a number of anodes to form a 
lens system. 

Beam focusing may be by either electrostatic or electro¬ 
magnetic means. 

Oscilloscope Tubes 

Electrostatic focusing is used in oscilloscope tubes, the 
deflection system consisting of pairs of plates to deflect the 
beam from its natural centre position, depending on the 
relative potentials applied. Interaction between the two pairs 
of deflection plates is prevented by placing an isolation plate 
between them (Fig 2.34). 
After deflection the beam is influenced by a further 

accelerating electrode known as the post deflectionaccelerator 
(PDA) which may take the form of a wide band of conducting 
material on the inside of the cone shaped part of the bulb, or 

Fig 2.34. Diagrammatic arrangement of a cathode ray tube with 
electrostatic focusing and deflection. 
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of a close-pitch spiral of conducting material connected to 
the final anode. For some purposes when it is important to 
maintain display size constant irrespective of the final anode 
voltage, a mesh post deflection accelerator is fitted close to 
the deflecting plates. 

If a double beam is required the electron flow is split into 
two and there are two sets of deflection plates. Alternatively, 
two complete systems are enclosed in one tube. Although a 
common X-deflection plate may be fitted the advantage of 
two complete systems lies in providing complete alignment 
of the timing (horizontal) deflection. By setting two systems 
at an angle to one another adequate overlap of each of the 
displays is provided. 

CR Tube Power Supplies 
Unlike the valve, the cathode ray tube’s current require¬ 

ments are low, the beam current being only a few tens of 
microamperes. 

For oscilloscope work the deflector plates need to be at 
earth potential, cathode and other electrodes consequently 
being at a high negative potential to earth. In magnetically 
focused tubes the cathode may be at earth potential and the 
final anode many kilovolts above. 

Power supplies for either type of tube need to be of very 
high impedance for safety reasons, and the short circuit 
current should not exceed about 0-5mA. 

Klystrons 

Radar and Picture Tubes 
In radar and television tubes magnetic focusing and deflec¬ 

tion are common, the deflection angle being vastly greater 
than with an oscilloscope tube. Such tubes employ a simple 
triode or tetrode electron gun with an anode potential of 
20k V or more. 

A klystron is a valve containing an electron gun similar to 
that used in a cathode ray tube, from which a narrow beam of 
electrons is projected along the axis of the tube and focused 
through small apertures across which one or more oscil¬ 
latory circuits are connected; these circuits are in the form 
of hollow toroidal chambers known as rhumbatrons. The 
beam of electrons is velocity-modulated by the application 
of an rf field, for example by passing the beam through 
small apertures having an rf voltage between them. If this 
velocity-modulated beam is now passed through a field-free 
space, known as a drift space, the faster-moving electrons 
will begin to overtake the slower ones so that, at some point 
along the beam, alternate regions of high and low electron 
density will exist. The rhumbatrons are located at points of 
maximum density. If two rhumbatrons are coupled together 
by means of a feedback loop, or if a reflector electrode 
maintained at a slightly negative potential with respect to 
the cathode is mounted at the end of the tube, the energy 
will be reflected back into a single rhumbatron. The electrons 
become bunched due to their being velocity-modulated, and 
since the energy is in phase by reason of the distance of 
travel to the reflector and back again, sustained oscillation 
will take place. Klystrons are employed as oscillators, the 
reflector type being preferred for low-power work, eg as a 
local oscillator in a superheterodyne receiver. 

Fig 2.35. Diagrammatic arrangement of a cathode ray tube having 
magnetic focusing and deflection. 

Screen Phosphors 

Travel I ing-wave Tubes 
A travelling-wave tube consists of a wire helix supported in 

a long glass envelope which fits through two waveguide stubs 
or coaxial couplers used as input and output elements. At 
one end of the tube is a conventional electron-gun assembly 

Many types of phosphor are used for coating the screens of 
cathode ray tubes, their characteristics varying according to 
the application. In all of them 

which directs an electron beam to the collector at the other 
end (Fig 2.36). The rf signal input is coupled into the helix 

the light output is determined 
by the final anode voltage used, but 
where this exceeds about 4kV the 
phosphor is protected against 
screen burn by a thin backing layer 
of evaporated aluminium. 
Oscilloscope tubes require a 

phosphor with a wide optical band 
to give a bright display for direct 
viewing. This phosphor, yellow¬ 
green in colour, extends into the 
blue region to enable direct 
photographs to be taken from the 
display. 
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Fig 2.36. Travelling-wave tube. 
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and will run round the turns of the helix at roughly its normal 
velocity, but its axial velocity may be only about a tenth of 
that value, depending on the pitch of the helix. If the 
electron beam is sent along the centre of the helix and 
focused by a magnet it will be charge-density modulated by 
the voltage pulse (ie amplitude-modulated) owing to the 
interaction between the magnetic field of the current in the 
helix and the electrons. This modulation grows in amplitude 
along the length of the helix roughly according to the square 
of the axial distance from the beginning of the helix. By 
suitable design the output waveguide coupling will extract 
more energy than was put in by the input coupling and a 
considerable power gain can be achieved. For example, 
travelling-wave tube amplifiers with a bandwidth of 500MHz 
centred on frequencies in the range 17OO-85OOMHz are 
available. Outputs of 5-10W and power gains of 30-40dB 
arc possible. 

To prevent self-oscillation, it is necessary to introduce 
some attenuation between the input and output, and to 
match the input and output impedances to the tube. Serious 
mismatch at the output is likely to damage the tube. 

The Magnetron 

A magnetron is a diode with a cathode and anode in a 
cylindrical assembly. In a simple magnetron the anode is 

Output side arm 

Resonator system 

End plate 

Insulator 

Radiator 

Oxide coated 
cathode tube 

Cathode 
end shields 

Insulated 
heater 

Tungsten 
cathode 
leads 

Output 
coupling 
loop 

■^Cathode and heater 
II side arms 

Fig 2.37. General arrangement of a magnetron. 

split into two parts; more commonly it comprises multiple 
cavities which resonate at the operating frequency. The whole 
assembly is mounted in a magnetic field parallel to the axis 
of the electrodes. The magnet may be an integral part of the 
valve (the package magnetron) or a close fitting separate 
assembly. 

Fig 2.38. Various forms of anode cavity in the magnetron: (a) un¬ 
strapped cavity, (b) strapped cavity, (c) unstrapped vane-block, 

(d) strapped vane-block, and (e) rising-sun block. 

The axial magnetic field causes the path of the electrons 
leaving the cathode to be curved. At a certain field intensity 
the electrons fail to reach the anode and return to the cathode 
in circular orbits. The time taken for an electron to complete 
its orbital journey decides the frequency of oscillation. The 
energy associated with the moving electrons is given up in 
the space around the cathode, transferred to the resonant 
cavities and coupled out into an associated waveguide by 
loop and probe or by a windowed slot cut in the back of one 
of the cavities. 

The anode cavity can take a number of different forms 
and these are illustrated in Fig 2.38. 
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CHAPTER 3 

SEMICONDUCTORS 

SEMICONDUCTOR is the generic name given to all devices which arc manufactured from materials having a 
resistivity some way between that of an insulator and a 
conductor. They perform functions in electronic circuits 
similar to those of thermionic valves, and are most commonly 
made from silicon or germanium. Although it was not until 
1948 that the first transistor was made, such intensive 
development has taken place since that there are now very 
few electronic applications in which the solid-state device 
has not entirely superseded the ordinary valve. 
The semiconductor combines the practical advantages of 

small physical size with ruggedness and reliability ; and unlike 
the thermionic valve, it requires no heater supply. Its 
electrical characteristics are virtually independent of age; it 
will operate from a supply rail which is measured in volts 
rather than in tens or hundreds of volts, and as conduction 
occurs entirely within the semiconductor materials from 
which it is manufactured, it may be readily protected by 
encapsulation without the need of vacuum seals. 

The uses of the solid-state device are unlimited, and extend 
from the generation of power in the microwave region to 
switching applications of all kinds. As a linear amplifier, 
which is its most common function, the semiconductor device 
is able to provide low noise gaininany frequency band ranging 
from a few gigahertz to de; it can exhibit an input impedance 
which may be as low as a few ohms or higher than 109 meg¬ 
ohms, and in different circuit configurations, it may be used 
either as a voltage or current generator. Complex mono¬ 
lithic arrays comprising many semiconductor devices and 
associated components on a single chip of material are 
commonplace in digital and analogue computer applications, 
and as the integrated circuit, requiring only a minimum of 
additional components in order to function as a complete 
stage, these arrays are playing an ever increasing role in 
modern communications technology. 

Almost all semiconductor devices fall broadly into one of 
three categories: diodes, bipolar and field effect transistors, 
and although the functions and characteristics of each are 
quite different, the principles underlying their operation are 
basically those of the junction diode. 

This device is, in fact, already familiar to most radio 
amateurs both as a modern development of the old crystal 
detector and as a replacement for the selenium power recti¬ 
fier. For these reasons, it has been readily accepted without 
any real understanding of the fundamental physics governing 
its behaviour. The bipolar and field effect transistor, however, 
have neither a familiar forerunner nor any simple equivalence 
to the thermionic valve. They demand, therefore, a basic 
understanding of the principles upon which they operate 
before they can be employed successfully as circuit elements. 

Unfortunately few texts on this subject meet the needs of the 
average radio amateur, and it is in an attempt to satisfy these 
requirements that this chapter introduces the reader to some 
of the fundamentals of semiconductor physics without 
resorting to advanced electron flow theories. 

THEORY OF SEMICONDUCTORS 

A single isolated atom consists of a positively charged 
inner nucleus and one or more outer electrons whose total 
negative charge exactly balances that of the nucleus. Each 
element has a different number of electrons, all of which are 
bound to the nucleus and possess energy levels that fall into 
discrete bands. For example, silicon has fourteen electrons 
distributed through three specific bands containing two, 
eight and four electrons respectively (Fig 3.1). 

While the electrons in the lower energy bands are tightly 
bound to the nucleus, those occupying the higher energy 
levels are only loosely bonded. These electrons, which are 
called valence electrons, determine the characteristic 
properties of the element and enter into chemical reactions 
with other elements. By forming covalent bonds (pairs of 
shared valence electrons) with their neighbours, the indivi¬ 
dual atoms are able to link into regular lattice structures 
from which crystals of the element are formed. 

The atoms of both silicon and germanium each have four 
valence electrons, and thus form crystals which have a 
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tetrahedron lattice that is typical of a tetravalent substance. 
Fig 3.2 is a two dimensional representation of such a 
structure with only the nucleus and valence electrons shown 
for reasons of simplicity. 

The quantum theory states that the electrons in an atom 
can occupy only a finite number of discrete energy levels or 
bands, and that no intermediate levels are possible. The 
energy spectrum for an isolated atom can thus be represented 
as in Fig 3.3. 

The energy band which contains the valence electrons is 
called the valence band. It is separated from the next highest 
allowable energy band (the conduction band) by a forbidden 
region of energies which the electron cannot occupy. This 
region, or energy gap, corresponds to the minimum energy 
that is required to raise a valence electron into the conduction 
band. It is also the amount of energy the electron must gain 
or lose in making the transition between the two bands. 

Semiconductor atoms with nucleus having a charge of +4q 

Fig 3.2.(a) Two dimensional diagram of a tetravalent semiconductor 
crystal, (b) Pictorial representation of unit of crystal structure in 

silicon. 
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Fig 3.3. Energy levels in an isolated atom. 

In a crystal, the loosely bonded valence electrons are not 
confined to any particular atom, but are free to wander 
randomly through the entire lattice keeping within the 
valence band of energies. Some valence electrons, however, 
acquire sufficient energy through thermal excitation to 
break their bonds, thus enabling them to surmount the 
forbidden energy gap and to move into the conduction band. 
Similarly, electrons within the conduction band can lose 
energy and fall back into the valence band. There exists, in 
fact, a dynamic equilibrium between the two states with a 
fixed proportion of free electrons available for conduction 
at any given time and for any particular temperature above 
absolute zero. 

Conduction band 

Energy gap 
>2eV 

Valence band 

(b) 
Fig 3.4. Energy band diagram for (a) an insulator, (b) a semi¬ 

conductor, (c) a conductor. 

The fraction of valence electrons able to make the transi¬ 
tion is proportional to e’Es/kT, where k is Boltzman’s 
constant and T the absolute temperature. The amount of 
energy. Eg, which these electrons must gain in order to cross 
the energy gap varies with different materials. It is large in a 
good insulator and negligible, or non-existent, in a conductor 
(Fig 3.4). Semiconductors occupy an intermediate position 
having a forbidden energy gap between the valence and 
conduction bands equal to 0-72eV for germanium and to 
103eV for silicon. 
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Semiconductor atoms with nucleus having a charge of +4q 

Fig 3.5. Semiconductor crystal structure with “n” type impurity 
atoms. 

When a valence electron moves into the conduction band, 
it leaves a vacancy in the valence band. This situation is 
equivalent to regarding the space as being filled by a posi¬ 
tively charged “hole”, ie a fictitious particle of mass and shape 
similar to the electron, but having a single positive charge. 
Neighbouring electrons will, therefore, experience an 
attraction tending to capture an electron and fill the space. 
When this occurs, the hole effectively moves into the space 
vacated by the electron which it captured, and thus by 
successive motion of different electrons, it is able to move 
over long distances within the crystal lattice. Eventually, a 
drifting hole will meet a free electron and both hole and 
electron disappear. Normally this movement of holes and 
electrons is random, so that the net effect in any direction is 
zero and the crystal as a whole is electrically neutral. 

If a voltage is applied between two points on a conductor 
or semiconductor, the random movement of holes and 

Electrons Conduction band 

Forbidden 
energy gap 

Valence band 

Fig 3.6. Energy band diagram for extrinsic "n” type semi¬ 
conductor. 

electrons becomes a general drift of electrons towards the 
positive pole and holes towards the negative pole. Free elec¬ 
trons in the conduction band are accelerated readily so that a 
significant flow takes place with only a very small applied 
field or voltage. At the same time, the removal of an electron 
from the valence band permits the acceleration of electrons 
within the band, and hence by the mechanism described 
above, the hole is similarly accelerated in the opposite direc¬ 
tion. 

It is important to realize, however, that because holes are 
only vacancies left by parting electrons, they are not, in fact, 
influenced directly by the applied field. The migration of 
holes towards the negative pole is much less direct, and 
therefore slower, than that of the electron towards the 
positive pole. As will be seen later, this effect has a bearing 
upon the performance of the semiconductor diode and 
transistor. 

In general, a flow of current in a semiconductor can be 
regarded as an acceleration of electrons in the conduction 
band and of positively charged holes in the valence band. 
For every electron that has been raised to the conduction 
band, there is a corresponding hole in the valence band, 
since in the pure, “intrinsic” semiconductor free holes and 
electrons cannot originate from any source other than by the 
breaking of a covalent bond. 

The conductivity of the material from which transistors 
and other semiconductor devices are made, however, is much 
greater than that of the intrinsic silicon or germanium. The 
larger number of free current carriers (both holes and elec¬ 
trons) is produced by the controlled addition of a trace of an 
impurity element into the lattice structure. These impuri¬ 
ties, which are taken from group three or five of the periodic 
table, are introduced into the pure crystal during the manu¬ 
facture of the semiconductor material. The amount of dop¬ 
ing necessary to achieve the required degree of conductivity 
is about one impurity atom per 10s atoms of silicon or 
germanium, and material which has been doped in this way is 
called an “extrinsic” semiconductor. 

When the impurity element is pentavalent, it provides 
surplus electrons which cannot fit into the tetravalent lat¬ 
tice of the semiconductor crystal (Fig 3.5). The atoms of 
such an element are called “donor” atoms. Only four of the 
five valence electrons form covalent bonds with the intrinsic 
semiconductor, leaving the fifth electron only loosely bonded 
to its parent atom. This electron is readily excited into the 
conduction band, and in consequence at room temperature, 
nearly all the impurity atoms become ionized and positively 
charged. The total number of electrons in the conduction 
band at any given time is exactly equal to the sum of the 
donor atoms plus the holes in the valence band (Fig 3.6). 
Material which has been doped in this way is referred to as 
being an “n” type semiconductor. The elements that are 
used most frequently as pentavalent impurities are arsenic, 
phosphorus and antimony. 

If a trivalent impurity is added to the intrinsic semicon¬ 
ductor, a similar effect occurs, but in this case, each atom 
introduces a hole (Fig 3.7). By having one less valence 
electron with which to complete the fourth covalent bond in 
the tetravalent lattice, the impurity atom acquires an extra 
electron from the intrinsic semiconductor. These atoms are 
therefore termed “acceptor” atoms. As a result of taking up 
the extra electron, the impurity atom becomes negatively 
charged and the semiconductor atoms are left with a con¬ 
centration of holes in the valence band (Fig 3.8). 
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Fig 3.7. Semiconductor crystal structure with “p” type impurity 
atoms. 

Only a relatively small number of electrons are available 
for excitation by thermal energy to the conduction band 
since all must originate in the intrinsic material. The in¬ 
crease in conductivity resulting from the doping is therefore 
primarily by the holes introduced with the trivalent impurity. 
The total number of holes in the valence band is exactly 
balanced by the sum of the negatively charged acceptor 
atoms and the electrons available in the conduction band. 
Material doped in this way is designated a “p” type semi¬ 
conductor; the commonly used trivalent impurities being 
boron, aluminium, gallium and indium. 

The P-N Junction 

Holes and electrons normally co-exist within the same 
crystal of semiconductor, but in proportions which, at a 
given temperature, depend upon the impurities present. If a 
trivalent element is introduced into one part of the crystal, 
and a pentavalent element into the remainder, the junction, 

Electrons Conduction band 

Forbidden 
energy gap 

Valence band 

Fig 3.8. Energy band diagram for extrinsic “p” type semiconductor. 

or interface, between the “p” and “n” regions exhibits 
certain phenomena which make the diode and transistor 
possible. 

Fig 3.9 illustrates such a crystal with the “p” region 
indicated by a predominance of free holes that are the 
positively charged majority carriers (ie holes introduced by 
the acceptor atoms together with those holes present in the 
intrinsic material). A few free electrons which have been 
excited to the conduction band are also present as minority 
carriers. 

P-N junction 
Q Acceptor atoms 

, Electron minority 
(*) Donor atoms — carriers 

— Electron majority carriers 
Hole minoritv 

+ Hole majority carriers • carriers 

Fig 3.9. The P-N junction. 

The “n” region is similarly indicated by a concentration of 
negatively charged majority carriers (ie electrons introduced 
by the donor atoms together with those electrons from the 
intrinsic material that have been raised to the conduction 
band). The minority carriers present are the few free holes 
created in the valence band as a result of electrons from the 
intrinsic semiconductor being excited to the conduction 
band. 

It is apparent that because of the large number of free 
holes in the “p” region and of free electrons in the “n” 
region, a tendency will exist for some holes and some elec¬ 
trons to diffuse across the junction. In each case, electrons 
and holes adjacent to the junction will therefore neutralize 
each other to produce a local area devoid of both negatively 
and positively charged current carriers. This area is called 
the “depletion layer”. 

Also distributed within their respective “p” and “n” type 
regions are the immobile, ionized donor and acceptor atoms. 
Over the bulk of each region, the charge carried by these 
atoms is balanced by free electrons and holes, but within the 
depletion layer itself, where these mobile carriers have 
neutralized each other, this charge is left uncompensated. 
The net effect is to build up an electric field within the deple¬ 
tion layer, and thereby to create a potential barrier of such a 
polarity as to oppose the tendency for further free carriers to 
diffuse across the junction. 

Fig 3.10 shows the corresponding energy diagram for 
the P-N junction. The energy gap, Eg, is the same on both 
sides of the junction, but due to the potential barrier, Eb, 
the potential energy of the electrons in the “p” region is 
increased with respect to those in the “n” region. Thus free 
majority carriers (electrons) from the “n” region must 
acquire additional energy equal to that of the potential 
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Fig 3.10. Energy diagram for a P-N junction at zero bias voltage. 

barrier in order to cross the junction. The same conditions 
apply to the majority carriers (holes) in the “p” region, 
hence any transitions due to thermal excitation that might 
take place in one direction are exactly balanced by transitions 
in the reverse direction. As a result, the net current flow is 
zero as might be expected when the applied voltage across 
the junction is zero. 

If an external potential is applied to the junction, and its 
polarity is such as to assist the migration of holes and elec¬ 
trons across the depletion layer (ie the “p” region is con¬ 
nected to a positive voltage and the “n” region to a negative 

Fig 3.11. (a) Energy diagram for P-N junction at forward bias 
voltage, (b) Energy diagram for P-N junction at reverse bias voltage. 

voltage), a forward current will flow. The application of the 
voltage reduces the height of the potential barrier, thus 
facilitating the diffusion of both holes and electrons over the 
barrier (Fig 3.11a). The magnitude of this current will 
increase rapidly with the applied voltage, and in fact, will 
follow the exponential law shown in the upper right quad¬ 
rant of the graph in Fig 3.12. 

When a reverse field is created by connecting the “p” 
region to a negative voltage and the “n” region to a positive 
voltage, it augments the internal potential difference existing 
across the junction (Fig 3.11b). It thus opposes more 
strongly any tendency for the majority carriers from either 
region to cross the junction. The minority carriers, however, 
are assisted by this field, and because they are few in number, 
they reach a saturation flow with applied voltages of only 
a few millivolts. This reverse current is often referred to as 
the leakage current, and is illustrated in the lower left quad¬ 
rant of Fig 3.12. 

The minority carrier leakage current is due entirely to the 
presence of thermally generated free holes and electrons in 
the intrinsic semiconductor. At room temperatures, it 
seldom exceeds a few tens of picoamps in a silicon junction 
and a few microamps in germanium. In both materials, 
however, the leakage current approximately doubles for each 
8°C rise in the temperature of the junction, and due account 
of this factor must always be taken into consideration when 
designing solid-state circuits in which significant rises in 
temperature may be expected. The de-rating curves quoted 
by the manufacturers of semiconductors should always be 
observed, but in general it is good practice to ensure that the 
equilibrium operating temperature of a silicon device does 
not rise above 120/140°C, and that of a germanium device is 
kept below 40/50°C. 
The non-linear properties of a P-N junction are very 

apparent, and make it ideally suited as a rectifier. Fig 3.13 
is a typical characteristic of a semiconductor junction diode. 
The forward voltage drop at 20mA is about 0-8V for silicon 
and 0-3V for germanium; at 100mA these figures increase to 
0-9V and 0-4V respectively. 

The maximum reverse voltage that may be applied to a 
junction diode varies with its design and impurity content, 
but if exceeded, the resulting flow velocity of the minority 
carriers will become sufficient to ionize the neutral atoms in 
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the depletion layer, thus releasing additional charge carriers. 
This process leads to “avalanche” breakdown, and causes 
the leakage current to rise very steeply with consequences 
that are usually catastrophic unless the impedance of the 
external circuit is sufficient to limit the current flow to a safe 
value. Once a controlled breakdown occurs, the junction 
diode offers only a very small resistance to the current flow so 
defining a precise voltage virtually independent of the current 
magnitude. A P-N junction working in this mode is often 
used as a voltage reference device, and is commonly termed 
a “zener” diode. 

A further property of the P-N junction is that the width 
of the depletion layer increases with the reverse voltage 
applied. The capacitance which must exist between the “p” 
and “n” regions, and is a function of the depletion layer 
width, therefore decreases as the reverse voltage is increased. 
This effect makes possible solid-state variable capacitors 
which find useful application in high frequency circuits for 
frequency control and parametric amplification. 

CHARACTERISTICS OF THE SEMICONDUCTOR 
DIODE 

The preceding section describes the elementary physics of 
the P-N junction, and while the electrical characteristics of 
the practical solid-state diode may vary according to the 
application for which it was designed, the basic properties of 
the P-N junction remain a common factor in each type. 

There are perhaps more variants of the basic semicon¬ 
ductor diode than there are of any other single group of 
solid-state devices, and the following paragraphs describe 
the characteristics of some of the more important types. 
Typical applications will be found elsewhere in this hand¬ 
book. 

Semiconductor diodes offer combinations of characteris¬ 
tics not possible in the thermionic diode, and at the same time 
they allow the circuit design engineer complete freedom from 
the disadvantages which so often accompany the use of a 
heater or heater supply. The diodes can be manufactured 

with exceptionally small physical dimensions and low inter 
electrode capacitances, thus making them particularly suited 
for detection and mixing applications at all radio and micro¬ 
wave frequencies. In power rectification high efficiencies can 
be achieved, and the low dynamic resistance of the device 
permits a high peak current rating to be realized without 
exceeding a very modest power dissipation. 
The photograph on p3.7 shows the physical form of 

several solid-state diodes in common use today. 
The characteristics of all semiconductor diodes are tem¬ 

perature dependent, and the measurements and ratings 
quoted in manufacturers’ literature apply only at the tem¬ 
perature at which they were made or are specified. At high 
temperatures it may be necessary to de-ratc the permissible 
forward current, and sometimes the maximum inverse vol¬ 
tage. Such de-rating is particularly important in power 
rectification where the diode losses may be sufficient to raise 
the junction temperature appreciably. 

It must not be assumed, however, that the temperature 
dependence of the semiconductor diode in any way reduces 
the reliability of the device when it is operating within its 
correct ratings. Indeed the failure rate of a solid-state device in 
correctly designed applications is considerably less than that 
of its thermionic counterpart, and emphasis is placed upon 
this point solely because it is so often neglected by inexperi¬ 
enced designers. Moreover the mechanism of semiconductor 
failure due to overload conditions is catastrophic, and 
usually results in the device being damaged beyond further 
use. 

Fig 3.14. Alternative circuit symbols for the junction diode. 

Fig 3.14 shows the general symbol for the semicon¬ 
ductor diode, or rectifier, with the direction of conventional 
current flow indicated by the arrow. The line of the symbol 
towards which the arrow points is often referred to as the 
“cathode” by analogy with the thermionic diode, and it is the 
usual practice of manufacturers to mark this electrode with a 
red spot or a white band. The cathode is the electrode from 
which the positive output is taken in a rectifying circuit. 

The Junction Diode 
The form of the characteristic of the typical junction 

diode can be seen from Fig 3.13, and although the forward 
and reverse resistance in the various types will diverge to a 
greater or lesser extent from this characteristic, the general 
shape will remain the same for both silicon and germanium 
devices. 

The application of a forward voltage to a semiconductor 
diode causes a current to flow, which, in the absence of any 
external limiting resistance, rises exponentially with the 
voltage. Unlike the thermionic diode, the current/voltage 
characteristic passes through a true zero (zero applied vol¬ 
tage, zero current), and rises considerably faster correspond¬ 
ing to a much lower forward resistance. The forward current 
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A selection of typical diodes. 1: 6A 
germanium power rectifier. 2 and 3: four-
diode bridge rectifiers. 4: 500V scr. 5: 
general purpose germanium diode. 6: 5-1V 
278mW zener diode. 7 and 8: high-voltage 

silicon power rectifiers. 

for a voltage drop across the diode of between 0-5V and 
10V ranges from a few milliamps for certain types to several 
amperes for others. At high forward currents, the charac¬ 
teristic approaches a straight line parallel to the current (y) 
axis. There is no saturation effect. 

As a first approximation, the voltage drop across a 
typical device in more than a few milliamps of forward 
conduction is usually taken as being a constant, the exact 
value of which is a function of the diode type. This voltage in 
a germanium diode is approximately 0-3V and in silicon, 
about 0-75V. Below these voltages, the forward resistance of 
the diode rises rapidly to become less significantly different 
from the reverse characteristic as the zero region is ap¬ 
proached. 
An applied reverse voltage produces a small leakage 

current as shown in Fig 3.13(b). This leakage very rapidly 
reaches a saturation value of a few microamps at voltages of 
only a few tens of millivolts, then rises very slowly until the 
“turn over”, or reverse breakdown, voltage is reached. 
Beyond this point, the characteristic exhibits a sudden 
increase in the reverse current for a relatively small increase 
in the reverse voltage. Under these conditions, the back 
resistance of the diode falls to a few ohms, and unless the 
current is limited by external means, the diode dissipation 
would exceed its rated value. The consequences of even a 
short duration overload in this region invariably results in 
permanent damage to the junction due to overheating. The 
maximum peak inverse voltage rating of a semiconductor 
diode is, therefore, of fundamental significance and should 
be strictly observed. Excess voltages lasting for even a few 
microseconds may be fatal. 

In the zero region ( — 10mV to +50mV), the diode 
characteristic is approximately linear, and while this is 
normally not significant when the applied voltage is greater 
than a few volts, it considerably reduces the efficiency of the 
device as a rectifier of small signals. Within this range, both 
the forward and reverse resistances of the junction are high, 
and considerable non-linearity can be introduced between 
the applied signal voltage and the rectified output. 
Optimum linearity and good detector efficiency are 

achieved when the applied voltage is large compared with 

the zero region of the diode characteristic, and when the 
ratio of the load resistance to the forward resistance of the 
diode is high. In practice, the reverse breakdown voltage 
imposes a limitation on the magnitude of the applied voltage, 
and the reverse leakage current places an upper limit on the 
permissible value of load resistance. When the diode is used 
as a conventional a m. detector, load values of between 
lOkfl and lOOkû will usually prove satisfactory for 
all signal levels greater than one volt. Certain types of 
germanium diode will operate with good efficiency and 
linearity with somewhat lower applied voltages, but as the 
leakage current is generally greater than that of the silicon 
diode, they should be designed to work into loads which do 
not exceed about 20kU. The "hot carrier" diode (qv), 
which has a very low reverse leakage current and a forward 
voltage drop intermediate between silicon and germanium, is 
an ideal device for detector applications at all frequencies 
into the shf range. 

The rectification efficiency of a diode in a specific circuit at 
a given peak input voltage is 

de output voltage ,, , V ---X 100 percent 
peak input voltage 

Efficiencies of over 75 per cent can be readily achieved. 
One extremely important aspect of diode performance not 

apparent from the de characteristic curves is that of hole, or 
charge, storage. The semiconductor diode usually consists of 
a strongly “p” type anode and a slightly “n” type cathode, 
thus when the device is conducting normally, holes 
are injected into the cathode. As described earlier, these 
holes do not possess the mobility of the electrons, therefore 
when the polarity of the applied voltage is reversed, those 
remaining within the “n” material migrate back to the anode. 
Thus the current through the diode does not fall immediately 
to the leakage value as soon as the polarity is changed, and 
a pulse of reverse current in excess of the normal leakage 
value flows for a short time until the depletion layer is swept 
clear of the current carriers. This phenomenon, commonly 
referred to as hole, or charge, storage is shown diagrammatic-
ally in Fig 3.15. 
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Fig 3.15. Charge storage in a junction diode. 

The storage of charge within the diode causes it to behave 
as if a small capacitance is connected across the junction, and 
as such clearly has an adverse effect upon the operation of 
the diode at high frequencies. 

The effects of hole storage can be expressed quantitatively 
as the amount of charge stored for a given forward current, 
or it may be quoted as the time required for the transient 
current to decay toa certain specified value; usually 10%of 
the peak figure. This time is called the “recovery time” of the 
device. Fast diodes suitable for operation at vhf have a 
storage charge of not more than a few picocoulombs and 
have a recovery time expressed in nanoseconds (10-° s). 
The comparable figures for the power rectifier are typically 
one to three orders of magnitude greater. 

As the charge stored in the depiction layer of the diode 
requires a finite time to dissipate, so a similar time is required 
for the build up of the charge following the application of a 
forward voltage. During this period the current through the 
diode is greater than in the steady state condition thus caus¬ 
ing a turn-on transient to appear on the leading edge of the 
forward current waveform (Fig 3.16). 

The Point Contact Diode 

The point contact diode is the modern form of the 
original crystal (“cat’s whisker”) detector used in the 
earliest radio receivers, and although it was developed before 
the basic junction diode, it nevertheless depends for its 
operation upon the same physical principles as the latter. 

While the point contact diode is less robust than the 
junction diode both electrically and physically, it has several 

I 
Applied voltage 

important advantages over the junction diode. These are 
particularly evident at very high frequencies where a low 
inter-electrode capacitance and electron transit time are 
important. 

Structurally the point contact diode comprises a fine, 
springy tungsten wire which presses against an “n”-type 
germanium crystal (Fig 3.17). During manufacture, a very 
small area of “p” material is formed at the point of contact 
of the tungsten wire, thus creating a P-N junction of minute 
proportions on the face of the germanium crystal. Rectifica¬ 
tion takes place at the interface between the “p” and “n” 
materials. 

The characteristics of the point contact diode resemble 
those of the junction diode over much of its working range, 
but the device exhibits several important differences as the 
forward and reverse voltages are increased. In the forward 
direction the voltage drop is similar to that of a junction 
diode of like material, but owing to the small interface area, 
the maximum current rating is much reduced. 

The reverse leakage current initially follows the theoretical 
figure for an ordinary junction, but soon begins to rise 
more rapidly well before the turn-over or breakdown vol¬ 
tage is reached. The maximum peak inverse voltage (piv) 
rating is, therefore, generally much less than that of the 
junction diode. This figure may be as low as 8 0 to 100V 
for very fast diodes, and rarely exceeds 70V in any point 
contact type. The reverse capacitance and charge storage are 
considerably lower than in junction diodes hence they are 
widely used at all radio frequencies. The temperature 
sensitivity of point contact and junction diodes is similar. 

Glass envelope 

Anode Cathode 

'n‘-type semiconductor 
cathode Point contact 

Fig 3.17. Construction of a point contact diode. 

The Gold Bonded Diode 

In its construction, the gold bonded diode is essentially a 
point contact diode in which the tungsten wire is replaced by 
one made of gold. The result is a small area junction diode 
in which both the forward and back resistance of the device 
are improved. 

This allows higher forward current ratings to be achieved, 
and considerably improves the front to back impedance 
ratio. The low capacitance characteristics of the ordinary 
point contact device are retained, and ,while the maximum 
reverse voltage ratings are similar, the reverse leakage 
current is rather less. 

The diode is particularly suited to the detection of small rf 
signals because conduction starts at a lower forward voltage 
than with most other types of diode, and the higher back 
resistance allows the load to be increased, thereby increasing 
its efficiency as a rectifier. 

Turn-on 
transient 

Steady state forward current 

V 
Forward current 

Fig 3.16. Forward current transient of a junction diode. 

The Hot Carrier Diode 

The hot carrier, or Schottky, diode is one of the more 
recent developments in semiconductor technology. The 
device consists of a metal to silicon junction in which the 
current flow is predominantly by means of electron majority 
carriers. This reduces the minority carrier lifetime to less 

3.8 



SEMICONDUCTORS 

Normal junction diodo Hot carrier diode 

Fig 3.18. Comparison of charge storage effects in a P-N junction 
diode and a hot carrier diode. 

than 100 picoseconds, and virtually eliminates the charge 
storage effects which such carriers produce in ordinary 
P-N junctions. Fig 3.18 compares the charge stored in a 
typical junction diode with that in a hot carrier diode. 

The performance of the hot carrier diode approaches the 
ideal, and its combination of superior speed and forward 
conduction is unparalleled in any other type of diode. The 
barrier potential at which forward conduction commences 
may be varied by the choice of metal in the metal-to-silicon 
junction. This is clearly illustrated in the characteristics of 
two hot carrier diodes given in Fig 3.19. The left hand curve 
in which conduction begins to rise rapidly for applied 
voltages greater than 0 25 V is similar to that of a germanium 
device, while the right hand curve exhibits a barrier potential 
of more than 0 5V and is typical of a silicon junction. 

Fig 3.19. Comparison of barrier potentials in two hot carrier diodes. 

The properties of the hot carrier diode enable an excellent 
noise figure to be realized in rf mixer applications, while in 
terms of conversion loss the device is not equalled by any of 
the more commonly used point contact diodes. The absence 
of minority carrier charge storage effects allows the hot car¬ 
rier diode to fulfil the stringent specifications of microwave 
applications. 

Hot carrier diodes may also be used to advantage in all 
circuits which require the ultimate in performance and 
reliability. In pulse operation, the device is ideal for clamp¬ 
ing, sampling gates, pulse shaping and general purpose usage 
requiring fractional picosecond switching times. It makes 
an excellent small signal detector and balanced modulator 
through the spectrum from low frequencies well into the 
microwave region. 

The Zener Diode 

In the foregoing sections the performance of the semi¬ 
conductor diode has been evaluated primarily upon its 
rectifying characteristics, and upon its behaviour at forward 
and reverse voltages within its maximum ratings. The 
characteristics of the P-N junction, however, exhibit an 
important feature outside this working range which can be 
exploited for voltage limiting, voltage stabilization or 
reference applications. Such devices have been given the 
generic name “zener”, and may be regarded as being the 

solid-state equivalent of the gas-filled voltage stabilizer valve. 
The circuit symbols for the zener diode are illustrated in 

Fig 3.20. For consistency, they are drawn with the arrow 
indicating the direction of conventional forward current 
through a normal diode. In use, the positive electrode, 
which is indicated similarly to the cathode of a rectifying 
diode, is returned directly or indirectly to the more positive 
pole of the applied voltage (ie the diode is reversed biased in 
normal use). A zener diode must never be connected across a 
supply voltage greater than its rated working voltage without 
there being sufficient resistance in series with the device to 
limit the current flow to a safe value. 

Fig 3.20. Symbols for the zener diode. 

Fig 3.21 shows the typical zener diode characteristic, 
and it will be seen that it resembles very closely that of the 
normal rectifying junction diode. Unlike this device, how¬ 
ever, the zener diode is used in the reverse current region 
where the applied voltage is sufficient to cause avalanche 
breakdown. The knee in the silicon junction reverse charac¬ 
teristic is more sharply defined than in the germanium junc¬ 
tion, and over a wide range of currents the curve runs almost 
parallel to the negative y axis. The dynamic impedance of 
the diode in this region is not more than a few tens of ohms, 
and it thus determines a fairly precise voltage across the 
junction which is nearly independent of the current through 
it. 

By exercising careful control over the doping and manu¬ 
facturing processes, the turnover voltage can be made 
to requirements within the range 3V to over 150V. The 
dynamic resistance of the zener varies over the range; rising 
towards the upper and lower limits, and passing through a 
minimum value of only a few ohms between 5V and 7V. 

In practice, two factors determine the current range over 
which the zener diode can be used. The lower limit is set by 
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+ Unstabilized supply Vcc 

+ SR Current limiting resistor 

Ri LOad 
nt resistance 

Fig 3.22. The basic circuit using a zener diode to provide a stabilized 
voltage from an unstabilized supply rail. 

the increase in the slope resistance round the knee in the 
characteristic, and the upper limit by the maximum power 
dissipation that can be permitted within the device. As the 
incremental resistance in most zeners is small, the power 
dissipation will be approximately VZ.IZ, where Vz is the 
zener voltage and Iz is the current through it. Hence for a 
family of zener diodes of a given physical size, the maximum 
current can be taken as being inversely proportional to Vz. 

Zener diodes possess a normal forward voltage/current 
characteristic. 

The most frequent use of the zener diode is in generating a 
simple reference voltage or stabilized supply rail. The basic 
circuit for this application is given in Fig 3.22. Since the 
device has a finite dynamic resistance. Rz, good stabilization 
of the zener voltage against variations of the unstabilized 

1^ 
supply rail can be achieved only when the ratio - is large. 

Kz 
The values of the parameters, Vcc, Irl and Iz should, there¬ 
fore, determine a value of the current limiting resistance, R, 
greater than a few hundreds of ohms; ie at least ten to 
twenty times Rz. The value of R may be calculated by 
applying Ohm’s Law as follows : 

_ (Vcc Vz) 
- (Irl + k) 

where V cc is minimum value of the unstabilized supply rail 
Vz is stabilized rail voltage to load; zener voltage. 
Iz is current in zener diode. (Typically not less than 

1mA for small devices having a 250mW maximum dissipa¬ 
tion). 
When R has been determined, a maximum value of Iz 

should be calculated for the maximum value of V cc, and the 
product Vz.lz(max) should not exceed the manufacturer’s 
power rating for the device. 

The basic circuit in Fig 3.22 has only limited application, 
and is not recommended when the load current is large and/ 
or is subject to wide variations; nor is the simple circuit 
able to provide adequate stabilization against variations of 
supply rail, Vcc, when the over-voltage (ie the voltage by 
which Vcc is greater than Vz) is small compared with the 
zener voltage. Examples of circuits for use in these cir¬ 
cumstances may be found in the chapter dealing with power 
supplies. 

Less familiar applications of the zener include that of 
providing a de voltage drop between two points in a circuit 
without the need to decouple in order to permit a low im¬ 
pedance path at signal frequency. A zener diode of the 
correct rating placed in the cathode circuit of a thermionic 
valve will, for example, provide a fixed bias voltage, and can 
replace the usual bias resistor and decoupling capacitor. 

4- Stabilized voltage V, 

Zeners may also be used as voltage surge limiters, noise 
generators, and as variable capacitance diodes. 

The Tunnel Diode 

The tunnel diode is one of several semiconductor devices 
that exhibit a negative slope over a part of their voltage/ 
current characteristic. Fig 3.23 plots this relationship in a 
typical tunnel diode, and the negative slope is clearly indi¬ 
cated as that region in which the current through the device 
decreases as the voltage across it increases. 

The anomalous behaviour occurs only over that part of 
the characteristic near the origin, and beyond the valley, the 
curve rapidly assumes the exponential law of the conven¬ 
tional junction diode. 
The commonly accepted symbol for the tunnel diode is 

shown in Fig 3.24. 
Tunnel diodes are P-N junctions manufactured from very 

heavily doped semiconductor which is usually either ger¬ 
manium or gallium arsenide. The heavy doping reduces the 
width of the depletion layer to about 100 angstroms (IO-6 
cm) as compared with approximately 10,000 angstroms 
(I0-1 cm) for a conventional junction. It is this difference in 
width that accounts for the major divergence in the current 
flow mechanism of a tunnel diode from that of a conven¬ 
tional semiconductor device. 

According to the laws of classical physics, an electron 
cannot penetrate a potential barrier, and as explained in the 
theory of semiconductors, the electron can only surmount 
the barrier if its energy is greater than that of the barrier. 
However, the quantum theory shows that there is, in fact, a 
small but finite probability that an electron, having in¬ 
sufficient energy to climb the barrier, can penetrate it if the 
barrier is sufficiently narrow. Moreover in so doing, the 
electron emerges on the other side of the barrier with the 
same energy that it possessed on entering. This phenomenon 
is called “tunnelling”, and is the basic mechanism from which 
the tunnel diode derives its name. 

Fig 3.25 shows the energy band diagrams for the 
tunnel diode. Under zero bias conditions conduction band 
electrons in the “n” region and valence band electrons in the 
“p” region have similar energy levels. It is possible, there¬ 
fore, for these electrons to cross the junction without 
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Fig 3.24. Symbol of tunnel diode. 

changing their energies by tunnelling through the forbidden 
energy gap at this level. There is, in fact, a constant inter¬ 
change which is exactly balanced in each direction so that the 
net current flow is zero. 

When a reverse bias voltage is applied, all the energy 
levels on the “p” side are increased in relation to those on 
the “n” side. There are, therefore, many unoccupied energy 
levels in the “n” region conduction band readily available to 
the valence band electrons in the “p” region, so that a large 
current of electrons flows from the “p” side to the “n” side. 
The current flow in the reverse direction remains as in the 
zero bias condition since the “n” region conduction band 
electrons remain opposite the “p” region valence band elec¬ 
trons. 

The tunnelling phenomenon is an exponential function of 
the electric field across the barrier, and as a result the reverse 
current increases very rapidly with the reverse voltage, thus 
making the device highly conductive for all values of reverse 
bias. 

Under forward bias voltage conditions, the energy levels of 
the “p” region are depressed in relation to those of the “n” 
region. If this applied voltage is small, the “n” type con¬ 
duction band electrons are opposite the unoccupied energy 
levels in the “p” type valence band while the “p” type 
valence band electrons appear opposite the forbidden energy 
gap. Electrons are, therefore, able to cross from the “n” 
region conduction band into the “p” region valence band, but 
not in the reverse direction. The net effect is a current flow in 
the forward direction which reaches a maximum value at the 
peak in the tunnel diode characteristic. 

When the forward voltage across the junction is increased 
further, the energy bands in the “p” region are depressed to 
an even greater extent so that eventually both the conduction 
and valence band electrons become opposite the forbidden 
energy gap. Progressively less current flows across the 
junction as the applied voltage passes through this region, 
and the negative slope in the tunnel diode current/voltage 
characteristic is established. 

Ultimately, when the trough of the valley is reached, 
tunnelling ceases completely. At the same time, the height of 
the potential barrier is reduced to a level that permits the 
flow of electrons over it by the conventional mechanism. The 
tunnel diode thus behaves as an ordinary junction diode, and 
the current/voltage relationship gradually assumes the nor¬ 
mal exponential curve for all further increases in the applied 
bias. 

The exceptionally thin depletion layer between the “p” 
and “n” regions renders the tunnel diode very susceptible to 
damage through overload. For these reasons, the device 
should always be selected to have a working current in the 
range required by the application, and at no point in its 
operational cycle should the current be allowed to rise above 
three to four times the rated figure. Tunnel diodes are 
manufactured to operate at specific currents within a 1mA to 
1A range, and exhibit their negative slope typically between 
150 and 300m V. 

Because of the very short distances the electrons are 
required to travel across the junction, the tunnel diode is 
especially suited to applications in the uhf/shf range. In the 
communications field, their most common use is that of an 
oscillator. As a low noise device, they also have application 
as amplifiers operating at frequencies above those at which 
other semiconductor devices fail. 

The Back Diode, or Tunnel Rectifier 

The back diode, or tunnel rectifier, is a normal tunnel 
diode in which the rectifying properties have been em¬ 
phasized by a diminution of the negative resistance charac¬ 
teristics. It is highly conductive in the reverse direction, but 
for small forward voltages it exhibits a characteristic similar 
to that of the conventional junction rectifier; ie it presents a 
relatively high resistance to the flow of forward current 
while the applied voltage is less than the barrier potential. 

The major differences in the current/voltage characteristics 
of the tunnel rectifier and conventional rectifier are shown in 
Fig 3.26. Whereas over the normal working range, the con¬ 
ventional diode conducts heavily in the forward direction and 
only very slightly in the reverse direction, the tunnel rectifier 
exhibits only a small reverse resistance and allows very little 
current to flow in the forward direction until the barrier 
potential is exceeded. 

It is possible, therefore, for a tunnel rectifier to provide 
efficient rectification at much smaller signal voltages than the 
conventional junction rectifier, although the polarity require¬ 
ments are opposite. Tunnel rectifiers have very high speed 
capabilities, and over their limited voltage range have sup¬ 
erior characteristics for microwave applications. 

Electrons in valence band 

Fig 3.25. Energy band diagrams for a P-N tunnel diode junction at 
(a) zero bias voltage, (b) reverse bias voltage, (c) peak voltage, 

(d) valley voltage. 
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In describing the basic physical properties of the simple 
P-N junction, reference has been made to the voltage depen¬ 
dent capacitance which is present across the depletion layer. 
Diodes that exploit this effect, and are primarily intended to 
be used in this mode rather than as rectifying junctions are 
termed “varactor”, or variable reactance, diodes. 

The symbol is shown in Fig 3.27, and a typical capacitance/ 
voltage curve is given in Fig 3.28. The junction capacitance, 
which is clearly non-linear with the applied voltage, varies as 
V*”, where V is the reverse bias voltage and n lies between 
1/2 and 1/3 according to the diode type. All P-N junction 
devices, in fact, exhibit this phenomenon to a greater or 
lesser extent, and for many simple applications the ordinary 
rectifying junction diode will be found adequate. 

The capacitance range possible varies from a few pico¬ 
farads for small high frequency diodes to over one hundred 
picofarads for the lower frequency diodes normally used as 
power rectifiers. Zener diodes operated at less than their 
reverse breakdown voltage also exhibit this effect and often 
can be used as voltage variable capacitors at frequencies up 
to 100MHz. 

At de and at low frequencies, the limits of the capacitance 
swing are set by the reverse breakdown voltage and forward 
conduction. However, at uhf, where the polarity of the 
applied voltage is reversed before the charge carriers have 
had time to diffuse away from the junction and to recombine, 
the diode may be driven well into the forward conduction 
region without appreciable current flowing. This effectively 
reduces the width of the depletion layer and further in¬ 
creases the available capacitance swing in any particular 
diode. 

Fig 3.29 shows the equivalent circuit of a varactor diode. 
The junction is represented by Cj and Rj in parallel, and the 
bulk resistance of the semiconductor by a small series resis¬ 
tance, Rs. 

In a silicon junction, where the reverse leakage current is 

Fig 3.27. Symbol of varactor diode. 

small enough to be neglected, Rj approaches 106 ohms, and 
the performance of the junction as a varactor at a given 
frequency is determined primarily by Rs and Cj. As the 
frequency is increased, the time constant RsCj becomes 
correspondingly more significant and thus accounts for the 
deterioration of the device’s behaviour with this parameter. 

Just as Q, or the figure of merit, for any conventional 
reactance is given by X/Rs; where X is the value of the 
reactance at the given frequency, and Rs is the resistance in 
series with it, so is the Q of a varactor diode similarly deter¬ 
mined as the ratio of its capacitative reactance, Xj, and its 
bulk resistance, Rs. 

Modern varactor diodes are able to function well into the 
microwave region, and to operate as efficient devices hand¬ 
ling rf powers rated in the tens of watts. 

Varactor diodes fall essentially into two categories; the 
abrupt junction and the graded junction device. The former, 
which are similar to the ordinary rectifying P-N junction, are 
used primarily in applications that require a simple capaci¬ 
tance variation as a function of the applied voltage. Such 
applications include reactance modulators, automatic 
frequency control, and parametric amplification. Some 
power devices for frequency multiplication also fall into this 
category. Varactor diodes in which the doping profile 
(map of the impurity concentration) is graded are known as 
“step recovery” diodes. They are most frequently employed 
as harmonic generators and comb generators in the lower 
powered applications, and as frequency multipliers in 
solid-state microwave transmitters. 

Fig 3.28. Capacitance/voltage characteristic of a typical varactor 
diode. 

The step recovery varactor diode exploits the charge 
storage effects present in normal P-N junctions by carefully 
controlling the doping of the semiconductor material in the 
regions adjacent to the junction. When a P-N junction is 
forward biased, the majority carriers cross the depletion 
layer and enter the opposite side to become minority car¬ 
riers. They then diffuse away from the junction and recom¬ 
bine. The time required for recombination is about 10 8s, 
thus if the bias is suddenly reversed before all the 
charge carriers have recombined, those remaining will flow 
back across the junction and form a short current pulse in 
excess of the normal reverse bias leakage current. This is 
illustrated in Fig 3.16. 

The delay in recombination represents stored charge, and 
has the effect of a capacitance which is additional to that 
appearing across the depletion layer under steady state 
conditions. In the abrupt junction the stored charge dissi¬ 
pates relatively slowly, and thus imposes considerable limi¬ 
tations on the behaviour of the junction as a rectifier at very 
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Fig 3.29. Equivalent circuit oF a varactor diode. 

high frequencies. However in the graded junction, the diffu¬ 
sion time of the carriers is modified by the doping profile so 
that the charge storage current cuts off very sharply as in 
Fig 3.30. This phenomenon, from which this type of varac¬ 
tor takes its name, results in the production of a great deal of 
additional harmonic energy that can extend far into the 
microwave spectrum. 

The diagrams in Figs 3.31 (a)and 3.31(b) are examples of two 
uses of the varactor diode. The first shows an abrupt junction 
device in a typical automatic frequency control circuit w here 
the local oscillator of a fm receiver is held “on tune” by the 
error voltage derived from the Foster-Seeley discriminator. 
Any frequency drift in the local oscillator results in a de 
signal which automatically trims the tuning capacitance (of 
which the varactor is a part) in such a direction as to correct 
the drift. 

The second example shows a step recovery varactor diode 
in a uhf transmitter application where the output frequency is 
twice that of the input. The network, L1,C1,C2, matches the 
varactor to a source of rf energy. and the second harmonic is 
selected and matched to the 5041 load through a similar LC 
network tuned to twice the input frequency. The varactor is 
correctly biased in operation by the resistance. R, (typically 
50kQ to I 0MO), and no external power supply is required. 
Efficiencies of greater than 50 percent can be readily achieved. 
It is also worth noting that since the output power is a linear 
function of the input, it is possible to multiply the carrier 
frequency of an amplitude modulated signal without des¬ 
troying the original modulation characteristics. 

Fig 3.30. Forward and reverse current of a step recovery varactor 
diode. 

The P-l-N Diode 

The P-I-N diode is a two terminal semiconductor device 
in which thin, highly conductive “p”-type and “n”-type 
regions are separated by a region of intrinsic, or nearly 
intrinsic, material. This is shown diagrammatically in Fig 3.32. 
The de characteristics of the P-I-N diode closely resemble 
those of a conventional P-N junction, but the different 
construction gives the device several properties that are 
important technically. For example, the P-I-N diode is able 

to withstand a high reverse bias thus making it suitable for 
use as a power rectifier or other high voltage application. 

The intrinsic region also allows a wider separation of the 
“p” and “n” regions, so reducing the self-capacitance of the 
device under reverse bias conditions. It can store almost 
unlimited amounts of charge in the intrinsic region, and 
when forward biased to between 50 and 100mA the diode 
exhibits practically zero impedance (less than one ohm). 
The P-l-N structure therefore possesses considerable 
advantages for a step-recovery varactor diode. 

Fig 3.31. Examples of the uses of a varactor diode, (a) Automatic 
frequency control, (b) Frequency multiplier. 

Normal P-N junctions often have a slow response time 
because the diffusion time of »he holes in the field-free, bulk 
semiconductor material is comparatively long (tens, or even 
hundreds of microseconds). In the P-I-N diode very little 
field-free bulk material exists because the “p” and “n” regions 
are very thin. The field due to an applied bias permeates the 
intrinsic region, so that when holes (and electrons) are 
injected, or are generated by the incidence of external 
radiation (eg as in the photojunction), they are quickly 
swept clear and are collected by the electrodes. The response 
time of the P-I-N diode can, therefore, be reduced to a few 
tens of nanoseconds. 
The dynamic impedance can be determined over several 

decades by controlling the de bias current through the device. 
The precise dependence of the high frequency impedance 
upon such factors as current density, transit time and carrier 
lifetime is beyond the scope of this book. It is sufficient for 
most practical purposes, however, to consider the forward 
biased diode as a current controlled linear resistance at all 
frequencies above about 50MHz, and to represent it in the 
reverse direction by a small capacitance and a large resistance 
in parallel. 

Fig 3.32. The physical form of the P-l-N diode. 
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Fig 3.33. Microwave equivalent circuit of the P-l-N diode. 

The microwave equivalent circuit of the P-I-N diode is 
given in Fig 3.33. The inductance, Lp, and the capacitance, 
Cp, depend very much upon the package containing the 
diode, and are affected by the external mounting and 
connexions; usually these parameters are not significant at 
frequencies below 100MHz. The residual resistance, Rs, is 
less than an ohm. The junction resistance, Rj, asymptotically 
approaches a limit of about lOkil under zero and reverse 
bias conditions, and falls to less than 1 0Í2 at high forward 
currents. The junction capacitance, Cj, is bias dependent at 
low frequencies; typically at 1MHz it varies from 0-7pF at 
zero bias to 005pF at minus 50V. At microwave frequencies 
Cj is essentially independent of bias and assumes the low 
frequency, reverse bias value. Fig 3.34 plots typical variations 
of the rf resistance and capacitance of the P-I-N diode with 
bias. 

P-I-N diodes are used principally as on/off switches or as 

(b) 

t > 100MHz 

f 1-0MHZ 

oH-1-r 
0 1O 20 

Reverse bias volts 

Fig 3.34. RF resistance of a P-I-N diode vs bias current (log-log scale), 
(a) RF resistance of P-I-N diode vs bias current, (b) Capacitance of 

the P-I-N diode vs reverse bias voltage. 

current controlled attenuators operating in the uhf and 
microwave portions of the rf spectrum. They are capable of 
controlling all levels of rf power from microwatts to hundreds 
of watts, pulsed or cw. At microwave frequencies two or more 
P-I-N diodes can be integrated into broad-band 500 systems 
that are ideally suited for application as pulse or amplitude 
modulators, phase shifters in phased aerial arrays, and as T 
and R switches. Both the on and off switching times are typi¬ 
cally only a few tens of nanoseconds; insertion losses are less 
than 3dB and isolation of 40 to 60dB is readily achieved. 

As a modulator or switch, the P-I-N diode is generally 
mounted as a shunt element across a transmission line or 
waveguide. At signal frequencies above 100MHz, the diode 
current remains constant through the signal cycle, and the 
device presents an essentially constant impedance to the 
signal even if the diode is reverse biased during an appreciable 
portion of the cycle. 
50 ohm 50 ohm 
coaxial line coaxial line 

C1. 

C2 

—24V 

Fig 3.35. The P-I-N diode switch. 

The circuit in Fig 3.35 illustrates a P-I-N diode switch 
connected into a 50Q transmission line. The switch is 
considered to be “on”, or passing an rf signal when the 
diodes are zero or reverse biased. Under this condition 
the diodes are in a high impedance state, and the current 
through them is typically less than one microamp. Inter¬ 
action with the normal transmission properties of the line is 
therefore a minimum, and any noise contribution by the 
switch is negligible. The switch is “off”, or blocking an rf 
signal when the diodes are conducting. In this condition the 
diodes are forward biased and are in a low impedance state. 
The magnitude of the forward bias current determines the 
degree of attenuation provided by the switch; maximum 
attenuation, or full isolation being obtained for bias currents 
of about 100mA. 

The Impatt Diode 

The impatt diode is one of a number of semiconductor 
devices that make use of two phenomena; avalanche 
breakdown and transit time. The name impatt describes the 
method of operation and is an abbreviation of IMPact 
Avalanche and Transit Time. As a generator of microwave 
energy, it is sometimes referred to as the Read oscillator. 

The device comprises a P-N junction in which the depletion 
layer has a doping profile such that a narrow avalanche 
region and a wider drift region are created within its 
boundaries. In operation the diode is biased in the reverse 
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direction and the resulting field appearing across the depletion 
layer has an intensity distribution that reaches a high maxi¬ 
mum value immediately to the “n” side of the junction. 

This region of high field intensity occurs only over a very 
thin section; falls away steeply on the “p” side of the junction, 
and decreases much less rapidly on the “n” side. This is 
illustrated by the field intensity diagram in Fig 3.36. 

Fig 3.36. (a) The impatt diode, (b) Doping profile of the impatt diode, 
(c) Field distribution in the depletion layer of the impatt diode. 

If the bias voltage applied to the diode is sufficiently large, 
avalanche multiplication takes place in the region of high 
field. This mechanism is similar to that which causes the 
reverse bias breakdown in a normal P-N junction. Over the 
remainder of the depletion layer, avalanching is inhibited by 
the lower impurity level in the semiconductor material. The 
current carriers drift under the influence of the reduced field 
intensity and reach insufficient velocity to cause multi¬ 
plication. 

When charge carriers are generated by the avalanche 
mechanism, they enter the drift region and propagate through 
it to produce a potential across the diode which can be 
coupled into an external circuit to produce oscillations. It 
can be shown mathematically that the impatt diode operating 
in this mode has a total impedance which is equivalent to a 
small positive resistance, a complex reactance and an 
active resistance in series. Since the reactance is pre¬ 
dominantly capacitative and the active resistance is negative 
for small transit angles (the transit angle is defined as being 
2fT<i7r, where f lies within a limited range in the microwave 
spectrum, and Td is the carrier transit time through the drift 
region), it only requires the addition of an external parallel 
inductance, usually in the form of a cavity, to produce an 
oscillator. 

The impatt diode is essentially a microwave device capable 
of generating cw powers of the order of a few hundreds of 

Highly doped 'n' type GaAs 

Lightly doped 'n' type GaAs 

Fig 3.37. The Gunn diode; general form of construction. 

milliwatts; pulsed powers of up to a few tens of watts are 
possible. The obtainable power decreases with frequency, but 
quite useful amounts of energy can be generated at 
frequencies greater than 50GHz. 

The Gunn Diode 

All the devices described so far depend for their operation 
upon phenomena associated with the basic P-N junction. The 
Gunn diode, however, does not possess any rectifying 
properties, and it is classified in this section because it is a 
two terminal device that exhibits negative conductive pro¬ 
perties. 

Fig 3.37 illustrates the general form of the construction 
which makes up a Gunn diode. The active part of thedevice is 
the centre region of “n”-type semiconductor which is sand¬ 
wiched between two more highly doped “n”-type regions of 
similar material. Connections are made to the diode through 
ohmic contacts attached to the outer “n”-type regions. In 
operation an electric field is established across the central 
n region by applying a voltage to the ohmic contacts. 
As a consequence of this field, the Gunn diode exhibits a 

negative conductive phenomenon that has a different 
mechanism from the more familiar negative resistance 
effects created by other active semiconductor devices. This 
phenomenon is known as the Gunn Effect. It occurs in the 
bulk of semiconductor materials which show energy minima 
in two conduction bands that are separated by an energy 
gap of a few tenths of a volt. 

The distribution of the relevant energy bands within the 
atom are shown clearly in Fig 3.38. Ea and Eb are the 
minimum energy levels attained by electrons in the lower and 
upper conduction bands respectively, and Eg is the energy 
gap between them. One of the most suitable semiconductor 
materials that shows this effect is gallium arsenide; it is, 
therefore, the usual material from which Gunn diodes are 
manufactured. 

Eb IIIIIIIIIIIIIIIIIHIIIIIIIIIIIIIIIIIIIIIIIII Upper conduction band 

rã i 
PWMIdlOhKWJ_ rc Lower conduction band 

T Forbidden energy gap 

. Va ence band 

: z z-z zzz'Z J energy band 

Fig 3.38. Energy band diagram for GaAs atom. 

At low fields almost all the free electrons are in the lower 
conduction band, and the diode exhibits a normal increasing 
voltage/increasing current characteristic. This corresponds 
to region A in Fig 3.39. As the field is raised above a certain 
threshold level, more electrons are able to transfer to the 
higher conduction band, and in doing so arc said to become 
“hot”. The effective mass of these electrons is thus increased 
and as a result there is a significant decrease in their mobility. 
In gallium arsenide, for example, the ratio of the electron 
mobility in the lower band to that in the upper band is 
approximately 60:1. 

As the upper conduction band becomes more populated, 
and the majority of the electrons available for conduction 
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Fig 3.39. Current vs applied field characteristic of a Gunn diode. 

becomes less mobile, the resistance of the diode increases. 
This corresponds to region B in Fig 3.39, where the current 
falls as the applied voltage raised. At still higher fields, almost 
all the free electrons arc excited to the upper conduction 
band, and the positive slope of the current/voltage charac¬ 
teristic is re-established, though at a different value. This is 
region C of Fig 3.39. 

The values of field at which the Gunn diode functions 
occur in region B. The uniform field distribution set up in 
region A becomes unstable in region B, and space-charge 
accumulation layers form towards the negative end of the 
central “n”-type region. The reduction of electron mobility 
at a point in the bulk semiconductor causes a local increase 
in the field. This, in turn, excites more electrons to the higher 
energy level where their mobility is reduced and the field in 
the vicinity of the disturbance is increased still further. Thus 
by a cumulative action, a concentration, or "domain”, of 
hot electrons is built up which then propagates through the 
semiconductor towards the positive end. 

The growth of the domain does not go unchecked, how¬ 
ever, for since the total voltage across the device is constant, 
any increase in the field at the positive side of the disturbance 
must be accompanied by a decrease in field strength at the 
negative side. Ultimately, the field on the negative side 
becomes so small that no new excitation of high mobility 
electrons to low mobility electrons can take place. The 
disturbance then begins to decay until equilibrium is again 
restored. 
This happens at the moment the domain reaches the 

positive end of the central “n” region. The process then 
starts again; a new domain forms at the negative end, grows, 
and propagates, and the cycle repeats itself. 

Because of the existence of these “running domains”, the 
terminal de current/voltage characteristic of the Gunn diode 
does not show a normal negative resistance region as in 
other semiconductor devices. It behaves more like an 
increasing current/increasing voltage curve which saturates 
and then breaks into oscillation. 

Since the period of this oscillation is approximately equal 
to the transit time, T, of a domain through the active 
region of the device, it follows that the frequency of the 
oscillations, f, is given by: 

1 v 
f=T °r d 

where v is the drift velocity of the domain, and d is tne path 
length through the active region. 

The drift velocity is about 108mm/s, thus for a diode with 
an active region of 100 to 10 microns, the frequency lies in 
the 10 to 100GHz range. Gunn diodes are, therefore, 
attractive sources of microwave power. CW operation with 
powers up to at least 100mW and pulsed powers of 100W 
are attainable with efficiencies as high as several per cent. 

A simple microwave transmitter incorporating a Gunn 
diode is illustrated in Fig 3.40. The device is matched into a 
length of waveguide that is terminated by a horn aerial. 
The oscillation is supported with a voltage that is sufficient 
to cause the domain formation described above. 

The Unijunction or Double-base Diode 

This is another semiconductor device which exhibits a 
negative slope in its characteristic, but unlike the tunnel diode, 
it operates at slower speeds and with applied voltages that 
are more compatible with other semiconductor devices. 

Fig 3.40. Schematic diagram of a simple Gunn diode microwave 
transmitter. 

The construction and symbol of the unijunction are 
illustrated in Fig3.41(a)and (b). Itconsists of a bar of lightly 
doped “n”-type silicon with ohmic (non-rectifying) electrodes 
welded to each end. A short distance along the length of the 
bar, a P-N junction is formed which is referred to as the 
“emitter”. The ohmic electrodes are termed "bases”, 
although their functions are not analogous to that of the base 
of a bipolar transistor. 

In use, a voltage Vbb is applied across these electrodes such 
that base2 is the more positive, Fig 3.41(c), and a small 
current is allowed to flow through the bar. A fraction of the 

applied voltage, I ——)Vbb, will appear at the emitter 
XKj • K2/ 

Fig 3.41. The unijunction, (a) Construction, (b) Symbol, (c) Equiv¬ 
alent circuit, (d) Characteristic. 
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junction, and if the emitter is returned to a voltage lower than 
this fraction of Vbt>, it will be reversed biased and no current 
will flow. 

The fraction, 5—7-5-, is termed the intrinsic stand-off 
Ki K2 

ratio, y, thus when the emitter is made more positive than 
’)Vbb, a current will flow to the lower electrode, base^ The 
emitter-base! voltage, Ve, under these conditions, is therefore 
given by 

R,R. 
Ve = yV bb + Ie ' + Vd

Kj t 

where Ie is the emitter current; R, and R2 the resistance of 
the “n” region from emitter to base, and base2 respectively; 
and Vd is the normal forward junction diode voltage drop. 

When the emitter junction is biased in the forward 
direction, holes are injected into the “n” region and sub¬ 
sequently swept down to the basei electrode. The density of 
holes in the “n” region is proportional to the emitter current, 
Ie, hence, as the space-charge neutrality is maintained at all 
times, the conductivity of this section of the bar is cor¬ 
respondingly increased (ie, R, decreases). 

The fraction of Vbb across the lower part of the bar there¬ 
fore decreases, biasing the junction further in the forward 
direction, and injecting more holes into the “n” region. This 
action is cumulative and results in the device exhibiting the 
increasing current/falling voltage, or negative slope, 
characteristic shown in Fig 3.41(d). 

It is interesting to compare the characteristics of the uni¬ 
junction with those of the tunnel diode. Whereas the latter 
is essentially a current operated device: ie the voltage across 
the diode is a function of the current; the unijunction is 
voltage operated. Initially presenting a high impedance to 
any current flow, the resistivity of the emitter-base! section 
of the device falls to a low value, and the emitter current rises 
rapidly once the applied voltage exceeds the critical potential 
at which the emitter junction becomes forward biased. 

The operating speed of the unijunction is considerably 
slower than that of the tunnel diode, and fall times of between 
one and 10/xs are typical. The range of devices currently 
available have “trigger” voltages between 3 and 20V, and 
are able to pass emitter currents up to about 50mA. 

The basic application of the unijunction is that of a 
voltage sensing device, and uses in the purely communica¬ 
tions field are few. In association with a simple RC network, 
it can form a useful timing circuit, or ramp generator, as 
shown in Fig 3.42. 

Fig 3.43. Construction and symbol of the scr. 

The Silicon Controlled Rectifier 

The scr, or thyristor, is essentially a four layer P-N-P-N 
device which can exhibit both a high and low resistance 
condition in its forward voltage/current characteristic. 
Shown diagrammatically and symbolically in Fig 3.43, it will 
be seen that there are three electrodes, which by analogy with 
the gas filled thyratron are termed anode, cathode and gate 
(triggering electrode). 

Unlike the thyratron, however, which requires a voltage 
pulse to trigger it from the high resistance state to the low, 
the scr requires a current (or more correctly, a charge) to be 
injected into the control electrode to achieve the change of 
state. 

The voltage/current characteristic of the device in the 
reverse direction is similar to that of a normal single P-N 
junction; but in the forward direction no current flows unless 
the anode voltage is raised above a critical value. This figure 
is itself a function of the current flowing into the gate 
electrode. 

Above the critical voltage, the forward resistance of the 
scr falls rapidly to a low value, and the forward charac¬ 
teristic becomes similar to that of a normal junction diode. 
These characteristics are illustrated in Fig 3.44. Within the 
limits set by the voltages at which forward and reverse break¬ 
down occurs, the preferred mode of operation is that of a 
normal silicon junction diode in which conduction in the 
forward direction can be initiated by injecting a current 
or charge nto the gate or control electrode. 
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As with the thyratron, once the scr is triggered into the 
low resistance state, the current flow between anode and 
cathode is not subject to control by the gate. The device can 
only be returned to its high resistance condition by cutting 
off this current externally. In practice, this implies a reduc¬ 
tion of the current to a value below the sustaining, or holding, 
current, and is preferably achieved by reversing the polarity 
of the applied voltage for a short period. In ac applications, 
this presents no problem, but where the supply is de, special 
circuits have to be used to ensure that the current can be 
switched off prior to retriggering. 

Fig 3.45. Phase controlled de supply using SCRs. 

Because the forward voltage drop across an scr is com¬ 
parable with that of a simple junction diode, very high 
currents can be handled without excessive dissipation. 
Devices capable of passing currents of a few hundreds of 
amperes are not uncommon, and as it is possible to manufac¬ 
ture the scr with a thick base region, breakdown voltages, 
referred to zero triggering current, in excess of 1000V are 
possible. 

The large area of the P-N junctions, and the thick base 
regions in the scr, made necessary by the high current and 
voltage ratings, inevitably reduce the speed of the device. It is 
therefore quite usual to find a delay of 250ns to 2-5^s occurs 
between the leading edge of the triggering waveform and the 
main anode/cathode breakdown. 

Furthermore the scr has inherent limitations in the rate 
at which the forward current may be allowed to build up and 
at which the forward voltage may be re-applied after the 
main current has been switched off by the removal or reversal 
of the anode voltage. These limitations vary according to the 
particular scr, and in order to avoid the possibility of 
permanent damage, it is advisable to consult the manu¬ 
facturer’s data sheet before selecting an scr for a particular 
application. 

The scr finds common usage in power applications such 
as might be required in motor speed control, or in high 
current switching by electronic means. SCRs may also be 
used in high power invertors. A development of the scr 
which exhibits a forward characteristic to both positive and 
negative applied voltages is known as the triac. 

The circuit in Fig 3.45 illustrates the use of silicon con¬ 
trolled rectifiers in a typical single phase, full-wave appli¬ 
cation suitable for such purposes as battery charging and de 
motor control. By replacing the manual control by voltage 
feedback from across the load, the circuit can be extended to 
make a voltage regulated supply. 

Fig 3.46. N-P-N sandwich formed by two P-N junctions mounted 
back*to-back. 

THE BIPOLAR TRANSISTOR 

The bipolar junction transistor is basically two P-N 
junctions, of the type described earlier, mounted back to back 
as shown in Fig 3.46. This structure may be in the form of 
either a N-P-N or P-N-P sandwich, and both types operate 
in essentially the same way, except that the holes and electrons 
as majority carriers are interchanged. The centre region is 
always very much thinner than the outer two and is termed 
the “base”, while the outer two are termed “emitter” and 
“collector”. It is interesting to note that the bipolar trans¬ 
istor was invented by Bardeen and Brattain in 1948. 

N-P-N Transistor Operation 
The collector-base junction is reverse biased and a thin 

depletion layer is produced at this junction. Any free elec¬ 
trons near this depletion region are drawn into the collector 
as a result of the applied voltage and hence negligible current 
can flow. The collector junction therefore acts as a high 
resistance. 

The emitter-base junction is forward biased and thus 
electrons are injected into the base from the emitter as maj¬ 
ority carriers. However, because the base region is very thin, 
most of these injected electrons will diffuse across the base 
and be drawn into the collector region as minority carriers 
to produce the collector current. This process is very nearly 
independent of the collector voltage provided it is greater 
than a few times KT/e (K = Boltzman’s constant, T = 
temperature (°A) and e = the charge on an electron), this 
being approximately 26mV at room temperature. The emitter 
to-base circuit has therefore a low resistance—that of a 
conducting diode. 
The standard symbols for N-P-N and P-N-P junction 

transistors are given in Fig 3.47. 

Construction 
The most common construction used in early manufacture 

resulted in the alloy junction transistor shown in Fig 3.48(a). 
In this process, a thin wafer of “n” type material (the base), 
had a bead of “p” type material (the emitter) placed on it and 
melted so that the two materials alloyed together to form the 
emitter-base junction. Similarly, another “p” type bead was 
melted on the other side of the base wafer to form the col¬ 
lector and complete the P-N-P structure. Contacts were then 
welded on to the collector and emitter beads, and the base 
connection made via a ring welded around the emitter bead to 

Fig 3.47. Transistor symbols. 
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Fig 3.48 Transistor construction. 

reduce the internal base resistance. Due to the difficulty in 
controlling precisely the alloying process, this construction 
was only suitable for If transistors. Variations and improve¬ 
ments on this method of fabrication included the grown 
junction, diffused and mesa transistors, but all of these types 
are now virtually obsolete and the majority of present-day 
transistors are made by the planar and epitaxial processes. 

The planar construction is shown diagrammatically in 
cross section in Fig 3.48(b) and is produced as follows. A 
section of lightly-doped “n” material is coated with a 
passive layer of silicon dioxide by heating it in oxygen. Part 
of this layer is then etched away and a “p” material is diffused 
in to form the base, and the surface repassivated. Part of the 
surface over the “p” region is again etched away and a second 
“n” impurity is added to form the emitter. Finally the surface 
is recoated with silicon dioxide. 

The planar device does suffer one disadvantage in that the 
collector region must be lightly doped, and hence its con¬ 
ductivity is low. Thus a relatively high saturation resistance 
results—ie an appreciable voltage drop occurs across the 
collector material, which in turn means that the ht voltage 
cannot be used to the full because appreciable power will be 
dissipated in the device. 

This limitation of the planar device is overcome by the 
addition of another step in the process known as epitaxy, 
which is shown in Fig 3.84(c). Basically the process is as 
described for the planar transistor, except that the “n” 
material forming the collector consists of a very thin layer of 
lightly doped material which has been deposited on to a bulk 
“n” material of high conductivity. Thus the expitaxial planar 
transistor is capable of exhibiting a low collector saturation 
resistance and, at the same time, a high collector-base break¬ 
down voltage. It is also readily made with values of ft (gain/ 
bandwidth product) well in excess of 1GHz. These advan¬ 
tages have made the planar and planar-expitaxial processes 
the almost-universal method of manufacture in use today 
for both discrete transistors and complex monolithic inte¬ 
grated circuits. 

The construction of high-power planar rf transistors, 
however, requires a more stringent chip geometry. First, as 

the frequency of operation is increased, the current tends to 
flow from the edges of the emitter contact rather than uni¬ 
formly over the surface and, second, lead inductances, stray 
capacitances and transit time become significant. To eliminate 
the effect of this current-crowding effect at the emitter edge, 
high periphery-to-area ratio is required of the emitter. This 
may be achieved in two ways—the interdigitated construction 
in which the emitter is constructed in a comb shape, or the 
multi-emitter version which consists of many small emitter 
junctions in parallel. Typical examples of the multi-emitter 
construction are the 2N3866 (16 emitters) and 2N3632 (312 
emitters). 

Transistor Parameters 

In the previous paragraph, the injection of electrons into 
the base from the emitter was described. If now the unity 
current flowing in the emitter is considered, then the re¬ 
sultant current that flows in the collector (about 98 per cent 
of this input) is a, which means that (1 — a) must have flowed 
through the base terminal as base current. This may be 
defined mathematically as It = Ie—Ic and the base-to-
collector current, ß or hie, as a/(l —a).Typical values of ß 
range from 30 for power transistors carrying 15A to 500 for 
some small-signal devices operating at a few milliamps. Thus 
it can be seen that if the input current is fed to the base rather 
than the emitter, the transistor can provide a large current 
gain and also a high power gain. 

A typical characteristic curve for a N-P-N transistor in the 
grounded-emitter configuration is shown in Fig 3.49, and it 
can be seen that the curves are very similar to those of the 
pentode valve. Two important points: the collector current 
Ic is plotted against input base current and not voltage, and 
the “knee voltage” is below 300mV which enables the full 
ht voltage to develop across the transistor load. 

So far only the de operation of the transistor has been 
dealt with, but there is obviously a limit to the frequency at 
which a given device may be used. The main limitation to 
this frequency arises from the mean time required for the 
electrons to cross the base width—the transit time t. For a 
current i flowing through the base there is a stored charge q, 
given by q = i X t. This charge is of course neutralized by an 
equal charge of the excess holes in the base region. As the 
current i changes, there must be a change in the stored charge, 
and this implies that there is a storage capacitor associated 
with the movement of electrons from emitter to collector. To 

Fig 3.49. Typical collector characteristics for an N-P-N transistor in 
the common-emitter mode. 
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Configuration Input resistance Output resistance Current gain 
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Fig 3.50. Basic circuit configurations of an 
N-P-N transistor showing the variations 

between parameters. 

charge and discharge this capacitance, a base current is 
required; the higher the frequency and the longer the transit 
time, the greater the base current required. 

This means that, for a given collector current, the current 
gain of the transistor falls as the frequency of operation is 
increased. Two ways of defining this effect can be used: 
(i) the alpha cut-off is that frequency at which a has fallen 
to l/\/2 (70 per cent) of its low-frequency value and is de¬ 
noted by fa (or in a few instances fc): (ii) G is that frequency 
at which the base-to-collector current gain has dropped to 1. 

A third alternative often used is ft, or gain/bandwidth 
product ß'f', where ß' is the base-to-collector current gain 
(hte) at f', this being the frequency above that where the active 
base-emitter resistance ceases to be important. 

Of these three definitions, fa is always the highest fre¬ 
quency and hence there may be an advantage in using the 
transistor in the grounded-base configuration when operating 
near its frequency limit. 

As stated earlier, although the base width is normally 
very small, an internal base spreading resistance ri,b' is 
present. This resistance, together with the storage and deple¬ 
tion capacitances of the junctions, introduces unwanted 
time constants which also limit the high-frequency per¬ 
formance and noise figure of the transistor. 

The I’ N junction as described in detail earlier has a 
finite leakage current due to majority carriers only. This 
manifests itself in the junction transistor as a very small 
collector leakage current I cco which flows without input 
current being applied. Values of Ueo range from less than 
InA in silicon devices to 1mA in certain germanium tran¬ 
sistors. As a general rule, however, the leakage in modern 
silicon transistors may be ignored. 

Circuit Configurations 

The transistor may be used in three basic ways, as shown 
in Fig 3.50. where the various input and output resistances 
are listed for a typical small-signal N-P-N silicon transistor 
operating in the 2mA collector current region. 

The internal emitter resistance re is that of the conventional 
P-N junction and is equal to (KT/e) x (l/Ic) which at 
room temperature approximates to 26/Ic ii where Ic is in 
milliamps. The internal base resistance rn is a constant value 
and is normally between 30 and 100Í1 

Practical Design of a Standard Circuit 

A practical circuit in the common-emitter configuration, 
as shown in Fig 3.51, will now be considered. This is 
applicable to most of the low-level stages used in communica¬ 
tion and low-frequency amplifiers. The arrows indicate the 
direction of conventional current flow and not electron flow. 

The base of the transistor is fed from a potential divider 
network RI and R2 such that the current through RI and R2 
is much greater than the base current It>, and hence the 
voltage at the base is held constant for small changes in 
base current. A typical value of bleed current is 8-20 times 
the base current. 

The following data for an N-P-N silicon transistor will be 
assumed. At Ic = 1mA, hFE = 100 minimum and ht avail¬ 
able = 10V. Hence the base current will be rib mA and the 
current through RI + R2 will be A mA. 
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L 

A selection of typical transistors. 1 : small 
signal uhf bipolar. 2: audio power bipolar. 
3: vhf power bipolar. 4: uhf power bipolar. 
5: general purpose bipolar. 6: zener-
protected dual-gate mosfet. 7 : microwave 

power bipolar. 8: vhf jfet. 

It is normal to take an arbitrary value of Vc of between 
iV and i of the supply voltage for stability reasons. Should 
the collector current increase for any reason (remember 
collector leakage doubles with every KTCrisein temperature), 
then Ve will increase while the base potential remains 
constant. Hence this will tend to reduce Vbe and offset this 
collector current increase. 

If Ve is taken as 1-5V the value of R3 is 1-5/Ic I-5kQ 
and the potential at the base will be 1-5V + Vbe. For silicon 
transistors Vbe is 0-7V, giving a base potential of 2-2V. 
Vbe for germanium transistors is 0 25V. 

HenccR2 = 2-2V/1’„mA = 22kQ and RI = (10 2-2V) : 
iVmA 78kQ. 

It must be remembered that these two resistances are both 
effectively shunting the input and will therefore affect the 
loading of the previous stage. 

The choice of collector load will depend upon the applica¬ 
tion of the amplifier, but for the resistive load R4 shown, a 
value may be taken such that Vc is about i(Vht + Ve), 
5-75V in this case, to give maximum output voltage swing 
without distortion. R4 is then given by 5-75V/lmA = 
5-75kil and in practice the nearest standard value of 5-6kO 
would be used. 

The voltage gain that can be expected from this amplifier 
will be hie X (R4/Rin) where Rin from Fig 3.50 is approxi¬ 
mately 2-6k£4 (this assumes a value of C2 is used such that its 
reactance at the lowest input frequency is small compared 
with re). This gives the minimum voltage gain of the amplifier 
as 215. 

Although the voltage gain of this resistive load amplifier 
has been calculated it must be remembered at all times that 
the transistor is a current-operated device. 

The emitter follower is a special case of voltage amplifier 
with a gain of almost unity, but with an impedance trans¬ 
formation from a high value at the input to a low value at the 
output. It must be pointed out, however, that if a IV peak 
output is expected at the emitter into a 5OÍ2 load, then the 
standing de emitter current must be greater than 30 x 
1,000mA, ie 20mA. 

THE FIELD-EFFECT TRANSISTOR 

The Junction FET 

The field-effect transistor was invented in 1928, well before 
the bipolar transistor, but was not actually produced until 
about 1960 due to manufacturing difficulties. 

Basically the junction fet (jfet) consists of a bar of doped 
silicon which, when a voltage is applied across it, acts as a 
resistor, ie the current flowing through the bar is related to 
the applied voltage and the resistance of that bar. The 
terminal from which the electron current flows is termed the 
“source" and the terminal into which it flows is called the 
"drain". Consider the case of an “n” type bar with two “p” 
type regions diffused in as shown in Fig 3.52 but leaving a 
channel between the two regions. These two regions are 
normally joined together electrically and are termed the 
“gate". The P-N junctions formed by the gate behave in 
exactly the way described on p 3.4, in that a depletion layer 
is formed around the junction when a reverse bias is applied. 

If the bias is sufficiently high, the depletion layers will 
meet across the bar and increasing the drain-source voltage 
VDS will have little effect on the drain current flowing. 
The drain current (ID) flow in the channel also sets up a 
reverse bias across the gate surface which will increase with 
increasing drain-source voltage. This reinforces the effect of 
the bias, so that the depiction regions meet. The drain¬ 
source potential that causes the depletion layers to meet is 
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Fig 3.53. Typical junction fet characteristics. 

termed the “pinch off” voltage Vp. Thus in Fig 3.53 it can 
be seen that at low values of ID the drain current is linearly 
related to VD3. As, however, the depletion layers spread into 
the channel the slope of ID decreases until Vpis reached, and 
the drain current saturates and stays relatively constant. 
Avalanche breakdown will occur beyond the normal operat¬ 
ing range of VD3 : in this case ID rises very steeply with VD3 
and damage to the device will result. The standard symbols 
for both P- and N-channel devices are shown in Fig 3.54. 

The Insulated-gate FET 

The igfet differs from the junction fet in that there is no 
actual semiconductor junction between the gate and the 
drain-source channel, although gate control of the channel 
current is still achieved. The construction of the igfet is 
shown diagrammatically in Fig 3.55(a) and the standard 
symbol is shown in Fig 3.55(b). The device consists of a 
conventional doped channel between source and drain which 
may be either “n” or “p” type material, though more com¬ 
monly “n” type. The gate is normally a metallic electrode 
and is insulated from the channel by a thin layer of silicon 

indicates ohmic connexion 

Fig 3.55. (a) N-channel igfet construction; (b) symbol and polarities 
for an N-channel depletion mode igfet. 

dioxide or silicon nitride. (Note: Insulated-gate devices are 
often popularly called mosfets (metal-oxide-silicon fet) 
without regard to whether oxide or nitride is used as the 
gate insulator.) Thus, because no junction is produced, the gate 
may be either positive or negative to the source without 
gate current being produced. 

A typical set of characteristic curves for an igfet is shown 
in Fig 3.56 for an N-channel device, and it can be seen that 
the gate bias voltage may be positive or negative for drain 
current to flow. The curves for Vgs = 0 and negative values 
are analogous to the junction fet. This type of device, in 
which ID flows when Vgs = 0, is known as a depletion-mode 
igfet. 

Drain /Source Voltage 

Fig 3.56. Typical N-channel depletion-mode igfet characteristics. 

It is also possible to construct an insulated-gate device in 
which no drain current flows when Vgs < 0. Such a fet is 
known as an enhancement-mode fet and is shown in Fig 
3.57. Two “p” type regions are diffused into an “n” type 
silicon chip or substrate to form source and drain regions 
such that a P-N junction exists between each region and the 
substrate. Obviously no drain-source current can normally 
flow, as one of these P-N junctions will always be reverse 
biased, irrespective of the drain-source polarity. If a voltage, 
negative to the source and substrate, is now applied to the 
gate, a field will be set up below the gate which will attract 
holes, thus linking the source and drain regions by a hole 
conduction path. Thus the more negative Vgs is made, the 
more the hole conduction between source and drain is 
enhanced. This condition is shown in Fig 3.58 and typical 
curves are shown in Fig 3.59. Insulated-gate fets usually 
have gate leakage currents of only a few picoamperes. 
This P-channel enhancement-mode igfet is the basic 

element in most iarge-scale integrated circuits. 
The igfet may also be manufactured with two independent 

insulated gate regions on the one substrate. Normally, only 
the depletion mode fet is utilized for this dual-gate con¬ 
struction. Either gate may be used to produce the typical 

gate 

Thin insulating layer 

iyX«-? indicates 
ohmic connexion 

substrate 

Fig 3.57. Construction of P-channel enhancement-mode igfet. 
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Fig 3.58. Enhancement-mode igfet with Vgs greater than Vds, 
showing the "p" region extended between drain and source to pro¬ 

vide a conduction path. 

curves shown in Fig 3.56, provided that the other gate is 
held at a slightly more positive bias voltage than the source. 

FET Parameters 

The majority of amateur applications of the jfet require the 
transistor to be operated in the saturated or “pinched off” 
region, where the drain current ID is determined by Vgs and 
is virtually independent of VDs (Fig 3.53). The main para¬ 
meter is therefore the transconductance curve of ID against 
Vgs, from which gfS (the equivalent of gm for a pentode 
valve) may be deduced. Also, this curve enables the static 
bias conditions of a circuit to be determined. Fig 3.60 shows 
a typical transconductance curve for an N-channel fet, where 
the curve follows the formula 

Vgs 
Id = Idss(1—^-) 2 

v p 
ie it follows a square law. (IDSs is defined as that drain current 
flowing at zero gate-source voltage). 

In small-signal, high-frequency applications the fet has 
two major advantages over the bipolar device: (i) the square¬ 
law characteristic which gives an improvement of at least 10 
times in input-voltage handling ability, with the consequent 
reduction in the generation of spurious signals; (ii) the 
change of operating point with age action has a much re¬ 
duced detuning effect on the input and output circuits. 

Tne most obvious of all fet applications is the high input 
impedance amplifier stage working in the rangedeto 100MHz. 
A typical simple circuit is shown in Fig 3.61 for an N-channel 
device. For the circuit to be repeatable, the value of IDSS for 
the fet must be known. The value of ID must be chosen to 
be below this value so that the device dissipation is not ex¬ 
ceeded. For example, if ID3S(min) 4mA, ie worst case, 
then a value of ID = 3mA may be used. (As gts is propor¬ 
tional to ID a high value of ID should be chosen.) 

The value of Rg should not be so high that the product of 

Fig 3.59. Typical P-channel enhancement-mode igfet characteristics. 

Rg and gate leakage (normally less than KF 9 A) becomes 
significant. 

The value of Vgs for ID = 3mA is taken from the data 
sheet and Rs calculated from Rs = Vgs/ID. Rs may, however, 
have to be found empirically if an exact value of ID is required. 

If it is assumed that a minimum of 4V is required across the 
fet at all times for linearity, then (Vht—4)V ie 11V is avail¬ 
able for the peak-to-peak drain voltage swing, and VD 
should “sit” at (4 + V)V or + 9-5V. RL is then given by 
(15 — 9-5)Id or l-8kQ to the nearest preferred value. 

The gain of such an amplifier is approximately equal to the 
product of Rl and grs provided that Cs fully decouples the 
source. To ensure this latter condition is met, the reactance 
of Cs must be at least 10 times less than 1/gts at the lowest 
operating frequency. 

Fig 3.60. Transconductance curve for an N-channel igfet. 

The dual-gate fet is widely used as a small-signal amplifier 
or mixer for frequencies up to 500MHz. A typical circuit is 
shown in Fig 3.62. The potential divider chain comprising 
R1R2 is used to forward bias gate 2 by between IV and 3V 
—the actual value depending on the device used. In some 
cases it may be necessary to forward bias gate 1 also. 

The circuit may be used as an unneutralized rf amplifier 
with the input applied to gate 1 under the following condi¬ 
tions: (i) that the impedance from the signal source is about 
1 kit at gate 1, and (ii) that gate 2 and source are decoupled 
at the signal frequency. This implies that R3 should have a 
value of at least lOkQ to avoid reducing the wanted signal. 

Fig 3.61. High input impedance amplifier. 

To preserve a high Q value for the tank circuit, the drain 
may have to be tapped into L. (The typical output resistance 
of the 3N200 is only 6-5kQ at 100MHz.) 

The circuit shown in Fig 3.62 may also be used as a mixer. 
In this condition, gate 1 will always require the smaller 
signal of up to 300mV rms and gate 2 an oscillator signal 
of about IV rms. Because of the device characteristics, the 
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Fig 3.62. Dual-gate igfet amplifier or mixer. 

input to gate 1 may be an ssb or modulated signal for con¬ 
version and the output frequency will also be of the same 
form as this gate 1 signal. 

INTEGRATED CIRCUITS 
Integrated circuits (tes) are electronic circuits in a compact 

package, usually containing both active devices (transistors, 
MOSFETS and diodes) and passive components (resistors and 
capacitors), together with all the necessary interconnections. 
Only a few external components are usually required in 
order to form a complete circuit. 

Originally tes were developed for use in digital and ana¬ 
logue computers where large numbers of identical circuits 
had to be packed into a small space. Digital computers 
required logic circuits to have either a high or low voltage 
at their output in response to various patterns of high or low 
voltages at their inputs, while analogue computers required a 
basic building-block amplifier (the operational amplifier) 
which could simulate certain mathematical functions by the 
suitable choice of an external feedback network. Thus two 

main families of tes were developed: digital tes, which are 
now available with a choice of scores of different logic 
functions and half-a-dozen different manufacturing techno¬ 
logies, and linear tes, which have grown from the original 
operational amplifier into an enormous range of audio 
amplifiers, radio circuits, power supply regulators and so 
forth. 

The monolithic ic, which is the most common type, has 
the entire circuit block formed within a single tiny piece of 
silicon (the chip or slice) by a series of diffusion processes 
similar to those used in producing individual transistors. 
Other types of ic, the thin-film and thick-film varieties, have 
the passive components and interconnections formed as a 
thin film on an insulating substrate (eg glass) and then have 
microminiature discrete devices bonded in later. This type of 
construction allows more flexibility than the monolithic one, 
but is more costly to produce and is usually reserved for small 
quantity specialized applications. 

Most of the early ics used planar bipolar transistors as the 
active elements, but modern units often contain mosfets, 
which take up less room on the silicon chip, thus allowing 
more complex circuits. One particular variety, known as the 
complementary-symmetry mos (emos) family, uses large 
numbers of both N-channel and P-channel mosfets in a 
special configuration which allows quite complex logic 
circuits to be fabricated without any other type of component 
being used. 

The manufacture of monolithic ics is usually carried out by 
diffusing large numbers of identical circuits onto a small 
(about 3cm diameter) slice of silicon, and then cutting this 
into individual circuits by a scribing process. Present-day 
techniques now permit the manufacture of ics containing 
many thousands of active and passive devices, and this is 
termed large-scale integration (Isi). 

Further discussion of this topic is beyond the scope of the 
present work, but some notes on the use of ics are given on 
p4.ll. 
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CHAPTER 4 

HF RECEIVERS 

AMATEUR hf operation imposes stringent requirements 
on the receiver; the operator needs to find and hold 

extremely weak signals in the presence of many much 
stronger signals. Additionally the hf receiver may also, in 
conjunction with a converter, form the heart of a vhf receiver 
with its different modes and conditions. The performance 
requirements of an amateur receiver are thus every bit as 
exacting (in some respects even more exacting) than those 
demanded for professional communications services—■ 
although the amateur usually has to achieve this within a 
restricted budget. 

In recent years professional general-purpose communica¬ 
tions receivers (a type of receiver which stemmed originally 
from the amateur service) have become significantly more 
complex and more costly, and it is often no longer possible 
for the amateur to follow parallel lines. So he has to seek 
alternative means of achieving comparable results by accept¬ 
ing some compromises. The amateur receiver, whether 
factory-built or home-constructed, has usually to be designed 
within severe cost restraints, but by careful appreciation of 
just what performance characteristics are the most necessary 
for amateur operation—and often by limiting reception to 
amateur bands rather than general coverage—extremely 
satisfactory results can be achieved at costs moderate in 
comparison with those of professional communications 
receivers. 

The radio amateur needs a communications receiver able to 
provide good intelligibility from signals which may easily 
differ in input voltage by 10,000 times and occasionally by 
up to a million times (say from 0-3^V from a weak distant 
station to 0-3V from a near neighbour) in restricted and 
often highly congested bands. To tune and listen to ssb and 
cw using narrowband selectivity the receiver must be stable— 
at least over periods of say 15min--to within just a few 
tens of hertz, even at 30MHz; it must be capable of being 
tuned with this degree of precision, though it is not essential 
to have this degree of readout or calibration accuracy. A 
single receiver will often be used to receive many different 
transmission modes—ssb, cw, a.m., nbfm, rtty etc—each 
calling for different selectivity and demodulation charac¬ 
teristics. 

The main requirements for a good hf receiver are: 
(1) High sensitivity, coupled with a wide dynamic range and 

good linearity to allow it to cope with both the very weak and 
very strong signals that will appear together at the input; it 
should be able to do this with the minimum impairment 
of the signal-to-noise ratio by receiver noise, cross-modulation, 
blocking, intermodulation, hum etc. 

(2) Good selectivity to allow the selection of the required 
signal from among other (possibly much stronger) signals on 
adjacent or near adjacent frequencies. The selectivity 

characteristics should “match” the mode of transmission, 
so that interference susceptibility and noise bandwidth 
should be as close as possible to the intelligence bandwidth 
of the signal. 
(3) Maximum freedom from spurious responses—that is to 

say signals which appear to the user to be transmitting on 
specific frequencies when in fact this is not the case. Such 
spurious responses include those arising from image res¬ 
ponses, breakthrough of signals, harmonics of the receiver’s 
internal oscillators, and those arising from reciprocal mixing. 

(4) A high order of stability, in particular the absence of 
short-term frequency drift or jumping. 

(5) Good read-out and calibration of the frequency to 
which the set is tuned, coupled with the ability to reset the 
receiver accurately and quickly to a given frequency or 
station. 

(6) Means of receiving ssb and cw, normally requiring a 
stable beat frequency oscillator preferably in conjunction 
with product detection; it is also an advantage (though still 
uncommon) for the set to include a demodulator suitable for 
effective reception of narrow-band frequency modulation. 

(7) It must incorporate sufficient amplification to allow 
the reception of signals of under lf¿V input; this implies a 
minimum voltage gain of about one million times (120dB), 
preferably with effective automatic gain control (age) to hold 
the audio output steady over a very wide range of input 
signals. 

(8) Sturdy construction with good quality components and 
with consideration given to problems of access for servicing 
when the inevitable occasional fault occurs. 

A number of other refinements are also desirable: for 
example it is normal practice to provide a headphone socket 
on all communications receivers; it is useful to have ready 
provision for receiver “muting” by an externally applied 
voltage to allow voice-operated, push-to-talk or cw break-in 
operation; an S-meter to provide immediate indication of 
relative signal strengths; a power take-off socket to facilitate 
the use of accessories; an i.f. signal take-off socket to allow 
use of external special demodulators for nbfm, fsk, dsbsc 
etc. 

In recent years, significant progress has continued to be 
made in meeting these requirements—although we are still 
some considerable way short of being able to provide them 
over the entire signal range of 120dB at the ideal few hertz 
stability. The gradual introduction of more and more semi¬ 
conductor devices into receivers has brought a number of 
very useful advantages, but has also paradoxically made it 
more difficult to achieve the highly desirable wide dynamic 
range. Professional users now often require frequency read¬ 
out and long-term stability of an extremely high order (1Hz 
stability is needed for some applications) and this has led 
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Fig 4.1. Simple receivers intended primarily for Morse reception* 
(a) Two-stage “straight” receiver with high-gain regenerative 
detector, (b) The addition of a tuned rf stage improves sensitivity and 
selectivity (this arrangement is often known as a trf receiver), (c) 
The simplest form of superhet, (d) The addition of an i.f. stage will 

greatly increase the gain and selectivity. 

to the use of frequency synthesized local oscillators and 
digital read-out systems; although these are effective for the 
purposes which led to their adoption, they are not necessarily 
the correct approach for amateur receivers since unless very 
great care is taken, a complex frequency synthesizer not only 
adds significantly to the cost but may actually result in a 
degradation of other even more desirable characteristics. 

So long as continuous tuning systems with calibrated dials 
are used the mechanical aspects of a receiver remain very 
important; it is perhaps no accident that one of the out¬ 
standing early receivers (HRO) was designed by someone 
whose early training was that of a mechanical engineer. 

It should be recognized that receivers which fall far short 
of ideal performance by modern standards may nevertheless 
still provide entirely usable results, and can often be modified 
to take advantage of recent techniques. Despite all the 
progress made in recent decades receiver designs dating 
from the ’thirties and early 'forties are still capable of being 
put to good use, provided that the original electrical and 
mechanical design was sound. Similarly, the constructor 
may find that a simple, straightforward and low-cost 
receiver can give good results even when its specification is 
well below that now possible. It is ironical that almost all 
the design trends of the past 30 years have, until quite 
recently, impaired rather than improved the performance of 
receivers in the presence of strong signals ! 

BASIC TYPES OF RECEIVERS 

Amateur hf receivers fall into one of two main categories: 
(1) “Straight" regenerative and direct conversion receivers in 
which the incoming signal is converted directly into audio by 
means of a demodulator working at the signal frequency; 
(2) single and multiple conversion superhet receivers in 
which the incoming signal is first converted to one or more 
intermediate frequencies before being demodulated. Each 
type of receiver has basic advantages and disadvantages. 

Regenerative Detector (“Straight” or trf) Receivers 
At one time receivers based on a regenerative (reaction) 

detector, plus one or more stages- of af amplification (ie 
O-V-1, O-V-2 etc), and sometimes one or more stages of rf 
amplification at signal frequency (I-V-l etc) were widely used 
by amateurs. High gain can be achieved in a correctly 
adjusted regenerative detector when set to a degree of positive 
feedback just beyond that at which oscillation begins; this 
makes a regenerative receiver capable of receiving weak cw 
and ssb signals. However this form of detector is non-linear 
and cannot cope well in situations where the weak signal is 
at all close to a strong signal; it is also inefficient as an a.m. 
detector since the gain is much reduced when the positive 
feedback (regeneration) is reduced below the oscillation 
threshold. Since the detector is non-linear, it is usually 
impossible to provide adequate selectivity by means of audio 
filters. Only by the most careful design is it possible to design 
a receiver of this type able to cope with modern band 
conditions, although for cw operation it can still provide a 
useful low-cost receiver for portable operation. 

Simple Direct-conversion Receivers 
A modified form of “straight” receiver which can provide 

good results, even under modern conditions, becomes 
possible by using a linear detector which is in effect simply a 
frequency converter, in conjunction with a stable local 
oscillator set to the signal frequency (or spaced only the 
audio beat away from it). Provided that this stage has good 
linearity in respect of the signal path, it becomes possible to 
provide almost any desired degree of selectivity by means of 
audio filters. This form of receiver (sometimes termed a 
“homodyne”) has a long history but only in the past decade 
has it been widely used for amateur operation since it is more 
suited (in its simplest form) to cw and ssb reception than a.m. 
The direct-conversion receiver may be likened to a superhet 
with an i.f. of 0kHz or alternatively to a straight receiver 
with a linear rather than a regenerative detector. In a super¬ 
het receiver the incoming signal is mixed with a local 
oscillator signal and the intermediate frequency represents 
the difference between the two frequencies; thus as the two 
signals approach one another the i.f. becomes lower and 
lower; if this process is continued until the oscillator is at 
the same frequency as the incoming signal, then the output 
will be at audio frequency; in effect one is using a frequency 
changer or translator to demodulate the signal. Because 
high gain cannot be achieved in a linear detector, it is neces¬ 
sary to provide very high af amplification. Direct-conversion 
receivers can be designed to receive weak signals with good 
selectivity, but in this form do not provide true single¬ 
sideband reception (see later); another problem often found 
in practice is that very strong broadcast signals (eg on 7MHz) 
drive the detector into non-linearity and are then demodu¬ 
lated directly and not affected by any setting of the loca 
oscillator. 

Fig 4.2. Outline of simple direct-conversion receiver in which high 
selectivity can be achieved by means of filters. 
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Fig 4.3. (a) Block outline of two-phase ("outphasing”) form of ssb direct-conversion receiver, (b) Block outline of "third method" (Weaver 
or Barber) ssb direct-conversion receiver. 

A crystal-controlled converter can be used in front of a 
direct-conversion receiver so forming a superhet with 
variable i.f. only. 

Two phase and “Third-method” Direct-conversion 
Receivers 

An inherent disadvantage of the simple de receiver is that 
it responds equally to signals on both sides of its local 
oscillator frequency, and cannot reject what is termed the 
"audio image” no matter how good the audio filter charac¬ 
teristics; this is a serious disadvantage since it means that the 
selectivity of the receiver can only be made half as good 
as the theoretically ideal bandwidth. This problem can be 
overcome, though at the cost of additional complexity, by 
phasing techniques similar to those associated with ssb 
generation. Two main approaches are possible, see Fig 4.3. 
Fig 4.3(a) shows the use of broadband af 90 degree phase¬ 
shift networks in an "outphasing” system, and with care can 
result in the reduction of one sideband to the extent of 
3O-4OdB. Another possibility, still to be exploited, is the 
polyphase ssb demodulator which does not require such 
critical component values as conventional ssb phase-shift 
networks. Fig 4.3(b) shows the “third method” (sometimes 
called the "Weaver” or "Barber” system) which requires 
the use of additional balanced mixers working at af but 
eliminates the need for accurate 90 degree af networks. The 
"third method” system, particularly in its ac-coupled form 
(The Radio & Electronic Engineer Vol 43, No 3, March 1973, 
pp209-215) provides the basis for high-performance 
receivers at relatively low cost, although suitable designs for 
amateur operation have yet to be developed. 

Super-regenerative Detector Receivers 

The high gain of a regenerative detector can be further 
increased by introducing a voltage at a supersonic frequency 
in such a way that rf oscillation ceases every half cycle of this 
second frequency, termed the quench frequency. This 
quenching voltage can be generated in a separate stage or, 
more commonly, within the regenerative detector stage. 
Although extremely high gain in a single stage is possible, 
this form of reception introduces high interstation noise and 
has poor selectivity, while additional complications are 
needed for cw reception and to avoid the emission of a rough 
signal capable of causing interference over a wide area. 
Super-regenerative receivers are suitable for both a.m. and 
fm reception but are today seldom used on hf; the principle 
however remains of interest. 

Superhet Receivers 

The vast majority of amateur receivers are based on the 
superhet principle. By changing the incoming signals to a 
fixed frequency (which may be lower or higher than the 
incoming signals) it becomes possible to build a high-gain 
amplifier of controlled selectivity to a degree which would 
not be possible over a wide spread of signal frequencies. 
The main practical disadvantage with this system is that the 
frequency conversion process involves unwanted products 
which give rise to spurious responses, and much of the 
design process has to be concentrated on minimizing the 
extent of these spurious responses in practical situations. 
A single-conversion superhet is a receiver in which the 

incoming signal is converted to its intermediate frequency, 
amplified and then demodulated at this second frequency. 
Virtually all domestic broadcast receivers use this principle, 
with an i.f. of about 455—470kHz, and a similar arrange¬ 
ment but with refinements is to be found in many communi¬ 
cations receivers. However, for reasons that will be made 
clear later in this chapter, some receivers convert the 
incoming signal successively to several different frequencies; 
these may all be fixed i.f.s: for example the first i.f. might be 
9MHz and the second 455kHz and possibly a third at 85kHz. 
Or the first i.f. may consist of a whole spectrum of frequencies 
so that the first i.f. is variable when tuning a given band, 
with a subsequent second conversion to a fixed i.f. (this is a 
system widely used in current practice). There are in fact 
many receivers using double or even triple conversion, and a 
few with even more conversions, though unless care is taken 
each conversion makes the receiver susceptible to more 
spurious responses. The block diagram of a typical single 
conversion receiver is shown in Fig 4.4. Fig 4.5 illustrates a 
double-conversion receiver with fixed i.f.s, while Fig 4.6 is 
representative of a receiver using a variable first i.f. in con¬ 
junction with a crystal-controlled first local oscillator (hfo). 

As the degree of selectivity provided in a receiver increases 
it reaches the stage where the receiver becomes a single¬ 
sideband receiver, although this does not mean that only ssb 
signals can be received. In fact the first application of this 
principle was the single-signal receiver for cw reception 
where the selectivity is sufficient to reduce the strength of the 
“audio image” (resulting from beating the i.f. signal with the 
bfo) to an insignificant value, thus virtually at one stroke 
halving the apparent number of cw stations operating on the 
band (previously each cw signal was heard on each side of 
the zero beat). Similarly double-sideband a.m. signals can be 
received on a set having a carefully controlled passband as 
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Fig 4.4. Block outline of representative single-conversion superhet receiver, typical of many used for amateur operation and showing typical 
levels of signal at various stages. 

though they were ssb, with the possibility of receiving either 
sideband should there be interference on the other. This 
degree of selectivity can be achieved with good i.f. filters 
or alternatively the demodulator can itself be designed to 
reject one or other of the sidebands, by using phasing 
techniques similar to those sometimes used to generate ssb 
signals and for two-phase direct-conversion receivers. But 
most receivers rely on the use of crystal or mechanical filters 
to provide the necessary degree of sideband selectivity, and 
then use heterodyne oscillators placed either side of the 
nominal i.f. to select upper or lower sidebands. 

It is important to note that whenever frequency conversion 
is accomplished by beating with the incoming signal an 
oscillator lower in frequency than the signal frequency then 
the sidebands retain their original position relative to the 
carrier frequency, but when conversion is by means of an 
oscillator placed higher in frequency than the carrier, the 
sidebands are inverted. That is to say an upper sideband 
becomes a lower sideband and vice versa (see Fig 4.8). 

RECEIVER SPECIFICATION 

The performance of a communications receiver is normally 
specified by manufacturers or given in equipment reviews or 
stated in the various constructional articles. It is important 
to understand what these specifications mean and how they 
relate to practical requirements in order to know what to 
look for in a good receiver. It will be necessary to study any 
specifications with some caution, since a manufacturer or 
designer will usually wish to present his receiver in the most 
favourable light, and either omit unfavourable characteristics 
or specify them in obscure terms. The specifications do not 
tell the whole story: the operational “feel” may be as 
important as the electrical performance—the “touch” of the 

tuning control, the absence of mechanical backlash or other 
irregularities, the convenient placing of controls, the posi¬ 
tive or uncertain action of the band-change switch and so on 
will all be vitally important. Furthermore there is a big 
difference between receiver measurements made under 
laboratory conditions, with only a single locally generated 
signal applied to the input, and the actual conditions under 
which it will be used, with literally hundreds of amateur, 
commercial and broadcasting signals being delivered by the 
aerial in the presence of electrical interference and possibly 
including one or more “block-busting” signals from a 
nearby transmitter. 

Sensitivity 
Weak signals need to be amplified much more than strong 

ones in order to provide a satisfactory output to the loud¬ 
speaker or headphones. There are however limits to this 
process, and simply increasing amplification does not 
provide a solution. The limits are set by the noise generated 
internally within the set and external noise picked up by the 
aerial: noise within the set will be most significant when it 
arises from the early stages of a receiver and is amplified by 
the later stages ; this noise is under the control of the designer. 
External noise, including electrical interference and other 
"site” noise, also sets severe limitations at hf beyond the 
control of the designer. The weakest signal which can be 
satisfactorily used for communications purposes is today 
seldom governed by the amount of overall amplification 
available in a receiver but by how weak a signal can be heard 
above the general noise level, which will in turn be set by the 
noise bandwidth of the receiver. Ultimate sensitivity is thus a 
function both of the internal noise and of the bandwidth 
necessary to receive the signal: usable sensitivity by site 
noise which varies with frequency. 

Fig 4.5. Block outline of double-conversion communications receiver with both I.F.s fixed. 
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In practice, the sensitivity of receivers is usually specified 
in one (or both) of two ways: noise factor and signal-to-noise 
ratio (snr) or more precisely signal-plus-noise-to-noise ratio. 

Noise factor defines the maximum sensitivity of a receiver 
without regard to its passband (bandwidth) or input imped¬ 
ance, and will generally be determined almost entirely by 
the first stage of the receiver. Because of the atmospheric and 
man-made noise always present on hf there is little need for a 
noise factor of less than about lOdB on bands up to and 
including 14MHz; a noise factor of about 6-8dB may be 
useful on 21 and 28MHz in quiet sites. However it can be 
an advantage to have a first stage with a noise factor signifi¬ 
cantly less than these figures since this will allow the use of an 
electrically short aerial, or alternatively will allow a more 
complex and “lossy” narrowband filter to be placed between 
the aerial and first stage; on the other hand good low-noise 
performance and a wide dynamic range seldom go together. 
It may be better to use a low-gain pre-amplifier on 21 and 
28MHz with a basic receiver having an overall noise factor 
of about lOdB. 

Signal-to-noise ratio indicates the minimum input voltage 
at the aerial input of the receiver needed to provide a stated 
signal-plus-noise-to-noise ratio when the receiver is used with 
its appropriate bandwidth. The input voltage will depend 
on the input impedance of the receiver, the noise band¬ 
width under which the receiver is operating, and the signal-
to-noise ratio specified for the output signal. A given receiver 
thus gives different results on different transmission modes 

all the factors have to be stated since variation of any one will 
affect the others. 

Typically a high-grade modern receiver may provide a 
6dB signal-to-noise ratio with an 0-5/xV ssb input signal, 
or less than 0-2^V cw signal with a narrowband filter; a 
comparable figure for a.m. signals modulated 30 per cent 
might be 2 or 3/xV. In many locations the weakest signals 
receivable even on a high class receiver will be about 
cw and about 1-2/xV ssb. 

A simple but effective (and severe) test of sensitivity which 
can be applied to any well screened receiver is to remove the 
aerial and replace it by a resistor equal to the receiver's 
input impedance; if the receiver noise peaks up when the 
first rf circuit is tuned through resonance on the highest 
frequency bands (often possible by means of a panel-mounted 
control) then it is reasonably certain that the receiver’s 
sensitivity cannot be further improved. 

Selectivity 

The ability of a receiver to separate stations on closely 
adjacent frequencies is determined by its selectivity. The 
limit to usable selectivity is governed by the bandwidth of the 
type of signal which is being received. For high-fidelity 
reception of a double-sideband a.m. signal the response of a 
receiver would need ideally to extend some 15kHz either 
side of the carrier frequency, equivalent to 30kHz bandwidth ; 
any reduction of bandwidth would cause some loss of the 
information being transmitted. In practice for average mf 
broadcast reception the figure is reduced to about 9kHz 
or even less; for communications-quality speech in a double¬ 
sideband system we require a bandwidth of about 6kHz; for 
single-sideband speech about half this figure or 3kHz is 
adequate; for cw, at manual keying speeds, the minimum 

Fig 4.6. Block diagram of a double¬ 
conversion receiver with crystal-
controlled first oscillator—typical 

of many current designs. 
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(which require different bandwidths);further,some manufac¬ 
turers specify for lOdB snr output, others 6dB snr which will 
clearly result in a lower input signal for equivalent per¬ 
formance. Foraccurateassessment of a receiver’s performance 

Fig 4.7. How a really selective receiver provides "single-signal” 
reception of cw. The broad selectivity of the response curve on the 
left is unable to provide substantial rejection of the audio "image” 
frequency, whereas with the more selective curve the audio image is 
inaudible and cw signals are received only on one side of zero-beat. 

Fig 4.8. A local oscillator frequency lower than the signal frequency 
(ie f - i.f.) keeps the upper and lower sidebands of the intermediate 
frequency signals in their original positions. However when the local 
oscillator is placed higher in frequency than the signal frequency 
(f + i.f.) the positions of the sidebands are transposed. By incorporat¬ 
ing two oscillators, one above and the other below the input signal, 
sideband selection is facilitated (this is generally carried out at the 

final i.f. by switching the bfo or carrier insertion oscillator). 
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(a) (b) (c) (d) 
Fig 4.9. The ideal characteristics of the overall bandpass of a 
receiver are affected by the type of signals to be received, (a) This 
would be suitable for normal broadcast reception (dsb signals) 
permitting af response to 5kHz. (b) Suitable for a.m. phone (af to 
3kHz). (c) For ssb the bandpass can be halved without affecting the 
af response (in the example shown this would be about 300 to 3,300 
Hz), (d) Extremely narrow channels (under 100Hz) are occupied 
by manually keyed cw signals but some allowance must usually be 
made for receiver or transmitter drift and a 300Hz bandwidth is 
typical—by selection of the bfo frequency any desired af beat note 

can be produced. 

theoretically possible bandwidth will reduce with speed 
from about 100Hz to about 10Hz for very slow Morse; in 
practice however the stability of the receiver or transmitter 
will seldom allow a bandwidth of much less than 100-300Hz 
to be used. Ideally, again, we would like to receive just the 
right bandwidth, with the response of the receiver then 
dropping right off as shown in Fig 4.9, to keep the noise 
bandwidth to a minimum. Although modern filters can 
approach this response quite closely, in practice the response 
will not drop away as sharply over as many dB as the 
ideal. 

To compare the selectivity of different receivers, or the 
same receiver for different modes, a series of curves of the 
type shown in Fig 4.10 may be used. There are two ways in 
which these curves should be considered : first the bandwidth 
at the nose, representing the bandwidth over which a signal 
will be received with little loss of strength; the other figtire— 
in practice every bit as important—is the bandwidth over 
which a powerful signal is still audible, termed the skirt 
bandwidth. 

The nose bandwidth is usually measured for a reduction of 
not more than 6dB, the skirt bandwidth for a reduction of 
one thousand times on its strength when correctly tuned in, 
that is 60dB down. These two figures can then be related by 
what is termed the shape factor, representing the bandwidth 
at the skirt divided by the bandwidth at the nose. The ideal¬ 
ized curves of Fig 4.9, which have the same bandwidth 
regardless of signal strength, would represent a shape factor 
of 1 ; such a receiver cannot be designed at the present state 
of the art, although it can be approached by some ssb filters; 
the narrower cw filters, although much sharper at the nose, 
tend to broaden out to about the same bandwidth as the ssb 
filter and thus have a rather worse shape factor. Typically a 
high-grade modern receiver might have an ssb shape factor 
of 1-2 to 2 with a skirt bandwidth of less than 5kHz. 

It should be noted that such characteristics are determined 
when applying only one signal to the input of the receiver; 
unfortunately in practice this does not mean that a receiver 
will be unaffected by very strong signals operating many 
kilohertz away from the required signal and outside the i.f. 
passband; this important point will be considered later in 
this chapter. 

It therefore needs to be stressed that the effective selec¬ 
tivity cannot be considered solely in terms of static character¬ 
istics determined when just one test signal is applied to the 
input, but rather in the real life situation of hundreds of 
signals present at the input : in other words it is the dynamic 

selectivity which largely determines the operational value 
of an amateur hf receiver. 

Stability 

The ability of a receiver to remain tuned to a wanted 
frequency without drift depends upon the electrical and 
mechanical stability of the internal oscillators. The primary 
cause of instability in an oscillator is a change of temperature, 
usually as the result of internally generated heat. With valves, 
even in the best designs, there w ill usually be steady frequency 
variation of any oscillator using inductors and capacitors 
during a period of perhaps 15 minutes or more after first 
switching on; transistor and fet oscillators reach thermal 
stability in a few seconds, provided that they are not then 
affected by other local sources of heat. 

After undergoing a number of heat cycles, some compo¬ 
nents do not return precisely to their original values, making it 
difficult to maintain accurate calibration over a long period. 
Many receivers include a crystal controlled oscillator of high 
stability providing marker signals flor example every 
100kHz) so that receiver calibration can be checked and 
brought into adjustment. 

Fig 4.10. The ideal vertical sides of Fig 4.9 cannot be achieved in 
practice. The curves shown here are typical. These three curves 
represent the overall selectivity of receivers varying from the “just 
adequate“ broadcast curve of a superhet receiver having about four 
tuned i.f. circuits on 470kHz to those of a moderately good commu¬ 
nications receiver. A, B, C and D indicate four different scales often 
used to indicate similar results: A is a scale based on the attenuation 
in decibels from maximum response; B represents the relative 
signal outputs for a constant output; C is the output voltage com¬ 
pared with that at maximum response; D is the response expressed 

as a percentage. 

Receiver drift can be specified in terms of maximum drift 
in hertz over a specified time, usually quoting a separate figure 
to cover the warming-up period. For example a high-stability 
receiver might specify drift as "not worse than 200Hz in 
any five hour period at constant ambient temperature and 
constant mains voltage after one hour warm up”. 

Mechanical instability, which may appear as a shift of 
frequency when the receiver is subjected to mechanical shock 
or vibration, cannot easily be defined in the form of a per¬ 
formancespecification.Sturdy construction on a mechanically 
rigid chassis can help. The need for high stability for ssb 
reception has led to much greater use of crystal-controlled 
oscillators and various forms of frequency synthesis. 
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Spurious Responses 

One of the major defects of superhet receivers is that the 
same station may be received at more than one position of 
the tuning dial, or alternatively that the various oscillators 
within the receiver provide signals which may be tuned in at 
various points on the dial, as though they were external 
signals. This means, in practice, that strong broadcasting 
and commercial hf stations may be heard as though they 
were operating within the amateur bands. This question of 
spurious responses will be discussed in detail later; the most 
important is usually “image” reception of signals spaced 
twice the intermediate frequency away from the required 
signal, and in most receivers image reception increases with 
increasing frequency. Whereas for example on 3-5MHz 
noticeable “image” signals would be unusual except in the 
very simplest superhet designs, on 28MHz it is quite 
common, even with a fairly good receiver, for the “image” 
signal to be reduced perhaps by only 30dB. Ideally, since 
we are concerned with a range of signals which may differ 
in strength by up to one million times, spurious responses 
need to be reduced by 120dB; such a figure is seldom if 
ever achieved at 30MHz. 

Typically the image rejection of a receiver might be 
specified as “greater than 75dB relative to 1/xV below 
10MHz; greater than 60dB relative to l^V above 10MHz”. 

Internally generated spuriae might be specified as “below 
receiver noise over range 1-5 to 30MHz except at xMHz and 
yMHz, where they will not exceed 1-5/xV equivalent signal 
applied to aerial socket”. It is extremely difficult in a multi¬ 
conversion superhet to avoid these “birdies” altogether, 
and the problem then resolves itself to ensuring that they do 
not fall in frequently used portions of the amateur bands. 
This is largely a question of choice of i.f.(s). 

Cross-modulation, Blocking and Intermodulation 

Even with a receiver that is highly selective to one signal 
down to the —60dB level, there remains the problem of 
coping with numbers of extremely strong signals. When an 
unwanted signal is transmitting on a frequency that is well 
outside the i.f. passband of the receiver, it may unfortu¬ 
nately still affect reception as a result of cross-modulation, 
blocking or intermodulation. 

When any active device such as a transistor or valve is 
operated with an input signal that is large enough to drive 
the device into a non-linear part of its transfer characteristic 
(ie so that some parts of the input waveform are distorted and 
amplified to different degrees) the device acts as a “modu¬ 
lator”, impressing on the wanted signal the modulation of 
the strong signal by the normal process of mixing. When a 
very strong signal reaches a receiver the broad selectivity 
of the signal frequency tuned circuits, and often any tuned 
circuits, including i.f. circuits, prior to the main selective 
filter, means it w ill be amplified, along with the wanted signal, 
until one or more stages are likely to be driven into a non¬ 
linear condition. It should be noted that the strong signal 
may be many kilohertz away from the wanted signal, but 
once cross-modulation has occurred there is no means of 
separating the w'anted and unwanted modulation. A strong 
cw carrier can reduce the amplification of the wanted signal 
by a similar process which is in this case called desensitization, 
or in extreme cases blocking. 

In these processes there need be no special frequency 

Fig 4.11. Intermodulation products. This diagram shows the effect 
of two very strong signals on 21,200kHz and 21,250kHz reaching the 
front-end of a typical modern transceiver and producing spurious 
signals at 50kHz intervals. Note the S9 signals produced as the 
third-order products f1 4- (f1 — f2) and f2 — (f1 — f2). Three very 
strong signals will produce far more spurious signals, and so on. 

relationship between wanted and unwanted signals. How¬ 
ever a further condition arises when there are specific 
frequency relationships between wanted and unwanted 
signals, or between two strong unwanted signals; a process 
called intermodulation, see Fig 4.11. 

Intermodulation is closely allied to the normal mixing 
process but with strong signals providing the equivalent of 
local oscillators; unwanted intermodulation products 
(ips) can result from many different combinations of input 
signal. 

It should be appreciated that cross-modulation, blocking 
and intermodulation products can all result from the pre¬ 
sence of extremely strong unwanted signals applied to any 
stage having insufficient linearity over the full required 
dynamic range. The solution to this problem is either to 
reduce the strength of unwanted signals applied to the stage, 
or alternatively to improve the dynamic range of the stage. 

Clearly the more amplifying stages there are in a receiver 
before the circuits or filter which determines its final selec¬ 
tivity, the greater are the chances that one or more may be 
overloaded unless particular care is paid to the gain-distribu¬ 
tion in the receiver (see later). From this it follows that 
multiple conversion receivers are more prone to these 
problems than single-conversion or direct-conversion 
receivers. 

It is often difficult for an amateur to assess accurately 
the performance of a receiver in this respect; undoubtedly 
many multi-conversion superhets and many receivers based 
on bipolar transistors fall far below the desired performance. 
Even high-grade valve receivers are likely to be affected by 
S9 + 60dB signals 50kHz or more away from the wanted 
signal. 

The susceptibility of receivers to these forms of interference 
depends on a number of factors: notably the type of active 
device used in the front end of the receiver; the pattern of 
gain distribution through the receiver and how this is modified 
by the action of age. On receivers suffering from this problem 
(often most apparent on 7MHz where weak amateur stations 
may be sought alongside extremely strong broadcast stations) 
considerable improvement often results from the inclusion 
of an attenuator in the aerial feeder, since this will reduce 
the unwanted signals to an extent where they may not cause 
spuriae before reducing the wanted signal to the level where 
it cannot be copied. 

4.7 



RSGB—RADIO COMMUNICATION HANDBOOK 

Fig 4.12. Alternative methods of providing electrical bandspread 
tuning to reduce the tuning rate on general coverage receivers, (a) 
Small capacitor connected in parallel across the main tuning 
capacitor, (b) By tapping down the coil almost any required degree 
of bandspreading can be achieved to suit the different bands. 

If sufficient dynamic range could be achieved in all stages 
before the final selectivity filter, then selectivity could be 
determined at any point in the receiver (for example at first, 
second or third i.f. or even at af). 

In practice some semiconductor receivers are unable to 
cope with undesired signals more than about 2O-3OdB 
stronger than a required signal of moderate strength, though 
their “static” selectivity may be extremely good. The overall 
effect of limited dynamic range depends upon the actual 
situation and band on which the receiver is used ; it is of most 
importance on 7MHz or where there is another amateur 
within a few hundred yards. Even where there are no local 
amateurs, an analysis of commercial hf signals has shown 
that typically, out of a total of some 3,800 signals logged 
between 3 and 29MHz at strengths more than lOdB above 
atmospheric noise, 154 were between 60-70dB^V, 72 
between 70-80dB/zV, 36 between 80-90dB/xV and 34 between 
90-100dB/xV. If weak signals are to be received satisfactorily 
the receiver needs to be able to cope with signals almost 
lOOdB stronger (ie up to about S9 + 50dB). This underlines 
theimportanceof achievingfront-endstagesof extremely wide 
dynamic range or alternatively providing sufficient pre-mixer 
selectivity to cut down the strength of all unwanted signals 
reaching the mixer (preferably to well under 100mV). 

Another form of spurious response is where a strong 
signal breaks through into the i.f. stages of the receiver. 
For example, with a simple single-conversion receiver having 
an i.f. of 470kHz, strong coastal stations and ships operating 
around 500kHz may be heard; these signals can usually 
be eliminated by providing additional pre-mixer tuned 
circuits. With receivers having a high (first) i.f. or with the 
first i.f. tunable over a range of frequencies, it becomes 
increasingly difficult to keep strong hf signals from breaking 
through into the i.f. stages. Whereas ideally one would like 
an i.f. rejection (compared with the wanted signal) of 
almost 120dB, most amateurs would be well satisfied with 
80-100dB of protection; in practice many receivers with 
variable first i.f. do not provide more than about 40-60dB 
protection. 

Automatic Gain Control (AGC) 
The specification of a communications receiver will usually 

provide information on the operation of the age circuits 
indicating the change of audio output for a specified change 
of rf input. For example a really good system might show 
only a 3dB rise in audio output for an rf input change from 
1MV to 100mV. Equally important for the use of age on ssb 
and cw (where there are no steady carriers on which to base 
the operation of the system) are the attack and release times, 

that is to say how long a signal has to be present before the 
the age system responds to it, and for how long after it has 
gone will the system continue to limit gain; when this release 
time is significantly long, one has what is termed “hang” age. 
Generally one requires a very fast attack time (preferably 
20 milliseconds or less); and a long effective decay time 
(200ms to 1 second), although it is also useful to have avail¬ 
able a shorter release time (say 25ms) for “fast age”, for 
use with a.m. signals. Modern “hang” age systems are often 
based on two time constants to allow the system to be rela¬ 
tively unaffected by noise pulses while retaining fast attack 
and hang characteristics. 

Tuning Rate 
To tune accurately and rapidly to an ssb signal one needs 

to be able to adjust the receiver’s frequency to within about 
25Hz, and accurate tuning of this order is also highly desir¬ 
able for narrowband cw reception. This accuracy is unlikely 
to be achieved with normal mechanical tuning systems unless 
each complete revolution of the tuning knob represents only 
a moderate shift in frequency. Typical figure for a good 
receiver would be about 5-10kHz per revolution, although 
some operators prefer even lower figures. Equally important 
is a tuning mechanism with a smooth action, free from back¬ 
lash. A useful feature of receivers having a variable first i.f. 
is that an equal tuning rate can be achieved on all bands; 
this facility can also be provided on single conversion 
receivers by using pre-mixer frequency synthesis (see later). 
On many older receivers much higher tuning rates will be 
found, particularly on the higher frequency bands, and it is 
often beneficial to add a further step-down tuning mechanism 
in the form of a slow-motion dial operating on the normal 
tuning control of the receiver. 

DESIGN TRENDS 

After the “straight” receiver, because of its relatively poor 
performance and lack of selectivity on a.m. phone signals, 
had fallen into disfavour in the mid ’thirties, came the era of 
the superhet communications receiver. Most early models 
were single-conversion designs based on an i.f. of 455-
470kHz, with two or three i.f. stages, a multi-electrode 
triode-hexode or pentagrid mixer, sometimes but not 
always with a separate oscillator valve. This approach made 
at least one rf amplifying stage essential in order to raise the 
level of the incoming signal before it was applied to the 
relatively noisy mixer; two stages were to be preferred, since 
this meant they could be operated in less critical conditions 
and provided the additional pre-mixer rf selectivity needed 
to reduce “image” response on 14MHz and above. Usually 
a band-switched LC hf oscillator was gang-tuned so as to 
track with two or three signal frequency tuned circuits, 
calling for fairly critical and expensive tuning and alignment 
systems. These receivers were often designed basically to 
provide full coverage on the hf band (and often also the mf 
band), sometimes with a second tuning control to provide 
electrical band-spread on amateur bands, or with provision 
(as on the HRO) optionally to limit coverage to amateur 
bands only. Selectivity depended on the use of good 
quality i.f. transformers (sometimes with a tertiary tuned 
circuit) in conjunction with a single-crystal i.f. filter which 
could easily be adjusted for varying degrees of selectivity and 
included a phasing control for nulling out interfering 
carriers. 
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Fig 4.13. Block diagram of a typical modern ssb transceiver in which the receiver is a single conversion superhet with 9MHt i.f. in con 
function with the pre-mixer form of partial frequency synthesis. 

Later, to overcome the problem of image response with 
only one rf stage, there was a trend towards double or triple 
conversion receivers with a first i.f. of l-6MHz or above, a 
second i.f. about 470kHz and (sometimes) a third i.f. about 
50kHz. 

With a final i.f. of 50kHz it was possible to provide good 
single-signal selectivity without the use of a crystal filter. 

The need for higher stability than is usually possible with 
a band-switched hf oscillator and the attraction of a similar 
degree of band-spreading on all bands has in the past two 
decades led to the widespread adoption of an alternative 
form of multi-conversion superhet; this, in effect, provides a 
series of integral crystal-controlled “converters” in front of 
a superhet receiver (single or double conversion) covering 
only a single frequency range (for example 5,000-5,500kHz) 
This arrangement provides a fixed tuning span (in this 
example 500kHz) for each crystal in the hf oscillator. Since 
a separate crystal is needed for each band segment, most 
receivers of this type are designed for amateur bands only 
(though often with provision for the reception of a standard 
frequency transmission, for example on 10MHz); more 
recently some designs have eliminated the need for separate 
crystals by means of frequency synthesis, and in such cases 
it is economically possible to provide general coverage. 
The selectivity in these receivers is usually determined by a 
bandpass crystal filter, mechanical filter or multi-pole cera¬ 
mic filter, separate filters being used for ssb, cw and a.m. 
reception (although for economic reasons sets may be fitted 
with only one filter, usually intended for ssb reception). In 
this system the basic “superhet" section forms in effect a 
variable i.f. amplifier. 

In practice the variable i.f. type of receiver provides 
significantly enhanced stability and lower tuning rates on the 
higher frequency bands, compared with receivers using fixed 
i.f., though it is considerably more difficult to prevent break¬ 
through of strong signals within the variable i.f. range, and to 
avoid altogether the appearance of "birdies” from internal 
oscillators. Very many current receivers are based on this 
system and with careful design a high standard of perfor¬ 
mance can be achieved; the use of multiple conversion (with 
the selective filter further from the aerial input stage) makes 
the system less suitable for semiconductors than for valves, 
particularly where broad-band circuits are employed in the 
front-end and in the variable i.f. stage. 

There is now a trend back to the use of fixed i.f. receivers 

either with single-conversion or occasionally with double¬ 
conversion (provided that in this case an effective roofing 
filter is used at the first i.f.). A roofing filter is a selective 
filter intended to reduce the number of strong signals 
passing down an i.f. chain without necessarily being of such 
high grade or as narrow-band as the main selective filter. 
To overcome the problem of image reception a much higher 
first i.f. is used; for amateur band receivers this is often 
9MHz since effective ssb and cw filters at this frequency are 
now available. This reduces (though does not eliminate) the 
need for pre-mixer selectivity; while the use of low-noise 
mixers makes it possible to reduce or eliminate rf amplifica¬ 
tion. To overcome frequency stability problems inherent in a 
single-conversion approach, it is possible to obtain better 
stability with fet oscillators than was usually possible with 
valves; another approach is to use mixer-vfo systems 
(essentially a simple form of frequency synthesis) and such 
systems can provide identical tuning rates on all bands, 
though care has to be taken to reduce to a minimum spurious 
injection frequencies resulting from the mixing process. 
To achieve the maximum possible dynamic range, par¬ 

ticular attention has to be given to the mixer stage, and it is 
an advantage to make this a balanced, or double-balanced 
(see later) arrangement using either beam deflection valves, 
double-triodes, Schottky (hot-carrier) diodes or fets 
(particularly power fets). 

A further significant reduction of spurious responses may 
prove possible by abandoning the superhet in favour of high-
performance direct-conversion receivers (such as the 
Weaver or third-method ssb direct-conversion arrangement); 
such designs however are still only at an early stage of 
development. 

Many modern receivers are built in the form of compact 
transceivers functioning both as receiver and transmitter, and 
with some stages common to both functions (Fig 4.13). 
Modern transceivers often use semiconductor devices 
throughout the receiver stages, although valves continue to 
be used in the power stages of the transmitter. Dual-gate 
fet devices are generally found in the signal path of the 
receiver. Most transceivers have a common ssb filter for 
receive and transmit; this may be a mechanical or crystal 
filter at about 455kHz but current models more often use 
crystal filters at about 3,180, 5,20Q or 9,000kHz, since the 
use of a higher frequency reduces the total number of 
frequency conversions necessary. 
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Fig 4.14. (a) Basic superhet receiver based on integrated circuits, (b) A more typical communications receiver for a.m. and ssb reception 
using the SL600 range of integrated circuits manufactured by Plessey Ltd. 

One of the fundamental benefits of a transceiver is that it 
provides common tuning of the receiver and transmitter so 
that both are always “netted” to the same frequency. It 
remains however an operational advantage to be able to 
tune the receiver a few kilohertz around the transmit 
frequency and vice versa, and provision for this “incre¬ 
mental” tuning is often incorporated; alternatively some 
amateurs prefer to use a separate external vfo so that the 
two frequencies may be separated when required. 

The most critical aspect of modern receivers is the signal 
handling capabilities of the early (“front-end”) stages. 
Various circuit techniques are available to enhance such 
characteristics : for example the use of balanced (“push-pull”) 
rather than “single-ended” signal frequency amplifiers; the 
use of balanced or double-balanced mixer stages; the pro¬ 
vision of manual or age actuated aerial-input attenuators; 
and careful attention to the question of gain distribution. 

An important advantage of modern techniques such as 
linear integrated circuits and wide-band fixed-tuned filters 
rather than tunable resonant circuits is that they make it 
possible to build satisfactory receivers without the time¬ 
consuming and constructional complexity formerly associated 
with high-performance receivers. Nevertheless a multi-band 
receiver must still be regarded as a project requiring consider¬ 
able skill and patience. 

ACTIVE DEVICES FOR RECEIVERS 

The amateur is today faced with a wide and sometimes 
puzzling choice of active devices around which to design a 
receiver: valves, bipolar transistors, field effect transistors 
including single- and dual-gate mosfets and junction fets; 
special diodes such as Schottky (hot-carrier) diodes, and an 
increasing number of integrated circuits, many designed 
specifically for receiver applications. Each possesses advan¬ 
tages and disadvantages when applied to high-performance 
receivers, and most recent designs tend to draw freely from 
among these different devices. 

Valves 
In general the valve is bulky, requires additional wiring 

and power supplies for heaters, generates heat, and is subject 
to ageing in the form of a gradual change of characteristics 
throughout its useful life. On the other hand it is not easily 
damaged by high-voltage transients, is available in a wide 
variety of types for specific purposes to fairly close tolerances ; 
is capable of handling small signals with good linearity (and 
special types can cope well with large signals). It is only 
recently that semiconductor receivers can approach the 

dynamic range of a good valve receiver; nevertheless the 
future now lies with the semiconductor. 

Bipolar Transistors 
These devices can provide very good noise performance 

with high gain, are simple to wire and need only low voltage 
supplies consuming very little power and so generating very 
little heat(except power types needed to formtheaudio output 
stage). On the other hand they are low-impedance, current-
operated devices making the interstage matching more 
critical and tending to impose increased loading on the tuned 
circuits; they have feedback capacitances that may require 
neutralizing ; they are sensitive to heat, changing characteris¬ 
tics with changing temperature; they can be damaged by large 
input voltages or transients; provide significant noise side¬ 
bands when used as an oscillator. Their main drawback 
in the signal path of a receiver is the difficulty of achieving 
wide dynamic range (except multi-emitter rf power types) 
and satisfactory age characteristics. On the other hand 
bipolar transistors are suitable for most af applications. 
They are not recommended for rf/mixer/oscillator/i.f. 
applications, unless care is taken to overcome their limita¬ 
tions, for example by using relatively high-power types. The 
bipolars developed for catv (wire distribution of tv) such as 
the BFW17, BFWI7A, 2N5I09 etc, used with heat sinks, 
can form excellent rf stages or mixers. 

Field Effect Transistors 
These devices offer significant advantages over most 

bipolar devices for the low-level signal path. Their high 
input impedance makes accurate matching less important; 
their near square-law characteristics make them comparable 
with variable-mu valves in reducing susceptibility to cross¬ 
modulation ; they can readily be controlled by age systems. 
The dual-gate form of device is particularly useful for small¬ 
signal applications, and forms an important device for modern 
receivers. They tend however to be limited in signal handling 
capabilities. Special types of high-current field effect 
transistors have been developed capable of providing 
extremely wide dynamic range (up to 140dB) in the front¬ 
ends of receivers. A problem with fet devices is the wide 
spread of characteristics between different devices bearing the 
same type number, and this may make individual adjustment 
of the bias levels of fet stages desirable. The good signal 
handling capabilities of mosfet mixers can be lost by incor¬ 
rect signal or local oscillator levels. 

Integrated Circuits 
Special-purpose integrated circuits use large numbers of 

bipolar transistors in configurations designed to overcome 
many of the problems of circuits based on discrete devices. 
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Because of the extremely high gain that can be achieved 
within a single ic they also offer the home-constructor 
simplification of design and construction. High-performance 
receivers can be designed around a few special-purpose 
linear ics, or one or two consumer-type tes may alternatively 
form the “heart” of a useful communications receiver. It 
should be recognized however that their rf signal handling 
capabilities are less than can be achieved with special purpose 
discrete devices and their temperature sensitivity and heat 
generation (due to the large number of active devices in 
close proximity) usually make them unsuitable for oscillator 
applications. They also have a very wide spread of charac¬ 
teristics which make it desirable to select devices from a batch 
for critical applications. 

Integrated-circuit Precautions 
As with all semiconductor devices it is necessary to take 

precautions with integrated circuits, although if handled 
correctly high reliability may be expected. 

Recommended precautions include: 
(1) Do not use excessive soldering heat and ensure that the 

tip is not at significant potential to earth (due to mains 
leakage). 

(2) Check and recheck all connections several times 
before applying any voltages. 

(3) Keep integrated circuits away from strong rf fields. 
(4) Keep supply voltages within ± 10 per cent of those 

specified for the device on well-smoothed supplies. 
Integrated circuit amplifiers can provide very high gains 

(eg up to 80dB or so) within a single device having input and 
output leads separated by only a small distance: this means 
that careful layout is needed to avoid instability, and some 
devices may require the use of a shield between input and 
output circuits. Some devices have earth leads arranged so 
that a shield can be connected across the underside of the 
device. 

Earth returns are important in high gain devices: some (eg 
SL6I0) have input and output earth returns brought out 
separately in order to minimize unwanted coupling due to 
common earth return impedances, but this is not true of all 
devices. 

Normally ic amplifiers are not intended to require neu¬ 
tralization to achieve stability; unwanted oscillation can 
usually be traced to unsatisfactory layout or circuit arrange¬ 
ments. VHF parasitics may generally be eliminated by 
fitting a 10Q resistor in series with either the input or 
output lead, close to the ic. 

With high-gain amplifiers, particular importance attaches 
to the decoupling of the voltage feeds. At the low voltages 
involved, values of series decoupling resistors must generally 
be kept low so that the inclusion of low-impedance bypass 
capacitors is usually essential. Since high-ß rf chokes may 
be a cause of rf oscillation it may be advisable to thread 
ferrite beads over one lead of any rf choke to reduce the Q. 

As with bipolar transistors, ic devices (if based on bipolars) 
have relatively low input and output impedances so that 
correct matching is necessary between stages. The use of a 
fet source follower stage may be a useful alternative to 
stepdown transformers for matching. 

Maximum and minimum operating temperatures should 
be observed. Many linear devices are available at significantly 
lower cost in limited temperature ranges which are usually 
more than adequate for operation under normal domestic 
conditions. 

Because of the relatively high temperature sensitivity of 
bipolar-type integrated circuits, they are not suitable as 
free-running oscillators in high-performance receivers. 

For the very highest grade receivers discrete components 
and devices are still required in the front-end since currently 
available integrated circuits do not have comparable 
dynamic range. The ic makes possible extremely compact 
receivers; in practice miniaturization is now limited—at least 
for general purpose receivers—by the need to provide 
easy-to-use controls for the non-miniaturized operator. 

SPURIOUS RESPONSES 

A most important test of any receiver is the extent to which 
it receives signals when it is tuned to frequencies on which 
they are not really present, so adding to interference problems 
and misleading the operator. Every known type of receiver 
suffers from various forms of “phantom” signals, but some 
are much worse than others. Unfortunately, the mixing 
process is inherently prone to the generation of unwanted 
“products” and receiver design is concerned with minimizing 
their effect rather than their complete elimination. 

Spuriae may take the form of : 
(a) External signals heard on frequencies other than their 

true frequency. 
(b) Carriers heard within the tuning range of the receiver 

but stemming not from external signals but from the 
receiver's own oscillators (birdies'). 

(c) External signals which cannot be tuned out but are 
heard regardless of the setting of the tuning knob. 

In any superhet receiver tunable signals may be created in 
the set whenever the interfering station or one of its harmo¬ 
nics (often produced within the receiver) differs from the 
intermediate frequency by a frequency equal to the local 
oscillator or one of its harmonics. This is reflected in the 
general expression: mfu ± nf> = f where nt, n are any 
integers, including 0, /u is the frequency of the unwanted 
signal,/o is the frequency of the local oscillator, and/i is the 
intermediate frequency. 
An important case occurs when in and n are 1 giving 

/u — fo = fi. This implies that /□ will either be on the fre¬ 
quency to which the set is correctly tuned (/s) or differs from 
it by twice the i.f. (2 x /i), producing the so-called “image” 
frequency. This is either f, = fs + 2/ (for cases where the 
local oscillator is higher in frequency than the wanted signal, 
or fi = fs — 2f (where the local oscillator is lower in 
frequency than the wanted signal). 

For an example take a receiver tuned to about 14,200kHz 
with an i.f. of 470kHz and the oscillator high (ie about 
14,670kHz). Such a receiver may, because of “image”, 
receive a station operating on 14,200 + (2 x 470) = 
15,140kHz. Since 15,140kHz is within the “19-metre” 
broadcast band, there is thus every likelihood that as the 
set is tuned around 14,200kHz strong broadcast signals 
will be received. 

To reduce such undesirable effects pre-mixer selectivity 
must be provided in the form of more rf tuned circuits or rf 
bandpass filters, or by increasing the Q of such circuits, 
or alternatively by increasing the frequency difference 
between the wanted and unwanted "image” signals. This 
frequency separation can be increased by increasing the 
factor 2/1, in other words by raising the intermediate fre¬ 
quency, and so allowing the broadly tuned circuits at signal 
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frequency to have more effect in reducing signals on the 
unwanted “image” frequency before they reach the mixer. 

It should also be noted from the general formula mfa ± 
nfo that “image” is only one (though usually the most 
important) of many possible frequency combinations that 
can cause unwanted signals to appear at the intermediate 
frequency, even on a single conversion receiver. The problem 
is greatly increased when more than one frequency conver¬ 
sion is employed. 

Even with good pre-mixer selectivity it is still possible for a 
number of strong signals to reach the mixer, drive this or an 
rf stage into non-linearity and then produce a series of inter¬ 
modulation products as spurious signals within an amateur 
band (see Fig 4.11). 

The harmonics of the hf oscillator(s) may beat against 
incoming signals and produce output in the i.f. passband; 
strong signals may generate harmonics in the receiver stages 
and these can be received as spuriae. Most such forms of 
spuriae can be reduced by increasing pre-mixer selectivity 
to decrease the number of strong signals reaching the mixer, 
by increasing the linearity of the early stages of the receiver, 
or by reducing the amplitude of signals within these stages 
by the use of an aerial attenuator. 

Very strong signals on or near the i.f. may break directly 
into the i.f. amplifier and then appear as untunable inter¬ 
ference. This form of interference (although it then becomes 
tunable) is particularly serious with the variable i.f. type of 
multiple conversion receiver since there are almost certain 
to be a number of very strong signals operating over the 
segment of the hf spectrum chosen to provide the variable i.f. 
Direct breakthrough may occur if the screening within the 
receiver is insufficient or if signals can leak in through the 
early stages due to lack of pre-mixer selectivity. For single 
conversion and double-conversion with fixed first i.f. it is 
common practice to include a resonant “trap” (tuned to the 
i.f.) to reject incoming signals on this frequency. The mul¬ 
tiple conversion superhet contains more internal oscillators 
and harmonics of the second and third (and occasionally 
the bfo) can be troublesome. For amateur-bands-only 
receivers every effort should be made to choose intermediate 
and oscillator frequencies that avoid as far as possible the 
effects of oscillator harmonics (“birdies”). 

Because of the great difficulty in eliminating spurious 
responses in double and triple conversion receivers, the 
modern designer tends to think more in terms of single¬ 
conversion with high i.f. (eg 9MHz). Potentially the direct-
conversion receiver is even more attractive, though it needs 
to be fairly complex to eliminate the “audio-image” response. 
It must also have sufficient linearity or pre-detector selec¬ 
tivity to reduce any envelope detection of very strong signals 
which may otherwise break through into the audio channel, 
regardless of the setting of the heterodyne oscillator. The 
direct-conversion receiver can also suffer from spuriae 
resulting from harmonics of the signal or oscillator and this 
needs to be reduced by rf selectivity. 

Gain Distribution 
In many receivers of conventional design, it has been the 

practice to distribute the gain throughout the receiver in 
such a manner as to optimize signal-to-noise ratio and to 
minimize spurious responses. So long as relatively noisy 
mixer stages were used it was essential to amplify the signal 
considerably before it reached the mixer. This means that 
any strong unwanted signals, even when many kilohertz 

TYPICAL GAIN x4 xIO X 10 xIO 
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Fig 4.15. This diagram shows how unwanted signals are built up in 
high-gain front-ends to levels at which cross-modulation, blocking 

and intermodulation are virtually bound to occur. 

from the wanted signal, pass through the early unselective 
amplifiers and are built up to levels where they cause cross¬ 
modulation within the mixer, see Fig 4.15. Today it is 
recognized that it is more satisfactory if pre-mixer gain can 
be kept low to prevent this happening. Older multi-grid 
valve mixers had an equivalent noise resistance as high as 
200,0000 (representing some 4-5/xV of noise referred to the 
grid). Later types such as the ECH81 and 6BA7 reduced this 
to an enr of about 60,0000 (about 2-25/xV of noise) while 
the enr of pentode and triode mixers is lower still (although 
these may not be as satisfactory for mixers in other respects). 
Table 4.1 shows the enr of valves which are widely used in rf 
amplifier and mixer stages. 

For example the 6J6 has a mixer enr of under 2,0000, 
while the 7360 beam-deflection mixer has extremely wide 
dynamic range and an enr of only 1,5000. When the enr is 
less than about 3,0000 no pre-mixer amplification is needed 
in an hf receiver. 

The noise contribution of semiconductor mixers is also 
low—for example an fet mixer may have a noise factor as 

TABLE 4.1 
Equivalent noise resistance of typical valves 

RF Amplifiers 
6AC7 . 720 
6AC7 . 220 

(triode connected) 
6 AG 5   1900 
6AK5 . 1880 
6AK5 . 385 

(triode connected) 
6BA6 . 3520 
6BQ7A . 390 
6BZ6 . 1460 
6CB6 . 1440 
6F23   670 
6F24   370 
6J6   470 
6K7   16,400 
6SG7 . 3300 
6SH7 . 2850 
6SJ7 . 5840 
6SK7 . 10,500 
6U8(pentode) ... 2280 
6U8 (triode) ... 295 
12AT7   380 
12AU7   1140 
12AX7   1560 
ECC84 . *420 
ECC85 . 500 

EF42 . 750 
EF50 . 1400 
EF54 . 700 
EF85 . 1500 
EF91 . 1200 
EF183   490 
EF184   300 
KTW61 . 5000 
Z77   1000 

Mixers 
6AK5 . 7520 
6BA6 . 14,080 
6BA7 . 60,000 
6BE6 . 190,000 
6J6   1880 
6K8   290,000 
6L7   255,000 
6SA7 . 240,000 
6SB7Y . 62,000 
6U8 (pentode) ... *9300 
6U8 (triode) ... 2000 
12AT7 . 2400 
12AU7   7280 
ECF86 (pentode) *2700 
ECH31 ... 66,000 
7360   1500 

♦ Calculated 

Notes: The above values are normally makers’ optimum figures and 
the enr will rise sharply when the mutual conductance is lowered by 
increasing the bias or due to valve ageing. 
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Total i40dB 

Fig 4.16. Representative gain distribution in a typical double-conver¬ 
sion receiver designed to optimize signal-to-noise rather than to 

achieve optimum dynamic range. 

low as 3dB—so that generally the designer need no longer 
worry unduly about the requirement for pre-mixer amplifica¬ 
tion to overcome noise problems. Nevertheless a signal 
frequency stage may still be useful in helping to overcome 
image reception by providing a convenient and efficient 
method of coupling together signal frequency tuned circuits, 
and when correctly controlled by age it becomes an automatic 
large-signal attenuator. Pre-mixer selectivity limits the 
number of strong signals reaching the mixer. 

Fig 4.16 shows a typical gain distribution as found in many 
double conversion superhets. Fig 4.17 shows a more modern 
design in which the signal applied to the first mixer is much 
lower than before. 

Choice of I.F. 
Choice of the intermediate frequency or frequencies is a 

most important consideration in the design of any superhet 
receiver. The lower the frequency, the easier it is to obtain 
high gain and good selectivity and also to avoid unwanted 
leakage of signals round the selective filter. On the other 
hand, the higher the i.f. the greater will be the frequency 
difference between the wanted signal and the “image” 
response, so making it simpler to obtain good protection 
against image reception of unwanted signals and also 
reducing the “pulling” of the local oscillator frequency. 
These considerations are basically opposed, and the i.f. 
of a single-conversion receiver is thus a matter of compro¬ 
mise; however in recent years it has become easier to obtain 
good selectivity with higher-frequency bandpass crystal filters 
and it is no longer any problem to obtain high gain at high 
frequencies. The very early superhet receivers used an i.f. of 
about 100kHz; then for many years 455-470kHz was the 
usual choice; many modern designs use between about 3 
and 9MHz, and ssb i.f. filters are now available to 40MHz. 
Where the i.f. is higher than the signal frequency the action of 
the mixer is to raise the frequency of the incoming signal, 
and this process is now often termed up-conversion (a term 
formerly reserved for a special form of parametric mixer). 
Up-conversion, in conjunction with a low-pass filter at the 

input, is an effective means of reducing i.f. breakthrough 
as well as image response. 

A superhet receiver, whether single- or multi-conversion, 
must have its first i.f. outside its tuning range. For general¬ 
coverage hf receivers tuning between say 1-5 and 30MHz, 
this limits the choice to below l-5MHz or above 30MHz. 
To reduce image response without having to increase pre-
mixer rf selectivity (which can involve costly gang-tuned 
circuits) professional designers are increasingly using a first 
i.f. well above 30MHz. This trend is being encouraged by 
the availability of vhf crystal filters suitable for use either 
directly as an ssb filter or more often with relaxed specifica¬ 
tion as a roofing filter. 

The use of a very high first i.f. however tends to make the 
design of the local oscillator more critical (unless the 
Wadley triple-conversion drift-free technique is used). 
For amateur-bands-only receivers the range of choice for the 
first i.f. is much wider, and 3-395MHz and 9MHzare typical. 

A number of receivers have adopted 9MHz i.f. with 
5-O-5-5MHZ local oscillator: this enables 4MHz-3-5MHz 
and 140-14-5MHZ to be received without any band 
switching in the vfo, other bands are received using crystal-
controlled converters with output at 3-5 or 14MHz. 

Selective Filters 
The selectivity characteristics of any receiver are deter¬ 

mined by filters: these filters may be at signal frequency (as 
in a straight receiver); intermediate frequency; or audio 
frequency (as in a direct conversion receiver). Filters at 
signal frequency or i.f. are usually of bandpass characterstics ; 
those at af may be either band-pass or low-pass. With a very 
high first i.f. (112-150MHz) low-pass filters may be used at 
rf. 

A number of different types of filters are in common use: 
LC (inductor-capacitor) filters as in a conventional i.f. 
transformer or tuned circuit; crystal filters; mechanical 
filters; ceramic filters; RC (resistor-capacitor) active filters 
(usually only at af but feasible also at i.f.). 

The significance of “nose” and “skirt” bandwidths, and 
“shape factor” was noted earlier. In many receivers, the 
overall shape factor is about 3 to 10. Very high-grade filters 
can have shape factors better than 11. A filter for ssb 
reception should have a nose bandwidth of about 2-2 to 
2-5kHz; for cw about 300 to 500Hz. 

LC filters By using high-g inductors it is possible to con¬ 
struct effective ssb filters only up to about 150kHz, but LC 
filters (i.f. transformers) are generally used only in support 
of other forms of filter. Fig 4.18 shows the conventional 
use of LC filters to form inter-stage coupling. The slope and 
shape of the characteristics are affected by the degree of 
coupling between the resonant circuits. The effective Q of 

Fig 4.17. Gain distribution in a high-performance semiconductor single-conversion receiver built by G3URX using 7 integrated circuits, 
27 transistors and 14 diodes. 1pV signals can be received 5kHz off tune from a 60mV signal, and the limiting factor for weak signals is the 
noise sidebands of the local oscillator, although the phase-locked vfo gives lower noise and spurious responses than the more usual pre-

mixer vfo system. 
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Fig 4.18. Typical inter-valve i.f. trans¬ 
former couplings, (a) The conventional 
double-circuit i.f. transformer, (b) A triple 
tuned i.f. transformer provides a useful 
improvement in skirt selectivity, (c) If a 
triple tuned i.f. transformer is not avail¬ 
able two conventional i.f. transformers 
can be used to provide four tuned circuits 

per stage. 

filters of this type may be increased considerably by the 
technique of Q-multiplication: this depends on the high Q 
obtainable from a tuned circuit when it is operated near the 
point of oscillation. Some modern amateur receivers use Q-
multiplication to sharpen up the selectivity for cw while 
using an ssb filter; this is a more economical approach than 
using separate ssb and cw crystal/mechanical filters. 

Crystal filters A quartz crystal is the equivalent of a series/ 
parallel tuned circuit of extremely high Q. During the period 
1935 to about 1960 single-crystal filters were commonly 
fitted in communications receivers, with a sharply peaked 
resonance usually between 455 and 470kHz, but occasionally 
about 1,600kHz. Such filters can have a nose bandwidth 
of only a few hundred hertz, though the shape factor is not 
very good; variable selectivity can be achieved by varying 
the impedance into which the filter operates, a low impedance 
providing extremely narrow bandwidths. Although this form 
of filter is still very well suited to cw reception, it is not ideal 
for ssb, although satisfactory results can be achieved by the 
use of a treble-rise af network (“stenode” reception). 
Largely as a result of the increasing use of ssb, it is now more 
common to use multiple-crystal filters providing bandpass 
characteristics with centre frequencies up to 9MHz or so. 
Crystals may be grouped to form one filter or distributed in 
pairs over a number of stages. 

Crystal Filters 
The selectivity of a tuned circuit is governed by its fre¬ 

quency and by its Q (ratio of reactance to resistance). There 
are practical limits to the Q obtainable in coils and i.f. 
transformers. In 1929, Dr J. Robinson, a British scientist, 
introduced the quartz crystal resonator into radio receivers. 
The advantages of such a device for communication receivers 
were appreciated by James Lamb of the American Radio 
Relay League and he made popular the i.f. crystal filter 
for amateur operators. 

For this application a quartz crystal may be considered as 
a resonant circuit with a Q of from 10,000 to 100,000 com¬ 
pared with about 300 for a very high grade coil and capacitor 
tuned circuit. From Chapter 1, it will be noted that the 
electrical equivalent of a crystal is not a simple series or 
parallel tuned circuit, but a combination of the two: it has 
(a) a fixed series resonant frequency (/s) and (b) a parallel 
resonant frequency (/p). The frequency (/P) is determined 
partly by the capacitance of the crystal holder and by any 

added parallel capacitance and can be varied over a small 
range. 

The crystal offers low impedance to signals at its series 
resonant frequency; a very high impedance to signals at its 
parallel resonant frequency, and a moderately high im¬ 
pedance to signals on other frequencies, tending to decrease 
as the frequency increases due to the parallel capacitance 

While there are a number of ways in which this high Q 
circuit can be incorporated into an i.f. stage, a common 
method—providing a variable degree of selectivity—is shown 
in Fig 4.19. When the series resonant frequency of the crystal 
coincides with the incoming i.f. signals, it forms a sharply 
tuned “acceptor” circuit, passing the signals with only 
slight insertion loss (loss of strength) to the grid of the 
succeeding stage. The exact setting of the associated parallel 
resonant circuit, at which the crystal will offer an extremely 
high resistance, is governed by the setting of the phasing 
control which balances out the effect of the holder capaci¬ 
tance. Such a filter can provide a nose selectivity of the order 
of 1kHz bandwidth or less, while the sharp rejection notch 
w hich can be shifted by the phasing control through the pass 
band can be of the order of 45dB. Fig 4.20 shows the 
improvement which can be obtained by switching in a filter of 
this type in a good communications receiver (a simple method 
of switching the filter is to arrange the phasing trimmer to 
short-circuit at one end of its travel). Inspection of the 
response curve will show that the improvement in the skirt 
selectivity is not so spectacular as at the nose, and even with a 

Fig 4.19. Variable selectivity crystal filter. Selectivity is greatest when 
the impedance of the tuned circuit is reduced by bringing the 
variable resistor fully into circuit. For optimum results there must 
be adequate screening to prevent stray coupling between the input 
and output circuits which would permit strong off-resonance signals 

to leak round the filter. 
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Fig 4.20. A graph showing the improvement in selectivity which 
can be obtained by the use of a crystal filter of the type shown in 

Fig 4.19. 

well-designed filter may leave something to be desired in the 
presence of strong signals. 
The degree of selectivity provided by a single crystal 

depends not only upon the Q of the crystal and the i.f. but 
also upon the impedance of the input and output circuits. 
The lower these impedances are, the greater will be the effect 
of the filter, though this will usually be accompanied by a 
rise in insertion loss. To broaden the selectivity curve and 
make the Q of the filter appear less, it is only necessary to 
raise the input or output impedances. In Fig 4.19 the input 
impedance may be lowered by detuning the secondary of the 
i.f. transformer. The output impedance will depend upon 
the setting of the variable resistor which forms the selectivity 
control. With minimum resistance in circuit, the tuned 
circuit will offer maximum impedance, which can be gradu¬ 
ally lowered by bringing more resistance into circuit. 
Maximum impedance corresponds with minimum selectivity. 

A disadvantage of the single crystal filter is that when used 
in the position of maximum selectivity, it may introduce 
considerable “ringing", rendering it difficult to copy a weak 
cw signal: this is due to the tendency of a high Q circuit 

to oscillate for a short period after being stimulated by a 
signal, producing a bell-like echo on the signal. 

Since the minimum nose bandwidth of a single crystal 
filter may be as low as 100-200Hz it is not possible to receive 
a.m. signals through the filter unless its efficiency is degraded 
by a high impedance or by “stenode” tone correction. 
If this is done, such a filter will often prove most useful for 
telephony reception through bad interference, though at 
some cost to the quality of reproduction. Even the most 
simple form of crystal filter, consisting of a crystal in series 
with the i.f. signal path, without balancing or phasing, can 
be of use. 

Bandpass Crystal Filters 
As already noted, the sharply peaked response curve of a 

single-crystal filter is not ideal, and has by modern standards 
a relatively poor shape factor: improved results can be 
achieved with what is termed a half-lattice or bandpass 
filter. Basically, this comprises two crystals chosen so that 
their scries resonant frequencies differ by an amount approxi¬ 
mately equal to the bandwidth required; for example about 
300Hz apart for cw, 3-4kHz apart for a.m. telephony or 
2kHz apart for ssb, see Fig 4.21(b). This form of filter, 
developed in the 'thirties, has in recent years come into wide¬ 
spread amateur use. Although it has a much improved slope 
over the single crystal filter, in its simplest form there will 
still be certain frequencies, just outside the main passband, 
at which the attenuation is reduced. Unless a balancing trim¬ 
mer is connected across the higher frequency crystal the sides 
of the response curve tend to broaden out towards the 
bottom. As the capacitance across the crystal is increased, 
the sides of the curve steepen, but the side lobes tend to 
become more pronounced. Capacitance across the lower 
frequency crystal broadens the response and deepens the 
trough in the centre of the passband. 
To eliminate the “humps” in the response curve addi¬ 

tional crystals may be included in the filter; these may be up 
to about six in number, Fig 4.22. Examples of bandpass filter 
response characteristics are shown in Fig 4.21. Alternatively, 
additional filter sections may be incorporated in the i .f. section 
in cascade. An advantage of using several cascaded filters is 
that less critical balancing and adjustment are needed. Pro¬ 
vided that there is no leakage of i.f. signals around the filter 
due to stray capacitances or other forms of unwanted 
coupling (an important consideration with all selective filters) 

4.21. Half-lattice crystal filters showing the improvement in the shape of the curve which can be obtained when the crystals are correctly 
balanced or when extra crystals are used to reduce the "humps". Typical crystal frequencies would be XI 464 8kHz, X2 466 7kHz. X3 463kHz 

X4468 5kHz. 
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Fig 4.22. Up to about six crystals 
may be used in a single half-lattice 
filter. Here is a variable selectiv¬ 
ity unit for 465kHz using FT241 
crystals. XI 461 1kHz (49); X2 
462 9kHz (50); X3 468 5kHz (53); 
X4 470 4kHz (54); X5 464 8kHz 
(51); X6 466 7kHz (52). Numbers 
in brackets refer to channel num¬ 
bers for FT241 crystals. T1 and 
L/C should be tuned to mid-filter 

frequency. 

extremely good shape factors of the order of 1-5 can be 
achieved with about three cascaded filters on about 460kHz. 
This system is used in the receiver described on p4.50. 
There will bean insertion loss of the order of 6dB per section. 

To provide a sharp variable rejection notch, it is advan¬ 
tageous to incorporate some form of bridged-T filter or 
Q multiplier in order to be able to eliminate steady hetero¬ 
dyne interference. 

To reduce susceptibility to cross-modulation or blocking, 
crystal and other selective filters should be placed as near as 
possible to the front end of the receiver. 

Where the first fixed i.f. is too high for a crystal filter to be 
completely effective, it is nevertheless advantageous to 
include a preliminary filter at this point, with the more 
selective filter later in the receiver (but still at the earliest 
practicable stage). 

Crystals for MF Bandpass Filters 
For mf bandpass filters, most amateurs use surplus type 

FT241 crystals. These are in two groups labelled in frequency 
and with a channel number. The fundamental frequencies 
are from 370 to 540kHz. The first group are marked in 
frequencies from 20 to 27-9MHz with channel numbers up 
to 79. The actual crystal frequency may be found by dividing 
the frequencies marked on the holder by 54. As the channels 
are spaced 0-1 MHz apart, the crystal separations are 
1 -85kHz. The second group of FT241 crystals are marked 
from 27 to 38-9MHz in 0-1 MHz steps, with channel numbers 
from 270 to 389; the fundamental frequency can be found by 
dividing the marked frequency by 72. The spacing of this 
group is about 1-49kHz. FT241 crystals of similar channel 
numbers are likely to show some slight spread of frequencies. 
Should the precise frequencies required not be available, it 
is possible to raise the frequency of a crystal by edge grinding 
and to lower it by plating. 

AN/TRC-1 crystals in similar holders to the FT241 series 
are available in fundamental frequencies from 729 to 
1,040 kHz and marked in channel numbers from 70 to 99-9. 

High Frequency Crystal Filters 
At high frequencies it becomes increasingly more difficult 

to obtain entirely satisfactory results with home-construction 
although excellent factory-built ssb bandpass filters arc 
available (at appreciable cost) at 9 and 10-7MHz. Filters for 
use as “roofing filters” are similarly available at vhf. 

Effective hf crystal filters using FT243 crystals between 5-5 
and 6-5MHz have been built by a number of amateurs; 
typical designs are shown in Fig 4.23. 

It should be noted that crystal filters are not always linear 

and passive and can give rise to intermodulation products 
when subject to high-level signals; imd performance can 
sometimes be improved by interchanging the input and 
output connections. It is likely that the ferrites used in the 
matching transformers contribute to this problem. 

Typically good ssb bandpass crystal filters use four to 
six crystals. A more recent form of hf and vhf filter is the 
compact monolithic crystal filter (mxf). Such filters consist of a 
quartz wafer on which pairs of metal electrodes are deposited 
on opposite sides of the plate. Complete filters may occupy 
only a TO-5 transistor capsule, and can be designed for 
resonant frequencies up to the uhf region. 

Ladder Crystal Filters 
For home-construction a particularly useful alternative to 

the half-lattice arrangement is the ladder filter, which can 
provide excellent ssb filters at frequencies between about 

(a) 

Fig 4.23. Typical hf crystal filters using FT243 crystals. 
(a) Filter using four crystals (F1 = F1'; F2 = F2' = F1 + 1,500 to 
2,500Hz); C1, 2,000pF; C2, 47pF; C3, 3-30pF; C4, 3-10pF. L1 and L3 
to resonate at filter frequency with C2. L2 to resonate with about 
15pF setting of C3. R should be 2,000». (b) Filter using six crystals 
and capable of “nose” passbands of 2 4-3kHz and —60dB skirt band¬ 
width of 6-7kHz. The sets of X1 and X2 crystals should be separated 
by 1 7kHz in series resonant mode. R1, R2 and R3 are 560 to 820». 
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4-11 MHz. This form of crystal filter uses a number of crystals 
of the same (or nearly the same) frequency and so avoids the 
need for accurate crystal etching or selection. Further, 
provided it is correctly terminated, it does not require the use 
of transformers or inductors. Plated crystals such as the 
HC6U or 10XJ types are more likely to form good ssb filters, 
although virtually any type of crystal may be used for cw 
filters. 
A number of practical design approaches have been 

described by J. Pochet, F6BQP, (“Technical Topics”, Radio 
Communication September 1976 and Wireless World July 
1977) and in a series of articles “Some experiments with hf 
ladder crystal filters” by J. A. Hardcastle, G3JIR (Radio 
Communication December 1976, January, February and 
September 1977). 

Fig 4.25 outlines the F6BQP approach. By designing for 
lower termination impedances and/or lower frequency 
crystals excellent cw filters can be formed. A feature of the 
ladder design is the very high ultimate out-of-band rejection 
that can be achieved (75-95dB) in three- or four-section 
filters. For ssb filters at about 8MHz a suitable design 
impedance would be about 800 Í2 with a typical “nose” 
bandpass of 2-21kHz. 

Ceramic Filters 
Piezoelectric effects are not confined to quartz crystals; in 

recent years increasing use has been made of certain ceramics, 
such as lead zirconate titanate (PZT). Small discs of PZT, 
which resonate in the radial dimension, can form economical 
selective filters in much the same way as quartz, though with 
considerably lower Q Ceramic i.f. “transfilters” are a con¬ 
venient means of providing the low impedances needed for 
bipolar transistor circuits. The simplest ceramic filters use 
just one resonator, but numbers of resonators can be 
coupled together to form filters of required bandwidth and 
shape factor. While quite good nose selectivity is achieved 
with simple ceramic filters, multiple resonators are required 
if good shape factors are to be achieved. Some filters are of 
"hybrid” form using combinations of inductors and ceramic 
resonators. 

Examples of ceramic filters include the Milliard LPI175 
in which a hybrid unit provides the degree of selectivity 
associated with much larger conventional i.f. transformers; 
a somewhat similar arrangement is used in the smaller Toko 
filters such as the CFT455C which has a bandwidth (to 
— 6dB) of 6kHz. A more complex 15-element filter is the 

Fig 4.24. Monolithic form of hf crystal bandpass filter (mxf). 
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Fig 4.25. Crystal ladder filters, investigated by F6BQP, can provide 
effective ssb and cw bandpass filters. All crystals (X) are of the same 
resonant frequency and preferably between 8 and 10MHz for ssb 
units. To calculate values for the capacitors multiply the coefficients 
given above by 1/(2nfR) where f is frequency of crystal in hertz 
(MHz by 10"), R is input and output termination impedance, and 2n 
is roughly 6 28. (a) Two-crystal unit with relatively poor shape 
factor, (b) Three-crystal filter can give good results, (c) Four-crystal 
unit capable of excellent results, (d) Practical realization of four-
crystal unit using 8,314kHz crystals, 10 per cent preferred-value 
capacitors and termination impedance of 820Í2. Note that for 
crystals between 8 and 10MHz the termination impedance should 
be between about 800 and 1,000£2 for ssb. At lower crystal frequencies 
use higher design impedances to obtain sufficient bandwidth. For 
cw filters use lower impedance and/or lower frequency crystals. 

Murata CFS-455A with a bandwidth of 3kHz at —6dB, 
7-5kHz at —70dB and insertion loss 9dB, with input and 
output impedances of 2kQ and centre frequency of 455kHz. 
In general ceramic filters are available from 50kHz to about 
10'7MHz centre frequencies. 
Ceramic filters tend to be more economical than crystal 

or mechanical filters but have lower temperature stability 
and may have greater passband attenuation. 

Mechanical and Miscellaneous Filters 
Very effective ssb and cw filters at intermediate frequencies 

from about 60 to 600kHz depend on the mechanical 
resonances of a series of small elements usually in the form of 
discs: Fig 4.27. The mechanical filter consists of three basic 
elements: two magneto-striction transducers which convert 
the i.f. signals into mechanical vibrations and vice versa; a 
series of metal discs mechanically resonated to the required 
frequency; disc coupling rods. Each disc represents a high Q 
series resonant circuit and the bandwidth of the filter is 
determined by the coupling rods. 6-60dB shape factors can 
be as low as about 1-2, with low passband attenuation. 

Other forms of mechanical filters have been developed 
which include ceramic piezoelectric transducers with 
mechanical coupling; they thus represent a combination of 
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Fig 4.26. Representative types of ceramic filters. 

ceramic and mechanical techniques. These filters may consist 
of an H-shaped form of construction; such filters include a 
range manufactured by the Toko company of Japan. 
Generally the performance of such filters is below that of the 
disc resonator type, but can still be useful. 

Surface acoustic wave filters are being developed for 
possible bandpass filter applications where discrete-element 
filters have previously been used, including i.f. filters. 

STABILITY OF RECEIVERS 

The resolution of ssb speech and the reception of a cw 
signal requires that a receiver can be tuned to, and remain 
within, about 25-3OHz of the frequency of the incoming 
signal. At 29MHz this represents a tolerance of only about 
one part in a million. For amateur operation the main 

TRANSDUCER ROD 

Fig 4.27. The Collins’mechanical filter. I.F. signals are converted into 
mechanical vibrations by a magneto-strictive transducer and passed 
along a series of resonant discs, then finally reconverted into elec¬ 
trical (i.f.) signals by a second magneto-strictive transducer. The 
bandwidth of the filter is governed by the number of resonant discs 
and the design of the coupling rods. Very good shape factors can be 
achieved but the maximum frequency of such filters is usually 

about 500kHz. 

requirement is that this degree of stability should be main¬ 
tained over periods of up to about 30 min. Long-term 
stability is less important for amateurs than short-term stab¬ 
ility; it will also be most convenient if a receiver reaches this 
degree of stability within a fairly short time of switching on. 

It is extremely difficult to achieve or even approach this 
order of stability with a free-running, band-switched variably 
tuned oscillator working on the fundamental injection fre¬ 
quency, although with care a well-designed fet oscillator can 
come fairly close. This has led (in the same way as for trans¬ 
mitting vfo units) to various frequency-synthesis techniques 
in which the stability of a free-running oscillator is enhanced 
by the use of crystals. The following are among the tech¬ 
niques used: 

(1) Multi-conversion receiver with crystal-controlled first 
oscillator and variable first i.f. This very popular technique 
has a tunable receiver section covering only one fixed 
frequency band; for example 5 0 to 5-5MHz. The oscillator 
can be carefully designed and temperature compensated over 
one band without the problems arising from the uncertain 
action of wavechange switches, and can be separated from 
the mixer stage by means of an isolating or buffer stage. For 
the front-end section a separate crystal is needed for each 
tuning range (the 28MHz band may require four or more 
crystals to provide full coverage of 280MHz to 29-7MHz). 

(2) Partial synthesis The arrangement of (1) becomes 
increasingly costly to implement as the frequency coverage 
of the variable i.f. section is reduced below about 500kHz. 
or is required to provide general coverage throughout the hf 
band. Beyond a certain number of crystals it becomes mere 
economical (and offers potentially higher stability) if the 
separate crystals are replaced by a single high-stability 
crystal (eg 1MHz) from which the various band-setting 
frequencies arc derived (Fig 4.28). This may be done, for 
example, by digital techniques or by providing a spectrum 
of harmonics to one of which a free-running oscillator is 
phase-locked. It will be noted that with this system the tuning 
within any band still depends on the vfo and for this reason 
is termed partial synthesis. 
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Fig 4.28. Partial frequency synthesis using 
fixed range vfo with MHz signals derived 

from a single 1M Hz crystal. 

(3) Single-conversion receiver with heterodyne (pre-mixer) 
vfo In this system of partial synthesis, the receiver may be a 
single-conversion superhet (or dual-conversion with fixed 
i.f.s) (Fig 4.29). The variable hf injection frequency is 
obtained using a heterodyne-type vfo, in which the output 
of a crystal-controlled oscillator is mixed with that of a 
single-range vfo, and the output is then filtered and used as 
the injection frequency. The overall stability will be much 
the same as for (1) but the system allows the selective filter 
to be placed immediately after the first mixer stage. However 
to reduce spurious responses the unwanted mixer products 
of the heterodyne-vfo must be reduced to a very low level 
and not reach the mixer. As with the tunable i.f. system, this 
arrangement results in equal tuning rates on all bands. The 
system can be extended by replacing the series of separate 
crystals with a single crystal plus phase-locking arrangement 
as in (2). 

(4) Fixed i.f. receiver with partial frequency synthesis An 
ingenious frequency synthesizer (due to Plessey) incorporat¬ 
ing an interpolating LC oscillator and suitable for use with 
single- or multiple-corversion receivers having fixed inter¬ 
mediate frequencies is outlined in Fig 4.30. The output of the 
vfo is passed through a variable-ratio divider and then added 

to the reference frequency by means of a mixer. The sum of 
the two frequencies applied to the mixer is selected by means 
of a bandpass filter and provides one input to a phase 
comparator; the other input to this phase comparator is 
obtained from the output of the voltage-controlled oscillator 
after it has also been divided in the same ratio as the inter¬ 
polating frequency. The phase comparator can then be used 
to phase lock the vco to the frequency mfret + fits where m 
represents the variable-ratio division. If for example fTet is 
IM Hz and/yto covers a tuning range of l-2MHz and the 
variable ratio dividers are set to 16, then the vco output can 
be controlled over 17,000kHz to 18,000kHz; if the ratio 
divider is changed to 20 then the tuning range becomes 
21,000kHz to 22,000kHz and so on. The use of two relatively 
simple variable ratio divider chains thus makes it possible 
to provide output over the full hf range, with the vfo at a low 
frequency (eg l-2MHz). 

Fig 4.30. A digital form of partial synthesis developed by Plessey and 
suitable for use in single-conversion receivers. 

Fig 4.29. Pre-mixer heterodyne vfo system provides constant tuning 
rate with single conversion receiver. Requires a number of crystals 
and care must be taken to reduce spurious oscillator products 

reaching the main mixer. 

(5) VXO Local Oscillator For reception over only small 
segments of a band or bands, a variable-crystal oscillator 
(vxo) can be used to provide high stability for mobile or 
portable receivers. As explained in Chapter 6, the frequency 
of a crystal can be "pulled” over a small percentage of its 
nominal frequency without significant loss of stability. The 
system is attractive for small transceivers. 

(6) Drift-Cancelling Wadley Loop A stable form of front¬ 
end for use with variable i.f.-type receivers is the multiple¬ 
conversion Wadley loop which was pioneered in the Racal 
RA17 receiver (Fig 4.31). By means of an ingenious triple 
mixing arrangement a variable oscillator tuning 40-5 to 
69-5MHzanda I MHz crystal oscillator provides continuous 
tuning over the range 0-5 to 30MHz as a series of 1MHz 
segments. Any drift of the variable vhf oscillator is auto¬ 
matically corrected. Although the system has been used 
successfully in home-constructed receivers, it is essential 
to use a good vhf band-pass filter (eg 40MHz ± O-65MHz) 
if spurious responses are to be minimized. Further since it 
involves multiple conversion in the signal-path it is difficult 
(especially in all-semiconductor form) to achieve wide 
dynamic range. 
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CIRCUITRY 

(7) Full Frequency Synthesis In this system all the required 
injection frequencies are derived from one or more high-
stability crystal oscillators in a series of discrete steps which 
may be spaced at 1kHz intervals or less (some professional 
receivers provide 10Hz steps). Sometimes the required 
frequency is set up on a series of dials, or the synthesizer is 
controlled by the action of knob switching to provide the feel 
of conventional tuning. The availability of low-cost digital 
integrated] circuits, which can be used to form a variable 
ratio divider, makes it possible for the amateur to consider 
building fully synthesized receivers (Fig 4.32). However it 
should be stressed that unless great care is taken, there may 
be excessive “noise” (jitter) on the output signal, spurious 
outputs and the possibility of interference from the high¬ 
speed pulses formed within the frequency synthesizer. 

back-to back configuration. Such a combination passes 
signals less than the potential hill of the diodes (about 0-3V 
for germanium diodes, about 0-6V for silicon diodes) but 
provides virtually a short circuit for higher voltage signals. 
This system is usually effective but has the disadvantage that 
it introduces non-linear devices into the signal path and may 
occasionally be the cause of cross- and inter-modulation. 

The mosfct devices are particularly vulnerable to static 
puncture and some types (eg RCA 40673) include built in 
zener diodes to protect the “gates” of the main structure. 
Since these have limited rating it may still be advisable to 
support them with external diodes or small gas filled 
transient suppressors. 

Receiver Protection 
Receivers, particularly where they are to be used alongside 

a medium- or high-powered transmitter, need to be protected 

Input Circuits and RF Amplifiers 
It has already been noted that with low noise mixers it is 

now possible to dispense with high gain rf amplification. 
Amplifiers at the signal frequency may however still be 
advisable to provide: pre-mixer selectivity; an age controlled 
stage which is in effect a controlled attenuator on strong 
signals; to counter the effects of conversion loss in diode 
mixer stages. 

niques—typical of the approach now used in many professional hf 
receivers. 

Fig 4.33. Cascode rf amplifier using two jfets with transistor as age 
control element. 
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Fig 4.34. Typical rf input circuits used to enhance rf selectivity and 
capable of providing more than 40dB attenuation of unwanted 

signals 10 per cent off tune. 

In practice semiconductor rf stages are often based on 
junction FETs as shown in Fig 4.33 or dual-gate mosfets, 
or alternatively integrated circuits in which large numbers of 
bipolar transistors are used in configurations designed to 
increase their signal handling capabilities. 

Tuned circuits between the aerial and the first stage (mixer 
or rf amplifier) have two main functions: to provide high 
attenuation at the image frequency; to reduce as far as 
possible the amplitude of all signals outside the i.f. passband. 

Most amateur receivers still require good pre-mixer 
selectivity; this can be achieved by using a number of tuned 
circuits coupled through low-gain amplifiers, or alternatively 
by tunable or fixed band-pass filters that attenuate all signals 
outside the amateur bands (Fig 4.34). The most commonly 
used input arrangement consists of two tuned circuits with 
screening between them and either top-coupled through a 
small value fixed capacitor, or bottom-coupled through 
a small common inductance. Slightly more complex but 
capable of rather better results is the minimum-loss Cohn 
filter; this is capable of reducing signals 10 per cent olf-tune 
by as much as 60dB provided that an insertion loss of about 
4dB is acceptable. This compares with about 50dB (and 
rather less insertion loss) for an undercoupled pair of tuned 
circuits. The Cohn filter is perhaps more suited for use as a 
fixed band-pass filter which can be used in front of receivers 

Fig 4.35. Cohn minimum loss bandpass filter suitable for providing 
additional rf selectivity to existing receivers. Values for 14MHz 
L 2-95mH, 2L 5-9mH, Lm 0-27mF, C1 22pF with 25pF trimmer, C2 340pF, 
C3 10 60p F (about 34pF nominal). Values for 3 5M Hz L 8m H, 2L 16/tH, 
Lm 2-4mH, C1 150pF • 33pF 4- 5-25pF trimmer, C2 1nF, C3 150pF 4-

10-60pF trimmer. 

+ 20V 

Fig 4.36. Broadband rf amplifier using power fet and capable of 
handling signals to almost 3-V p-p, 0 5 to 40MHz with 2-5dB noise 
figure and 140dB dynamic range. Drain current 40mA. Voltage gain 

10dB. 

having inadequate rf selectivity. Fig 4.35 shows suitable 
values for 3-5 and 14MHz filters. 

Broadband and untuned rf stages are convenient in 
construction but can be recommended only when the devices 
used in the front-end of the receiver have wide dynamic 
range. An example shown in Fig 4.36 is a power fet designed 
specifically for this application and operated in the earthed-
gate mode suitable for use on incoming low-impedance 
coaxial feeders. 

Unless the front-end of the receiver is capable of coping 
with the full range of signals likely to be received, it may be 
useful to fit an attenuator working directly on the input 
signal. Such attenuators are particularly useful in front of 
integrated-circuit and mosfet amplifiers. Fig 4.37 shows 
simple techniques for providing manual attenuation control; 
Fig 4.38 is a switched attenuator providing constant impe¬ 
dance characteristics. 

Various forms of attenuators controlled from the age line 
are possible. Fig 4.39 shows a system based on p-i-n diodes; 
Fig 4.40 is based on toroid ferrite cores and can provide 
up to about 45dB attenuation when controlled by a potentio¬ 
meter. Fig 4.41 shows an adaptation with mosfet control 
element for use on age lines although the range is limited to 
about 20dB. 

The tuned circuits used in front ends may be based on 
toroid cores since these can be used without screening with 
little risk of oscillation due to mutual coupling. 

It is important to check filters and tuned circuits for non¬ 
linearity in iron or ferrite materials. Intermodulation and 
cross-modulation can be caused by the cores where the flux 
level rises above the point at which saturation effects begin 
to occur. 

A wideband amplifier placed in front of a mixer of wide 

Fig 4.37. Simple attenuators for use in front of a receiver of restricted 
dynamic range, (a) No attempt is made to maintain constant 

impedance, (b) Represents less change in impedance. 
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Fig 4.38. Switched aerial attenuator for incorporation in semicon¬ 
ductor receivers. 

dynamic range must itself have good dynamic range. Dyna¬ 
mic range can be defined as the ratio of the minimum 
detectable signal (lOdB above noise) to that signal which 
gives a barely noticeable departure from linearity (eg IdB 
gain compression). 

Amplifiers based on power fets can approach 140dB 
dynamic range when operated at low gain (about lOdB) and 
with about 40mA drain current. This compares with about 
90 to lOOdB for good valves (eg E810F), 80 to 85dB for small 
signal fet devices; 70 to 90dB for small-signal bipolars. The 
dynamic range of an amplifier can be increased by the opera¬ 
tion of two devices in a balanced (push-pull) mode. 

Fig 4.36 shows an amplifier with a dynamic range 

Fig 4.39. Five p-i-n diodes in a double-T arrangement form an agc-
controlled attenuator. The sum of the transistor collector currents 
is maintained constantto keep inputand output impedances constant. 

approaching 140dB and suitable for use in front of a 
double-balanced Schottky diode mixer. It should be appreci¬ 
ated however that power fets are relatively expensive 
devices, although these are some lower cost devices such as 
the Siliconix E3I0. 

Since the optimum dynamic range of an amplifier is usually 
achieved when the device is operated at a specific working 
point (ie bias potential) it may be an advantage to design the 
stage for fixed (low) gain with front-end gain controlled by 
means of an aerial attenuator (manual or agc-controlled). 
Attenuation of signals ahead of a stage subject to cross¬ 
modulation is often beneficial since IdB of attenuation 
reduces cross-modulation by 2dB. 

For semiconductor stages using fets and bipolar tran¬ 
sistors the grounded-gate and grounded-base configuration 
is to be preferred. Special types of bipolar transistors (such 
as the BF314, BF324 developed for fm radio tuners) provide 
a dynamic range comparable with many junction fets, a 
noise figure of about 4dB and a gain of about 15dB with a 
collector current of about 5mA. Generally the higher the 
input power of the device the greater is likely to be its signal 
handling capabilities: overlay and multi-emitter rf power 
transistors or those developed for catv applications can have 
very good intermodulation characteristics. 

For general purpose small-signal unneutralized amplifiers 

Fig 4.41. Automatic aerial attenuator based on the technique shown 
in Fig 4.40. 
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Fig 4.42. Typical dual-gate mosfet rf or i.f. amplifier. G2 is normally 
biased to about one-third of the positive voltage of drain. In place of 
manual gain control point X can be connected to a positive age line. 

the zener-protected dual-gate mosfet is probably the best 
and most versatile of the low-cost discrete semiconductor 
devices, with its inherent cascode configuration. If gate 2 
is based initially at about 30 to 40 per cent of the drain 
voltage, gain can be reduced (manually or by age action) 
by lowering this gate 2 voltage with the advantage that this 
then increases the signal handling capacity at this stage. This 
type of device can be used effectively for rf, mixer, i.f., 
product detector, af and oscillator applications in hf 
receivers. 

Mixers 

Much attention has been given in recent years to improv¬ 
ing mixer performance in order to make superhet designs 
less subject to spurious responses and to improve their 
ability to handle weak signals in the presence of strong 
unwanted signals. In particular there has been increasing 
use of low-noise balanced and double-balanced mixers, 
sometimes constructed in wideband form. 

Mixers operate either in the form of switching mixers 
(the normal arrangement with diode mixers) or in what are 
termed “continuous non-linear” (cnl) modes. Generally 
switching mixers can provide better performance than cnl 
modes but require more oscillator injection. The concept of 
“linearity” in mixers may seem a contradiction in terms 
since in order to introduce frequency conversion the device 
must behave in a highly non-linear fashion in so far as the 
oscillator/signal mixing process is concerned and the term 
“linearity” refers only to the signal path. 

For valve receivers a breakthrough was the appearance 
of the beam-deflection mixer (7360, 6JH8) which can be used 
in unbalanced or balanced arrangements as a switching-type 
mixer, with a noise performance that makes it suitable for 
use as the first stage of an hf receiver. As for all switching 

TABLE 4.2 
Basic mixer arrangements 

Characteristic Single- Single- Double-
ended balanced balanced 

Bandwidth several decade decade 
decades 
possible 

Relative intermodulation 
density 1 0-5 0-25 
Interport isolation Little 10-20dB > 30dB 
Relative oscillator power OdB + 3dB + 6dB 

TABLE 4.3 
Device comparisons 

Device Advantages Disadvantages 

Bipolar Low noise figure 
transistor High gain 

Low de power 
Diode Low noise figure 

High power handling 
High burn-out level 

JFET Low noise figure 
Conversion gain 
Excellent in performance 

Square law characteristic 
Excellent overload 
High burn-out level 

Dual-gate Low im distortion 
mosfet AGC 

Square law characteristic 

High intermodulation 
Easy overload 
Subject to burncut 
High Io drive 
Interface to i.f. 
Conversion loss 
Optimum conversion gain 

not possible at optimum 
square law response 
level 

High Io power 

High noise figure 
Poor burnout level 
Unstable 

mixers there is a requirement for appreciable oscillator power. 
The 7360 can provide exceptional performance in its ability 
to handle input signals of the order of 2-5V, with conversion 
gain of 20dB and noise figure of only 5dB. 

Because of their near square-law characteristics field effect 
devices make successful mixers provided that care is taken on 
the oscillator drive level and the operating point (ie bias 
resistor); preferably both these should be adjusted to suit 
the individual device used (Figs 4.43, 4.44). 

Low-noise mixers capable of wide dynamic range (Fig 
4.45) and handling signals of the order of a volt or more 
include: 
Power fets or catv bipolars in balanced and double¬ 

balanced configurations. 
Beam deflection valves (7360, 6JH8). 
Parametric up-converters 
Wide but rather lower dynamic ranges can be achieved 

with: 
Balanced triode mixers. 
Balanced and double-balanced mixers using Schottky (hot 

carrier) diodes. 
Signal levels of the order of 10-50mV (taking into account 

the necessary pre-mixer gain) can be handled by a number 
of devices including multi-electrode valves, double-balanced 
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Fig 4.44. Typical dual-gate mosfet mixer—one of the best “simple” 
semiconductor mixers providing gain and requiring only low 

oscillator injection, but of rather limited dynamic range. 

Fig 4.46. Double-triode mixer designed for good strong-signal 
performance rather than maximum sensitivity and suitable for use 

as a second mixer, using such valves as 12AU7, 12AT7. 

mixers in integrated circuit form, field-effect devices such as 
JFETS, MOSFETS, dual-gate MOSFETS etc. 

Optimum performance of a mixer requires correct levels 
of the injected local oscillator signal and operation of the 
device at the correct working point. This is particularly 
important for fet devices. Some switching-mode mixers 
require appreciable oscillator power. 

junction FETs used as mixers can be operated in three 
different ways: (1) rf signal applied to gate, oscillator signal 
to source; (2) rf signal to source, oscillator signal to gate; 
and (3) rf and oscillator signals applied to gate. Approach 
(1) provides high conversion gain but requires high oscillator 
power and may result in oscillator pulling; (2) gives good 
freedom from oscillator pulling and requires low oscillator 
power, but provides significantly lower gain; (3) gives fairly 

high gain with low oscillator power and may often be the 
optimum choice. For all fet mixers careful attention must 
be paid to operating point and local oscillator drive level. 
For most applications the dual-gate mosfet mixer (Fig 4.44) 
probably represents the best of the “simple” arrangements. 

Among semiconductor devices, the trend has been towards 
the use of Schottky (hot-carrier) diodes in the diode ring 
double-balanced configuration using wide-band ferrite 
toroid transformers (Fig 4.47); such an arrangement can 
have a dynamic range of over lOOdB with a noise figure of 
6-5 to 7dB, but has a conversion loss of about 5 to 6dB; it 
can cope with signals of up to about 300 to 500mV. Double¬ 
balanced mixers of this type need care in construction if 
optimum performance and rejection of unwanted outputs 
are to be achieved. For optimum performance of a receiver 
on 28 and 21 MHz, such a mixer should be preceded by a 
low gain rf amplifier, but quite acceptable results can be 
obtained using the mixer as the first stage. 

2 X 2N4416 

' K 

|dc balance| Output □ •01 
output 

2OOp 
:100p 

180p 

lOO^H 

HP528O-2800 

100p 

470k 

— 0.01 

0.01 

I F output 

(—1»9V) 

27k 

-O-18V 

PHASE 
balance 

J 25 
•pev 

Local 
oscillator 

Oscillator 
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Fig. 4.45 Low-noise mixers of wide dynamic range, (a) 
Diode ring mixer using Schottky (hot carrier) diodes, 
(b) Balanced fet mixer (preferably used with devices 
taking fairly high current), (c) 7360 balanced beam-

deflection tube mixer. 
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TABLE 4.4 
Mixer Products 

1 Unbalanced Mixer 

Local Oscillator fo 

fo_ 2fo_ 3fo_ 4fo_ 5fo

fs fo ± fs 2fo i fs 3fo ± fs 4fo ± fs ^fo ± fs 
2fs 2ft ± fo 2fo ± 2ft 3fo ± 2ft 4fo ± 2ft 5fo ± 2fs
3ft 3ft ± fo 3ft ± 2fo 3fo ± 3ft 4fo ± 3ft 5fo ± 3ft 
4fs ^fs ± fo ^fs ± 2fo 4ft ± 3fo 4fo ± 4ft 5fo ± 4 ft 
5fs 5ft ± fo 5ft ± 2fo 5ft ± 3fo 5ft ± 4fo 5fo ± 5ft 

2 Balanced Mixer—half the number of mixer products 
fo 2fo 3fo 4fo 5fo 

fs fo i ft 2fo ± fs 3fo ± fs 4fo ± f$ 5fo ± fs 
2ft — — — — — 
3ft 3ft ±fo 3fs£2fo 3ft±3fo 4fo ± 3ft 5fo ± 3ft 

5ft 5ft ± fo 5ft ± 2fo 5ft ± 3fo 5ft ± 4fo 5fo ± 5ft 

3 Double-Balanced Mixer—one quarter the number of mixer products 
fo 2fo 3fo 4fo 5fo 

fs fo±fs — 3fo±ft — 5fo ±ft 
2ft — — — — — 
3ft 3ft ±fo — 3fo±3ft — 5fo ± 3ft 
4ft — — — - — 
5ft 5ft ± fo — 5ft ± 3fo — 5fo ± 5ft 

Note a product such as 2fo ± fs is known as a third-order product, 3fs ± 3fo as a sixth-order product and so on. 

50Í1 

Fig 4.48. Balanced mixer using dual-gate MOSFETs. 

TRIFILAR 2:1 
TRANSFORMER 

Fig 4.47. Double-balanced diode ring mixing showing how additional 
bifilar-wound transformers can be added to improve balance, with 
details of the transformers. The three strands of wire should be 
twisted together before winding, each winding consists of 12 to 
20 turns (depending on frequency range) of No 32 enam wire. Injec¬ 

tion signal should be 0 8 to 3V across 50i2 (4 12mW). 

Signal 

Fig 4.49. Double-balanced active fet mixer of wide dynamic range 
using jfet quad of power-type fets. 
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More recently it has been shown that wider dynamic range, 
coupled with conversion gain rather than loss, is possible 
using field effect devices as switching mixers in balanced and 
double-balanced wide band mixers. Extremely good strong 
and weak signal performance can be achieved using power 
fet devices such as the U310, E310, CP640 series. A balanced 
fet mixer using 2N4416 fets can cope with signals up to 
about 800mV; with power fets a dynamic range of over 
lOOdB can be achieved. 
Both active and passive fet switching mode mixers can 

give wide dynamic range; the active mixer provides some 
conversion gain, the passive arrangement in which the fet acts 
basically only as a switch results in conversion loss and must 
be followed by a low-noise i.f. amplifier (Fig 4.50). 

A special form of double-balanced mixer is based on the 
use of cross-coupled valves, transistors or fets (Fig 4.51); 
an advantage of this configuration is that there is no 
requirement for push-pull drive or balanced input/output 
transformers. This technique, using bipolar transistors, forms 

the basis of the SL640 integrated circuit double-balanced 
mixers. 

A technique capable of providing extremely wide dynamic 
range is the parametric up-converter. An up-converter may 
be considered a mixer of the form /signat+ /osc, that is to say 
the i.f. output will always be higher than incoming signal 
frequency, enabling good image rejection even with a simple 
low-pass filter input circuit. The active element is one or 
more varactor diodes (Fig 4.53) for which the capacitance 
C characteristic, as a function of the applied voltage P, is 
very sharp and of the constant CV" type, where n > 1. 

Although the maximum usable gain of this form of mixer 
is equal to the ratio of output frequency to input frequency 
(Manley-Rowe law) gain can be stabilized over the range 
1-5 to 30MHz at about 6dB. With sufficient oscillator 
(“pump”) power excellent mixer linearity can be achieved at 
very low noise. 

Although complicated in theory, such parametric up-
converters are reasonably simple to implement. However 

Fig 4.51. Use of cross-coupled transistors to form a double-balanced 
mixer without special balanced input transformers. A similar 

approach is used in the SL641 mixers. 
Fig 4.52. Double-balanced i.c. mixer circuit for use with pA796 or 

MC1596G etc devices. 
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Fig 4.53. Basic circuit of parametric up converter used with i.f. of the 
order of 112MHz. 

if the upper limit of the receiver is 30MHz it is advisable for 
the first i.f. of an up-conversion receiver to be at least three 
and preferably five times this frequency, implying an i.f. 
of 100 to 150MHz. While such receivers are produced for 
professional purposes, the difficulty of providing a good 
roofing or ssb filter at such frequencies has so far limited 
their amateur application: it is also difficult to keep the noise 
sidebands of a vhf pump source sufficiently low to achieve in 
practice the benefits that are theoretically possible. 

The HF Oscillator(s) 
The frequency to which a superhet or direct conversion 

receiver responds is governed not by the input signal fre¬ 
quency circuits but by the output of the local oscillator. 
Any frequency variations or drift of the oscillator are 
reflected in variation of the received signal; for ssb reception 
variations of more than about 50Hz will render the signal 
unintelligible unless the set is retuned. Some of the design 
techniques by which stability can be improved have already 
been outlined, but for most amateur receivers stability is 
still largely determined by one or more free-running oscil¬ 
lators. 

The overall stability of a single conversion model thus 
depends on the high frequency oscillator (hfo) and to a lesser 
extent (since it is usually at a lower frequency) on the bfo; 
that of a double conversion model on the stability of all 
three oscillators, and so on. Generally it is more difficult 
to achieve good stability as the frequency increases, which is 

one reason why so many receivers use a crystal controlled 
hfo, while designing the variable oscillator at lower frequency. 

The prime requirements of an oscillator used for hetero¬ 
dyne conversion are: freedom from frequency changes 
resulting from mechanical vibration or temperature changes; 
sufficient output for maximum conversion efficiency; low 
harmonic output (particularly important in second and third 
oscillators); no undue variation of output throughout the 
tuning range. The methods and circuits used to achieve 
these results are substantially the same as for transmitter 
VFOS. 

Where a vfo is to be used in conjunction with the variable-
i.f. or pre-mixer technique it need cover only a single range; 
for example 1MHz or commonly 500kHz. The absence of 
range switching makes it possible to design this for high-
stability, along the lines associated with a transmitter vfo. 

Fig 4.54 shows a fet vfo which, if all recommended 
precautions are taken, is capable of providing an extremely 
stable source. The following precautions should be noted: 

(1) Design with genuine Vackar configuration, ie 
C/(C4 + C6) = C3/C2 6. 

(2) Mount in strong box (eg diecast). 
(3) Use high quality variable capacitor (eg Jackson U101) 
(4) C2 should be air-spaced and adjusted fortheminimum 

capacitance that allows the circuit to oscillate freely. 
(5) Variable capacitors should preferably be effectively 

cleaned before construction (eg ultrasonic bath if at 
all possible). 

(6) Temperature compensation should be provided. For 
example by means of an Oxley “Tempatrimmer” or 
the lower-cost "Thermotrimmer”. 

(7) Cl, C3 and C6 should be silver-mica types firmly 
stuck (eg by Araldite) to conven.ent firmly mounted 
components or chassis. 

(8) RI should be 2W type for minimum heating, and of 
low inductance. 

(9) The use of good buffer/isolating amplifier is essen¬ 
tial; the two-stage arrangement shown should prove 
entirely satisfactory. 

(10) Use in conjunction with a well-stabilized power 
supply (for example using a zener diode with constant¬ 
current fet). Disc ceramic bypass capacitors should be 
used liberally along the supply rail to prevent feed¬ 
back. 

(11) L, Cl, C2, C3, C4, C6, RI and fet source connection 

Fig 4.54. High-stability fet Vackar 
vfo covering 5 88 to 6 93MHz. 
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should have a common earthing point (for example 
one of the fixing screws of C4). 

(12) Ceramic coil formers preferred but iron dust-cores 
can be used to facilitate calibration adjustment; 
ferrite cores should be avoided for this application. 

(13) Keep wiring leads short and use stiff wire (16 or 
18swg) for all interconnections affecting the oscillator 
tank coil. 

Oscillator Noise and Reciprocal Mixing 
A single conversion superhet requires a variable hf 

oscillator which should not only be stable but should provide 
an extremely “pure” signal with the minimum of noise side¬ 
bands. Any variation of the oscillator output in terms of 
frequency drift or sudden "jumps” will cause the receiver to 
detune from the incoming signal. The need for a spectrally 
pure output is less readily grasped, yet it is this feature which 
represents a practical limitation on the performance of 
modern receivers. This is due to noise sidebands or jitter 
in the oscillator output. Noise voltages, well known in 
amplifiers, occur also in oscillators, producing output volt¬ 
ages spread over a wide frequency band and rising rapidly 
immediately adjacent to the wanted oscillator output. 

The noise jitter and sidebands immediately adjacent to the 
oscillator frequency are particularly important. When a large 
interfering signal reaches the mixer on an immediately 
adjacent channel to the wanted signal, this signal will mix 
with the tiny noise sidebands of the oscillator (the sidebands 
represent in effect a spread of oscillator frequencies) and so 
may produce output in the i.f. pass-band of the receiver: 
this effect is termed reciprocal mixing. Such a receiver will 
appear noisy, and the effect is usually confused with a high 
noise factor. 

At hf the “noise” output of an oscillator falls away very 
sharply either side of the oscillator frequency, yet it is now 
recognized that this noise may be sufficient to limit the 
performance of a receiver. Particular care is necessary with 
some forms of frequency synthesizers, including those based 
on the phase-locking of a free-running oscillator, since these 
can often produce significantly more noise sidebands and 
jitter than that from a free-running oscillator alone. 

Synthesizers involving a number of mixing processes may 
easily have a noise spectrum 40 to 50dB higher than a basic 
LC oscillator. A tightly controlled phase-locked oscillator 
with variable divider might be some 20 to 30dB higher than 
an LC oscillator, but possibly less than this where the vco is 
inherently very stable and needs only infrequent “correction". 

For LC and crystal oscillators, it appears that field effect 
transistors provide minimum noise sidebands; valves next; 
with bipolar transistors third. This is another reason why 
the fet is a good choice for an oscillator. 

Fig 4.55 shows in simplified form the basic mechanism of 
reciprocal mixing. Because of the noise sidebands (or 
“skirts”) of the local oscillator some part of the strong 
unwanted signal is translated into the receiver’s i.f. passband 
and thus reduces the snr of a weak wanted signal; further 
(not shown) a small fragment of the oscillator noise also 
spreads out to the i.f., enters the i.f. channel and reduces the 
snr. In practice the situation is even more complex since the 
very strong unwanted carrier will itself have noise sidebands 
which spread across the frequency of the wanted signal and 
degrade snr no matter how pure the output of the local 
oscillator. 

Unwanted noise in I F channel due to 
reciprocal mixing 

Fig 4.55. Showing mechanism whereby reciprocal mixing degrades 
the snr of weak signals in the presence of strong signals due to the 

noise sidebands of the local oscillator. 

Fig 4.56 indicates the practical effect of reciprocal mixing 
on high performance receivers; in the case of receiver “A” 
(typical of many high-performance receivers) it is seen that 
the dynamic selectivity is degraded to the extent that the snr 
of a very weak signal will be reduced by strong unwanted 
signals (1 to 10mV or more) up to 20kHz or more off tune, 
even assuming that the front-end linearity is such that there 
is no cross-modulation, blocking or intermodulation. Reci¬ 
procal mixing thus tends to be the limiting factor affecting 
very weak station performance in real situations, although 
intermodulation or cross-modulation characteristics become 
the dominant factors with stronger signals. 

It is thus important in the highest-performance receivers to 
pay attention to achieving low noise sidebands in oscillators, 
and this is one reason why the simpler forms of frequency 
synthesizers, which often have appreciable jitter and noise 
in the output, must be viewed with caution despite the high 
stability they achieve. The three major forms of basic oscil¬ 
lator noise are: (1) low frequency (If) noise which predomi¬ 
nates very close to carrier but is insignificant beyond about 
250Hz; (2) thermal noise which predominates between about 

dB 
1pV — 0 

10¿jV — 20 

1OO^V — 40 

1 mV — 60 

10mV — 80 

lOOmV — 100 

I-1-1-1-1 I I I I 
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Frequency (kHz) 

Fig 4.56. Reciprocal mixing due to oscillator noise can modify the 
overall selectivity curve of an otherwise very good receiver. 
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Fig 4.57. Typical automatic gain controlled i.f. amplifiers using (a) valves (b) dual-gate MOSFETs and (c) integrated circuits. 

25OHz to about 20kHz from carrier; and (3) “shot” noise 
attributable to noise current and more or less evenly spread 
at all frequencies. Since the shot noise of an oscillator spreads 
across the i.f. channel care is needed with low noise mixers to 
limit the amount of this injection-source noise that enters 
the i.f. amplifier. Balanced and double-balanced mixers 
provide up to about 30dB rejection of oscillator noise. 
Another technique is to use a rejector “trap” (tuned circuit) 
resonant at the i.f. between oscillator and mixer. 

Optimum oscillator performance calls for the use of a fet 
withahigh forward transconductanceand fora high unloaded 
tank-circuit Q. 

For switching mode mixers and product detectors the 
optimum oscillator output waveform would be a square wave 
but this refinement is comparatively rare in practice. 

I.F. Amplifiers 
The i.f. remains the heart of a superhet receiver, for it is 

in this section that virtually all of the voltage gain of the 
signal and the selectivity response are achieved. Whereas 
with older superhets having significant front-end gain, the 
i.f. gain was of the order of 7O-8OdB. today it is often over 
lOOdB. 

Where the output from the mixer is low (possibly less than 
I /xV) it is essential that the first stage of the i.f. section should 
have low noise characteristics and yet not be easily over¬ 
loaded. Although it is desirable that the crystal filter (or 
roofing filter) should be placed immediately after the mixer, 
the very low output of diode and passive fet mixers may 
require that a stage of amplification takes place before the 
signal suffers the insertion loss of the filter. 
Similarly it is important that where the signal passes 

through the sideband filter at very low levels the subsequent 
i.f. amplifier must have good noise characteristics. Further, 
for optimum cw reception, it will often be necessary to 
ensure that the noise bandwidth of the i.f. amplifier after the 
filter is kept narrow. The noise bandwidth of the entire 
amplifier should be little more than that of the filter. This 
can be achieved by including a further narrow-band filter 
(for example a single-crystal filter with phasing control) 
later in the receiver, or alternatively by further frequency 
conversion to a low i.f. 

To achieve a flat age characteristic it may be desirable for 
all i.f. amplifiers to be controlled by the age loop; and it is 
important that amplifier distortion should be low throughout 
the dynamic range of the control loop. 

The dual-gate mosfet (Fig 4.57(b)) with reverse age on 
gate 1 and partial forward age on gate 2 has excellent cross¬ 
modulation properties but the control range is limited to 
about 35dB per stage. Integrated circuits with high perfor¬ 
mance gain controlled stages are available (Fig 4.57(c)). 

For valve amplifiers frame grid valves such as the EF183 
provide a control range of over 50dB and cope well with large 
signals (Fig 4.57(a)). 

Where a high-grade ssb or cw filter is incorporated it is 
vital to ensure that signals cannot "leak” around the filter 
due to stray coupling; good screening and careful layout are 
needed. 

In multiple conversion receivers, it is possible to provide 
continuously variable selectivity by arranging to vary slightly 
the frequency of a later conversion oscillator so that the 
bandpass of the two i.f. channels overlap to differing degrees. 
For optimum results this requires that the shape factor 
of both sections of the i.f. channel should be good, so that 
the edges are sharply defined. 

With double-tuned i.f. transformers, gain will be maxi¬ 
mum when the product kQ is unity (where k is the coupling 
between the windings). I.F. transformers designed for this 
condition are said to be critically coupled; when the coupling 
is increased beyond this point (over-coupled) maximum gain 
occurs at two points equally spaced about the resonant 
frequency with a slight reduction of gain at exact resonance: 
this condition may be used in broadcast receivers to 
increase bandwidth for good quality reception. If the 
coupling factor is lowered (under-coupled) the stage gain 
falls but the response curve is sharpened, and this may be 
useful in communications receivers. 

DEMODULATION 

For many years, the standard form of demodulation for 
communications receivers, as for broadcast receivers, was the 
envelope detector using valve or semiconductor diodes; 
occasionally for superhet applications the regenerative 
detector has been used, based on circuits used in straight 
receivers. Envelope detection is a non-linear process (part 
mixing, part rectification) and is inefficient at very low signal 
levels. On weak signals this form of detector distorts or may 
even lose the intelligence signals altogether. On the other 
hand synchronous or product detection preserves the signal-
to-noise ratio, enabling post-detector signal processing and 
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Input SNR 

Fig 4.58. Synchronous (pro¬ 
duct) detection maintains the 
snr of signals down to the 
lowest levels whereas the 
efficiency of envelope detec¬ 
tion falls off rapidly at low 
snr, although as efficient on 

strong signals. 

audio-filters to be used effectively (Fig 4.58). Synchronous 
detection is essentially a frequency conversion process and 
the circuits used are similar to those used in mixer stages 
(Figs 4.59 to 4.61). The i.f. or rf signal is heterodyned by a 
carrier at the same frequency as the original carrier frequency 
and so reverts back to the original audio modulation fre¬ 
quencies (or is shifted from these frequencies by any differ¬ 
ence between the inserted carrier and the original carrier as 
in cw where such a shift is used to provide an audio output 
between about 500 and 1,000Hz). 

It should be noted that a carrier is needed for both 
envelope and product detection : the carrier may be radiated 
along with the sidebands, as in a.m., or locally generated and 
inserted in the receiver (either at rf, or i.f.—usually at i.f. in 
superhets, at rf in direct conversion receivers). 

Synchronous or product detection has been widely 
adopted for ssb and cw reception in amateur receivers; the 
injected carrier frequency is derived from the beat frequency 
oscillator, which is either LC or crystal controlled. By using 
two crystals it is possible to provide selectable upper or lower 
sideband reception (Figs 4.62 and 4.63). 

The use of synchronous detection can be extended further 
to cover a.m., dsb-sc, nbfm and rtty but for these modes the 
injected carrier really needs to be identical to the original 
carrier not only in frequency but also in phase: that is to say 
the local oscillator needs to be in phase-coherence with the 
original carrier (an alternative technique is to provide a 
strong local carrier that virtually eliminates the original 
a.m. carrier—this is termed exalted carrier detection). 
Phase coherence cannot be achieved between two 

oscillators unless some effective form of synchronization is 
used. The simplest form of synchronization is to feed a little 
of the original carrier into a local oscillator so forcing a 
phase lock on a free-running oscillator; such a technique 
was used in the synchrodyne receiver. The more usual 
technique is to have a phase-lock loop: Fig 4.64. At one time 
such a system involved a large number of components and 
would have been regarded as too complex for most purposes; 
today however complete phase-lock loop detectors are 
available in the form of a single integrated circuit, both for 
a.m. and nbfm applications. 
Apart from the phase-lock loop approach a number of 
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Fig 4.60. Dual-gate mosfet product detector including bias adjustment 
controls For optimum results. 

alternative forms of synchronous multi-mode detectors have 
been developed. One interesting technique which synthesizes 
a local phase coherent carrier from the incoming signal is the 
reciprocating detector. 

Automatic Gain Control 
In hf operation incoming signals may be constantly varying 

by 20 to 30dB or even more. The basic function of an age 
system is to hold the af output from the receiver as constant 
as possible despite these wide variations of signal level, by 
decreasing the overall gain of the receiver in such a way as to 
compensate for the signal fluctuations. 

With signals having a continuous carrier (ie a.m. or fm) 
the control may be conveniently based on the strength of 
the carrier by rectifying a portion of the amplified i.f. signal 
so as to obtain a de control voltage which is then applied as 
bias to one or more earlier stages. An increase in signal 
increases the bias causing the overall gain to be reduced; a 
decrease in signal causes the bias to be reduced and gain to 
increase. The application of age to front-end stages may be 

Fig 4.61. A self-excited 7360 product detector. The OA79 diode pre¬ 
vents the control grid from going positive. Note that this is not a 
fully balanced arrangement as output is taken from one anode only. 

Fig 4.62. BFO suitable for use with 9MHz i.f. and with ic product 
detectors. Manual switching of crystals to select upper and lower 

sidebands. 

Fig 4.63. BFO with diode-switched sideband selection. 

delayed until the signal reaches a level sufficient to provide 
good signal-to-noise ratio. 

The more stages controlled by the age system and the 
greater the maximum gain within the controlled section, the 
greater can be the efficiency of theagesystem; that is to say the 
more constant will be the audio output over a wide range of 
signal strengths. However for other reasons it may be desir¬ 
able that a particular stage should operate at a fixed point on 
its transfer curve; this is often the case with mixer stages 
which are seldom made subject to age action. 

With semiconductor receivers, the limited signal-handling 
capacity makes it advantageous to apply at least some part 
of the gain control ahead of the receiver, that is to say by 
controlling the signals reaching the set. This can be done by 
incorporating an agc-controlled rf attenuator at the low-
impedance aerial feeder connection. 

For ssb and cw reception there is no continuously available 

Fig 4.64. Basic fm phase-lock-loop demodulator. 
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-SHORT TIME CONSTANT 
THE LARGER OUTPUT DETECTOR OUTPUT 
CONTROLS THE SYSTEM -LONG TIME CONSTANT 

DETECTOR OUTPUT 

(b) AGC Voltage 

Fig 4.65. The behaviour of dual-time constants age circuits under 
various operating conditions, where t1 is the fast detector risetime, 
t2 the fast detector decay time, t3 the slow detector risetime, t4 the 
slow detector fall time, and t5 the hang time. This approach is used 
in the SL621 ic or can also be implemented using discrete devices. 

carrier which can be measured to provide the age; many 
modern sets are controlled by signals in the af section of the 
receiver (but others use i.f. derived age). Such signals can 
also be “averaged” over a short period to provide an indica¬ 
tion of signal strength by an S-meter. 

For ssb and cw operation the age loop should have a very 
fast attack time (20ms or less) and a long effective decay 
time (0-2 to Is), Short rise times are obtained with low 
impedance age detectors; long decay times may be achieved 
by having a large capacitance across the age line to provide 
a long time constant. However this approach means that 
noise pulses can mute the receiver for periods of seconds; 
to be preferred are “hang” systems which are fast acting 
in both rise and decay times but which maintain a steady 
age voltage for a finite period after the actuating signal has 
gone, then rapidly increase the receiver gain. With “hang” 
systems background noise does not increase during short 

pauses in speech or cw transmission; however, these systems 
may be a disadvantage when tuning across the band. 

Effective “age generators” providing hang characteristics 
are available in integrated circuit form (eg Plessey SL621) 
(Fig 4.66). 

With valves, gain control is normally achieved by shifting 
the bias conditions of the amplifying stages towards cut-off; 
that is to say the more negative the age control line becomes 
the lower will be the receiver gain. This reverse age system is 
satisfactory so long as the amplifying stages have variable-mu 
characteristics; it is far less satisfactory for devices having 
sharp cut-off characteristics. This is particularly true of 
bipolar transistors and to a lesser extent with some field 
effect transistors. 

Fortunately there is an alternative technique called 
forward age which depends upon the “high-frequency knee” 
region of transistor characteristics where when the emitter 
current is increased the amplifying properties begin to deter¬ 
iorate. Transistors intended for forward age operation have 
this region made larger than usual. Forward age provides 
better signal handling characteristics than reverse age. 

A problem with either form of age is the relatively large 
variation in input and output admittance that occurs when 
the operating point of a bipolar transistor is changed. 

When a valve amplifier is age controlled, the screen grid is 
usually fed through a high value resistor (about 22to47k£i). 
This ensures that the screen voltage rises as the negative bias 
to the valve increases, so providing a longer grid base for the 
valve and reducing the likelihood of it being driven into non¬ 
linearity. 

To prevent the bfo from reducing the gain in receivers 
using i.f.-derived age, the age detector may be fed from an 
age amplifier stage before the injection of the bfo. In some 
designs the take-off point may be made early in the receiver, 
before the final selectivity characteristics are shaped, so that 
selectivity characteristics of the age system are broader than 
those of the signal path. While this might seem undesirable 
in that the gain will be reduced by strong signals outside the 
pass band, in practice this is often beneficial since the strong 
adjacent-channel signals would otherwise cause splatter or 
cross-modulation. Some designs have more than one age loop: 
one of broad selectivity and the other of similar selectivity 
to that of the signal path. 

For simple receivers, particularly those intended primarily 
for cw reception, it may be advisable to dispense altogether 
with age and rely on manual control and af output limiting; 
a poor age system may prove worse than no age. 

Noise Limiters and Blankers 
The hf spectrum, particularly above 15MHz or so, is 

susceptible to man-made electrical impulse interference 
stemming from electric motors and appliances, car ignition 
systems, thyristor light controls, high-voltage power lines and 
many other causes. A similar problem arises on l-8MHz 
due to the operation of Loran navigation systems. 

These interference signals are usually in the form of high 
amplitude, short-duration pulses covering a wide spectrum 
of frequencies. In many urban and residential areas this man¬ 
made interference sets a limit to the usable sensitivity of 
receivers and may spoil the reception of even strong amateur 
signals. 

Because the interference pulses though of high amplitude 
are often of extremely short duration, a considerable 
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Fig 4.66. Use of SL621 age 
generator with emitter 
coupled clipper and resistive 
network to keep audio level 
at about 10mV drive. These 
extra precautions are not 
needed when using this de/ice 
in conjunction with other 

SL600 range ICs. 

improvement can be obtained by “slicing” off all parts of the 
audio signal which are significantly greater than the desired 
signal. This can be done by simple af limiters such as back-
to-back diodes. For a.m. reception more elegant noise 
limiters develop fast-acting biasing pulses to reduce 
momentarily the receiver gain during noise peaks. The ear 
is much less disturbed by “holes of silence” than by peaks of 
noise. Many limiters of this type have been fitted in the past to 
a.m.-type receivers. 

Unfortunately, since the noise pulses contain high fre¬ 
quency transients, highly selective i.f. filters will distort and 
broaden out the pulses. To overcome this problem, noise 
blankers have been developed which derive the blanking bias 
potentials from noise pulses which have not passed through 
the receiver’s selective filters. In some cases a parallel broadly-
tuned receiver is used, but more often the noise signals are 
taken from a point early in the receiver. For example, the 
output from the mixer goes to two channels: the signal chan¬ 
nel which includes a blanking control element which can 
rapidly reduce gain when activated; and a wideband noise 
channel to detect the noise pulse and initiate the gain reduc¬ 
tion of the signal channel. To be most effective it is necessary 
for the gain reduction to take place virtually at the instant 
that the interference pulse begins. In practice because of the 
time constants involved it is difficult to do this unless the 
signal channel incorporates a time delay to ensure that the 
gain reduction can take place simultaneously with or even 
just before the noise pulse. One form of time delay which has 
been described in the literature utilizes a PAL-type glass 
ultrasonic television delay line to delay signals by 64/xS. 
It is however difficult to eliminate completely transients 
imposed on the incoming signal. 

One possible approach which has been investigated at the 
University College, Swansea, is to think in terms of receivers 
using synchronous demodulation at low level so that a sub¬ 
stantial part of the selectivity, but not all of it, is obtained 
after demodulation. This allows noise blankers to operate 
at a fairly low level on af signals. 

A control element which has been used successfully 
consists of a fet gate pulsed by signals derived from a wide¬ 
band noise amplifier. The noise gate is interposed between the 
mixer and the first crystal filter, with the input signal to the 
noise amplifier taken off directly from the mixer. An example 
ot noise blanking will be found in the “advanced hybrid 
receiver” described later. 

AF Stages 

The af output from an envelope or product detector of a 
superhet receiver is usually of the order of 0-5 to IV, and 
many receivers incorporate relatively simple one- or two-
stage audio amplifiers providing about 2W output. On the 
other hand the direct-conversion receiver may require a 
high-gain audio section capable of dealing with signals of 
less than l^V. 

Provided that all stages of the receiver up to and including 
the product detector are substantially linear many forms of 
post-demodulation signal processing are possible: for 
example bandpass or narrowband filtering to optimize signal-
to-noise ratio of the desired signal, audio compression or 
expansion; the removal of audio peaks, af noise blanking, or 
(for cw) the removal by gating of background noise. Audio 
phasing techniques may be used to convert a dsb receiver 
into an ssb receiver (as in two-phase or third-method ssb 
demodulation) or to insert nulls into the audio passband 
for the removal of heterodynes. Then again, in modern 
designs the age and S-meter circuits are usually operated 
from a low-level af stage rather than the i.f. derived tech¬ 
niques used in a.m.-type receivers. 

It should be appreciated that linear low-distortion 
demodulation and af stages are necessary if full advantage 
is to be taken of such signal processing, since strong inter¬ 
modulation products can easily be produced in these stages. 
Thus, despite the restricted af bandwidth of speech and cw 
communications, the intermodulation distortion characteris¬ 
tics of the entire audio section should preferably be designed 
to high-fidelity audio standards. It is sometimes suggested 
that the greatest sources of audio distortion in amateur 
stations are the use of old pre-war headphones and surplus 
tv loudspeakers. 

Audio filters may be passive using inductors and capaci¬ 
tors, or active, usually with resistors and capacitors in 
conjunction with op-amps or fets (Figs 4.67 and 4.68). 
Many different circuits have been published covering af 
filters of variable bandwidth, tunable centre frequencies 
and for the insertion of notches. The full theoretical advan¬ 
tage of a narrowband af filter for cw reception may not 
always be achieved in operational use: this is because the 
human ear can itself provide a “filter” bandwidth of about 
50Hz with a remarkably large dynamic range and the ability 
to tune from 200 to 1,000Hz without introducing “ringing". 
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Fig 4.67. (a) Phone and (b) cw af filters suitable for use in direct-
conversion or other receivers requiring very sharply defined af 
responses. Thecwfilter is tuned to about 875Hz. Values for (a) can 
be made from preferred values as follows: C1 37«26n F (33,000 4- 2,200 
4- 1,800 4- 220pF) C2 3 871nF (3,300 4- 560pF); C3 51 87nF (47,000 + 
4,700 + 150pF); C4 19 06nF (18,000 4- 1,000pF); C5 46 41nF (39,000 + 
6,800 + 560pF); C6 13 53nF (12,000 1.500pF); C7 29 85nF (27,000 4-
2,700 4- 150pF). All capacitors mica or polyester or styroflex types. 
L2 168 2m H (540 turns); L4 124 5mH (460 turns); L6 129 5mH (470 
turns) using P30/19 3H1 pot cores and 0 25mm enam wire. Design 

values based on 2,000i> impedance. 

For this reason the experienced operator may himself be 
providing the advantage of an af filter. 

Examples of both high- and low-gain af amplifiers will be 
found in the complete receivers described later in thischapter. 

Power Supplies 
HF receivers for home use are normally designed for 

operation from ac mains supplies, even when fully-tran¬ 
sistorized, and use double-wound mains transformers to 
give full isolation between chassis and the mains supply. 
The voltage and current ratings of the supplies depend on 
the active devices and it is useful if there is sufficient in 
reserve to allow the operation of ancillary units from the 
receiver supply. Valves usually require a heater supply of 
63V at several amps plus a well smoothed ht rail from 130 
to 250V at 60-120mA. The advent of silicon power diodes 
made possible a significant reduction in the heat formerly 
associated with rectifier valves, and their use is general: 
precautions should be taken to prevent “mush” arising from 
the sudden switching action of the diodes, but this can 
normally be suppressed by connection of capacitors or 
capacitor-resistor combinations across the diodes. Some 
stages need a fairly closely regulated ht supply (oscillators, 
mixer screens) and this is usually achieved by the use of gas-
filled voltage regulator tubes. For other stages the constant 
load represented by the receiver provides adequate regula¬ 
tion. The stability of valve oscillators depends as much on 

Fig 4.68. “Active” bandpass af filter for amateur telephony. The 
—6dB points about 380 and 3,200Hz, —18dB about 160 and 6,000Hz. 

heater as ht regulation and some receivers incorporate 
various forms of heater current stabilization; one solution 
is to run the oscillator heater from a well-regulated de supply. 

For semiconductors a number of different supply rails 
may be needed for different devices, from 18 to 20V down to 
5V for ttl logic devices, and sometimes both positive and 
negative rails are needed for tes. Electronic regulation of the 
supply is to be preferred, in view of the fluctuating load of 
Class B af stages. For oscillators, simple zener diode regula¬ 
tion is not usually sufficient: in the absence of a closely 
regulated supply rail a solution here is to use a fet as a con¬ 
stant-current diode in conjunction with a zener diode: see 
Fig 4.70. 

RF filtering on the input side of the power supply is 
helpful in reducing electrical interference and rf currents 
entering the receiver via the mains supply: components used 
in such applications should always be specifically rated for 
ac applications. Transients on the mains supply can damage 
semiconductor devices, and surge and transient protection 
is advised on receiver power supplies. 

OSCILLATOR TRACKING AND ALIGNMENT 

The superhet principle depends upon the provision of a 
locally generated signal which differs from the input signal 
by a predetermined fixed amount which is the i.f. Where 
both the oscillator and the mixed input circuits are tuned by a 
single control (ie ganged tuned circuits), these must track 
over the tuning range so as to maintain, as closely as possible, 
this specified frequency difference at all settings of the tuning 
control. For example if the waveband is 13,000 to 22,000kHz 
and the receiver’s i.f. is 3,300kHz, then the rf circuits must 

Fig 4.69(a). Power supply for 
semiconductor receivers with 

stabilized output. 
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Fig 4.69(b). High-stability series voltage stabilized supply for 6 OV ic 
devices. Note the transistor is not needed where the output current 
is not greater than 10mA and in this case the op-amp output (pin 6) 
is connected directly to point X. The pin numbers refer to eight-

lead TO!! or dual-in-line packages. 

tune 13,000 to 22,000kHz in step with an oscillator tuning 
16,300 to 25,300kHz. Because the resonant frequency of a 
tuned circuit depends on the square root of the product 
of inductance (L) and capacitance (C), it is not possible to 
obtain these two tuning ranges unless both L and C are 
reduced in the correct proportions for the oscillator. In 
practice this may be done by having fewer turns on the 
oscillator coil or by adjustment of the core; capacitance 
swing may be reduced by the use of fixed padding capacitors, 
effectively in series with the variable capacitor, while fine 
adjustment and the effective minimum capacitance is usually 
achieved by having small preset capacitors (trimmers) across 
the main tuning capacitor. 

Even with correct scaling of L and C between oscillator 
and rf circuits, it is not possible to obtain exact tracking 
over the full sweep of a ganged tuning capacitor. The best 
compromise provides three accurately aligned frequencies, 
one towards each end of the tuning span, and one in a fairly 
central position. The practical effects of such errors are 
insignificant with small tuning ranges (for example in 
amateur-bands-only receivers) but become increasingly 
important when attempting to provide general coverage with 
only a few wavebands. 

Many older single-conversion receivers used four-gang 
capacitors, tuning at the same time three rf resonant circuits 
and the oscillator—an approach wh'ch is expensive to 
implement; modern practice, especially with variable-i.f. 
type receivers, is to gang tune the oscillator with only the 
input circuit to the variable i.f. mixer (and even this may be 
eliminated by using band-pass filters in the input circuit so 
that tuning is then carried out without any ganging). The rf 
tuned circuit(s) are controlled independently by means of a 
pre-selector control; or may consist of sub-octave bandpass 
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Fig 4.70. Use of fet to improve voltage regulation of an oscillator 
stage. For low currents TR1 can be MPF102 or almost any general 

purpose fet. 

filters so that no rf tuning is needed. These systems enor¬ 
mously reduce the problem of tracking and alignment but 
unfortunately may also reduce the pre-mixer attenuation of 
strong signals. 
The performance of many superhets is governed to a 

considerable extent by the accuracy with which all the various 
tuned circuits (i.f., rf, variable i.f. etc) are aligned, that is 
adjusted in accordance with the design requirements. In 
most equipment there is some tendency for circuits gradually 
to drift out of alignment (although modern sets are generally 
extremely stable in this respect) and so occasionally to 
require re-alignment. 

The i.f. transformers need to be carefully set to the centre 
frequency of any crystal or mechanical filters, preferably 
using a signal generator with attenuator. 

RF circuits are normally re-aligned with the aid of a signal 
generator or gdo. The appropriate trimmer capacitors are 
adjusted while injecting a frequency about 10 per cent of 
the tuning span down from the hf band edge and the appro¬ 
priate cores in a similar manner about 10 per cent of the 
tuning range up from the low-frequency band edge. 

A useful accessory when first adjusting equipment is the 
gdo as this can check the tuning ranges while the set is being 
constructed. A convenient aid when adjusting equipment 
using accessible air-cored coils is the trimming wand, 
consisting of an insulated non-metallic rod about 6in long 
with a small piece of dust-iron or ferrite core at one end and a 
piece of brass at the other. Inserting the brass end into a coil 
lowers its effective inductance, whereas ferrite or iron dust 
increases it. It is thus possible to determine simply whether a 
circuit is tuned low or high. Another tip when dealing with 
an air-cored coil is that its inductance can be increased by 
winding one or more layers of magnetic audio recording tape 
over the coil. 

It should be emphasized that the complete re-alignment 
of a complex multi-band hf receiver requires skill and 
patience and at least some test equipment. The newcomer 
should not rush blindly into altering the setting of trimmers 
or cores ; even the more experienced constructors should seek 
to obtain maker’s alignment instructions before tackling 
such a task on a factory-built set. 

DIGITAL TECHNIQUES 

The availability of digital-type integrated circuits, includ¬ 
ing low-cost ttl logic, is encouraging the use by amateurs of a 
number of techniques that formerly would have required 
unduly complex circuitry. 

Among these techniques are: 

Digital Direct Read-out Systems 
By using an add-on or built-in digital frequency counter 

off-set by the amount of the receiver’s i.f. it is possible to 
display the frequency to which the set is tuned directly on 
numerical display (Nixie-type) tubes or light-emitting-diode 
matrices. This is achieved by continuously measuring the 
frequency of the local oscillator and may supplement or 
replace calibrated tuning dials. 

Digital Frequency Synthesis 
To improve frequency stability, professional receivers 

now often replace the tunable free-running local oscillator 
with a frequency synthesizer deriving its outputs from one 
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Fig 4.71. Dual-gate mosfet amplifier. Values for 28MHz C1 8pF, 
C6 10pF, L1. L2 16 to 3 1MH. Values for 21MHz C1 22pF, C6 22pF, 
L1, L2 no change. Similar circuits can be used with zener-protected 

MOSFETs. 

or a few crystals. Such synthesizers may be built into the 
receiver in the form of variable-ratio-divider type synthesizers 
and the receiver set to any required frequency by means of 
decade switches, or provided with rotary switching having 
much the same “feel” as a vfo-tuned receiver. Tuning may be 
in steps of 1kHz, 100Hz or 10Hz or even less. To “clean up” 
the signals derived from digital systems they arc used to 
phase-lock a free-running oscillator. It should be noted 
however that a phase-locked oscillator has an inherent jitter 
and that digital synthesizers involve high-frequency pulses 
which must be carefully screened from the signal path of the 
receiver. 

Stabilized VFO 
Digital techniques may be used to stabilize a free-running 

vfo by continuously “sampling” the frequency over pre¬ 
determined timing periods and then applying a de correction 
to a varactor forming part of the vfo tuned circuit. The 
timing periods can be derived from a crystal oscillator and 
the technique has been shown to be capable of holding a 
reasonably good vfo to within a few hertz. Here again some 
care is needed to prevent the digital pulses, with harmonics 
extending into the vhf range, from affecting reception. 

Digital Calibrators 
The most widespread and simplest use of digital tech¬ 

nique is to provide many more “marker” calibration signals 
than would normally be available from a crystal calibrator. 

Fig 4.72. The single-crystal filter can be used effectively for phone 
reception by incorporating af tone correction to remove the “wooli¬ 
ness” of the heavily top-cut speech. A simple network such as the 
above provides top lift that restores intelligibility when used with 

the response curve of a typical single-crystal filter. 

Fig 4.73. Typical aerial tuning and matching unit to cover 0 55 to 
30MHz. 

MODIFICATIONS TO RECEIVERS 

While the number of amateurs who build their own 
receivers from scratch is today in a minority, many buy 
relatively low-cost models or older secondhand receivers and 
then set about improving the performance. Old, but basically 
well-designed and mechanically satisfactory valved receivers 
can form the basis of excellent receivers; often rather better 
than is possible by modifying some more recent low-cost 
receivers. The main drawback of the older receivers is their 
long warm-up period making it difficult to receive ssb signals 
satisfactorily until the receiver has been switched on for 
perhaps 15 or 20 minutes. 

Some of the older models using relatively very noisy mixer 
stages may be improved on 14, 21 and 28MHz by the 
addition of an external pre-amplifier and such a unit may 
also be useful in reducing image and otherspurious responses. 
However high-gain pre-amplifiers should not always be used 
indiscriminately since on a low noise receiver they will 
seriously degrade the signal-handling capabilities without 
providing a worthwhile improvement of signal-to-noise ratio. 
Receivers having low noise but poor signal handling capa¬ 
bilities can more often be improved by the fitting of a 
switched, adjustable or agc-controlled aerial attenuator: 
such an attenuator is likely to prove of most use on the 7MHz 
band where the presence of extremely strong broadcast 

Fig 4.74. Crystal calibrator using electronic organ frequency divider 
integrated circuits and suitable for battery operation. Providing 
100, 50 and 25kHz markers throughout the hf range. Suitable for 

external unit or for incorporation into the receiver. 
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signals often results in severe cross-modulation and inter¬ 
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Fig 4.75. Representative hf 
converter using semiconductors 
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mixer only two crystals, 10-5 and 
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A receiver deficient in selectivity can often be improved by 
adding a second frequency changer followed by a low-
frequency (50 to 100kHz) i.f. amplifier (a technique some¬ 
times known as a Q5-er); or by adding a crystal or mechanical 
filter, or by fitting a O-multipher. CW reception can be 
improved by the use of narrow-band audio filters, although 
the degree of improvement may not always be as much as 
might be expected theoretically because of the ability of an 
experienced operator to provide a high degree of discrimina¬ 
tion. 

Older receivers having only envelope detection may be 
improved for ssb and cw operation by the fitting of a product 
detector; or for nbfm reception by adding an fm discrimi¬ 
nator. 

Many older receivers use single rather than bandpass 
crystal filters (and the excellence of the single crystal plus 
phasing control for cw reception should not be underesti¬ 
mated) and these often provide a degree of nose selectivity 
too sharp for satisfactory a.m. or ssb phone reception: 
speech may sound “woolly” and virtually unintelligible due 
to the loss of high and low frequency components. However 
since the response curve of such filters is by no means 
vertical, the addition of a high degree of tone correction 
(about 6dB/octave) can do much to restore intelligibility 
and the combination then provides an effective selectivity 
filter for ssb reception. The tone correction circuit shown in 
Fig 4.72 is suitable for use in high-impedance circuits and can 
be adapted by using higher C lower R for low-impedance 
circuits. 

The addition of an aerial matching unit between receiver 
and aerial can improve reception significantly in those 
cases where appreciable mis-match may exist (for example 
when using long-wire aerials with receivers intended for use 
with a 50 or 70Í1 dipole feeder) (Fig 4.73). 

A common fault with older receivers is deterioration of the 
Yaxley-type wave-change switch and/or the connection to the 
rotor spindle of the variable tuning capacitors; such faults 
may often cause bad frequency instability and poor re-set 
performance. Improvement is often possible by the careful 
use of modern switch cleaning lubricants and aerosols. 

A simple accessory for older receivers (or those modern 

receivers not already incorporating one) is a crystal cali¬ 
brator providing “marker” signals derived from a 100kHz 
or IMHz crystal. While a simple 100kHz oscillator will 
usually provide harmonics throughout the hf range, the 
availability of integrated circuit dividers makes it practicable 
to provide markers which are not direct harmonics of the 
crystal. For example lOkHz or 25kHz or even IkHz markers 
can be provided using ttl decade divider logic or divide-by-
two devices, as in Fig 4.74. 

A receiver deficient in hf oscillator stability on the higher 
frequency bands may still form the basis of a good tunable 
i.f. strip when used on a low frequency band in conjunction 
with a crystal controlled converter. Again, when the basic 
problem is oscillator drift due to heat this can sometimes be 
reduced by fitting silicon power diodes in place of a hot-
running rectifier valve, or by adding temperature compensa¬ 
tion to the hfo. A more drastic modification is to replace an 
existing valve hfo with an internal or external fet vfo: see 
Fig 4.76. Excessive tuning rate can sometimes be overcome 
by fitting an additional or improved slow-motion drive. A 
receiver with a good vfo can be modified for really high 
stability performance (better than about 20Hz) by means of 
external “huff and puff” digital stabilization using crystal-
derived timing periods. 

Receivers not initially designed for ssb operation can be 
improved by fitting a product detector with crystal-controlled 
bfo, and possibly adding a good mechnical or crystal band¬ 
pass filter. 

In brief, the excellent mechanical and some of the electrical 
characteristics of the large and solidly built receivers such 
as the AR88, HRO and SUPER-PRO which featured single 
conversion with two tuned rf stages, are not always equalled 
in modern “cost-effective” designs. It may prove well worth 
spending time and trouble to up-grade these vintage models 
into receivers which can be excellent even by modern 
standards. 
The following summary indicates some common faults 

with older models and ways in which these can be overcome. 
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Image response: This can be reduced by additional pre¬ 
mixer selectivity, often most conveniently by means of a 
low-gain pre-amplifier with two or more tuned circuits. It 
is also possible to use a pre-tuned filter such as the Cohn 
minimum loss filter for particular bands. 

Stability: This is a direct function of the oscillators within 
the receiver. Excessive drift and frequency “jumping” may 
be due to a faulty valve or band-change switch, or to 
incorrect adjustment of any temperature-compensation 
adjustments. Drift can sometimes be reduced by reducing the 
amount of heating of the oscillator coil by fitting heat 
screens, or by the addition of temperature compensation. 
But often with older receivers it will be found difficult to 

icol RFchokes 
• » Power supply 

Fig 4.76. One technique for modifying an hf receiver to reduce the 
drift and long warm up period of a valve hf oscillator. FETs could be 

MPF102, BFW102, 2N3819 etc. 
¡2000 6«3V 
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Poor sensitivity: Due to atmospheric noise this usually 
only degrades performance on 21 and 28MHz and then only 
on older valve models. Sensitivity can be improved by the 
addition of a pre-amplifier, but gain should not be more 
than is necessary to overcome receiver noise. Note that the 
sensitivity of a receiver may have been impaired by poor 
alignment, or by mismatched aerials, or due to the ageing 
of valves. 

achieve sufficient stability on the higher frequency bands. In 
such cases considerably greater stability may be achieved by 
using the receiver as a variable i.f. system on one of the lower 
frequency bands, with the addition of one or more crystal-
controlled converters for the higher frequency bands. It is 
worth noting that all oscillators (not only the first “hfo”) 
may be the cause of instability (eg second or third frequency 
conversion oscillator or even the beat frequency oscillator). 
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Fig 4.79. Simple direct-conversion receiver 
using^balanced-diode demodulator (the 1kQ 

pot adjusts balance). 

Tuning rate: The tuning rate of some older but still good 
receivers tends to be too fast for easy tuning of ssb and 
cw signals. Often this problem can be overcome by the 
fitting of an additional slow-motion drive on the main 
tuning control. Alternatively the receiver may be used, as 
mentioned above, as the variable i.f. section with a converter 
since the tuning rate on lower frequency bands may be 
satisfactory. Performance on ssb may be improved also by 
fitting a product detector where only envelope detection is 
built-in. 

Selectivity: It is possible to improve the selectivity of a 
receiver by fitting an external low i.f. section, or by fitting a 
(better) crystal filter, or a (2-muItiplier. Many ssb receivers 
make little provision for narrow-band cw reception and in 
such cases it may be possible to include a single-crystal filter 
with phasing control in one of the later i.f. stages, or to add a 
2-muItiplier or audio filter. 
Blocking and intermodulation: Performance of many 

semiconductor (and some valve) receivers can be improved 
by the addition of even a simple aerial attenuator for use on 
7MHz in the presence of extremely strong broadcast signals. 

CONSTRUCTION OF RECEIVERS 

For a number of years most amateurs have used factory-
built hf receivers. Yet the constructor who is prepared to 
spend time and effort can build extremely good receivers for 
quite modest sums. In doing so he will find that the design 
and construction of a receiver will teach him far more about 
radio than he is likely to learn in any other way. The construc¬ 
tor can take advantage of new techniques and devices in a 

far shorter lead time than it takes for their incorporation in 
production models. The factory design must usually cater 
for all possible applications, whereas the constructor can 
build a no-compromise receiver to suit his own interests. 
Either by construction or modification the amateur can 
provide himself with a station receiver, or a portable receiver 
or transceiver that can bear comparison with the best avail¬ 
able models, and in doing so prove that the communications 
receiver is not a “black box” labelled “Not to be Opened”. 

Simple receivers and converters can be built in an evening 
or two, but a more advanced model may take several months 
of work and adjustment. 

Simple Receivers 
Figs 4.77 to 4.81 show some ideas for simple, low-cost 

receivers capable of bringing in many amateur signals when 
tuned and operated carefully. Fig 4.77 is perhaps the simplest 
of all: a singlc-fet regenerative “straight” receiver able to 
receive cw/ssb/a.m. signals. It can be improved by adding a 
stage of af amplification. Fig 4.78 represents a 3-5MHz 
regenerative receiver using two bipolar transistors with a 
Clapp-type oscillator to improve stability. 

However the high-gain regenerative detector has fallen 
from favour on the grounds that it is easily overloaded 
making it difficult to obtain full advantage from any form of 
af selectivity. Nevertheless a well-constructed regenerative 
receiver can still be effective for cw operation, particularly 
for portable operation. 

The regenerative receiver has been largely displaced by 
the direct-conversion approach which offers the simplicity of 
the traditional “straight” receiver without its inherent 
limitation of poor selectivity on strong signals. This does not 
mean that all direct-conversion receivers are better than those 
using regenerative detectors—only that this approach has 
few of the inherent limitations of either the “regenerative” 
receiver or indeed of the superhet, though for truly effective 
single-sideband reception (by which is meant the removal of 
the audio image and not reception of ssb stations) the design 
becomes of a complexity comparable with many superhet 
receivers. 

The main drawback with direct-conversion receivers stems 
from limitations of simple product detectors, since these may 
be incapable of preventing breakthrough into the af stages 
of strong broadcast signals, particularly on the 7MHz band: 
such signals will be heard as “untunable” signals demodu¬ 
lated by “envelope” detection. This effect should not be 
observed with well balanced demodulators. 
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Fig 4.80. A multi-band direct conversion receiver using diode ring demodulator and plug-in coils for oscillator section. 

Fig 4.79 shows an extremely simple design: with the aid 
of plug-in coils it can be used on several bands, although the 
oscillator may not be sufficiently stable for effective reception 
of ssb signals above about 7MHz. 

Fig 4.80 is a multi-band de receiver based on a diode ring 
demodulator designed originally by a Dutch listener. Several 
integrated circuits can be used in de receivers including the 
CA3O2SA and SL640. 

For the home constructor, a first hf superhet represents an 
important milestone. This is not so much because of any 
inherently greater complexity in its construction. Rather it is 
because in the construction of a superhet, the basic assem¬ 
bling and wiring represents only the first parts of the complete 
work; equal effort and skill may be required in the adjust¬ 
ment of the tuned circuits and the calibration of the receiver. 

With a superhet one may complete the set correctly and 
yet be unable to receive any signals until a certain stage in the 
alignment is reached. This can present difficulties to the 
constructor who does not have access to an adjustable 
calibrated oscillator of the signal generator or grid dip type 
and who has to rely on “blind” adjustment of the circuits. 
It must be stressed that the alignment of a complex single 
or multi-conversion superhet without an adjustable oscillator 
can be a difficult operation calling for patience and not a 

little luck. Where a calibrated oscillator covering the i.f. 
and hf ranges is available the difficulties are greatly reduced. 
Again, the use of fixed-tuned ceramic i.f. filters means that 
i.f. alignment is virtually completed on assembly. 

Coils and Wavechanging 
The method adopted to alter the tuning coils when 

changing bands has considerable influence on the general 
construction of a receiver. The main methods in use are: 

(a) Plug-in coils, either separate or combined into a single 
plug-in assembly for each band. 

(b) All coils mounted on the chassis, with a Yaxley type 
wafer switch to select the coils required for each 
band. 

(c) The coils mounted in a rotating turret assembly, so 
that although the coils are contained in the receiver 
only those required for one band are connected in 
circuit at one time. 

(d) Individual front-ends for each band, usually con¬ 
structed in the form of interchangeable sub-units. 

Plug-in coils have the great merit of simplicity and high 
efficiency; they can be recommended for experimental work 
and for reducing the constructional complexity of receivers. 
The coils are usually wound on low-loss moulded formers, 
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Fig 4.81. Typical outline of how a high-performance a.m. receiver 
can be based on the CA3088E integrated circuit—only the rf 
amplifier and audio output functions are external to the integrated 
circuit. For ssb/cw reception a bfo would be needed and could be 
coupled into pin 8 of the ic. Other useful consumer ICs include 

Mullard TBA570, SGS TBA651 etc. 

the bases of which cany pins designed to make good elec¬ 
trical contact with sockets mounted on the receiver chassis. 
The coils thus occupy only a small space on the chassis and 
this permits short rf wiring. The main disadvantages are a 
degree of operating inconvenience, and the difficulty of 
varying the inductance for alignment purposes, since plug-in 
formers with variable cores are not always available. 

In those cases where the coils are mounted on the chassis, 
it is usual to wind them on small formers with variable brass 
or ferrite cores. The wavechange switch should have sufficient 
contacts to allow coils not in use to be short-circuited, 
otherwise unwanted resonances and absorption effects may 
occur. The coils are often mounted below the chassis, either 
directly underneath or to one side of the ganged tuning 
capacitor. The switch should be mounted to keep wiring 
short; similarly, the highest frequency coils should be placed 
nearest to the switch. For low losses on the highest frequen¬ 
cies, the wavechange switch insulation should be ceramic 
(particularly important where a single wafer carries sets of 
contacts at both earth and ht positive); otherwise, since wafer 
losses form only a small proportion of the whole, Paxolin 
type insulation will normally prove reasonably satisfactory. 
The switch action should be positive and the contacts 
preferably kept coated with silicone lubricant to prevent 
oxidization. Electrolube No. 1 (Green) isa useful proprietary 
lubricant for switches. 

Turret coil assemblies are electrically very efficient but 
mechanically difficult to arrange. Stray capacitance and 
inductive coupling can be kept low, and the main receiver 
wiring simplified. The various coils are usually mounted on 

a framework which is rotated by the action of the wave¬ 
change knob. Sets of contacts fitted along strips holding the 
coils press against spring contacts connected to the main 
circuit. Television turret tuners have been successfully 
adapted for this purpose. 

The severe restrictions on layout, the stray capacitances 
and couplings represented by switch wiring and long term 
unreliability of multi-contact rotary switches can be reduced 
or eliminated by the use of diode electronic switching 
provided that care is taken to minimize problems arising 
from the introduction of non-linear devices into the signal 
path. 

The interchangeable front-end or converter unit for each 
band is particularly well suited for use with a tunable first i.f. 
The unit generally comprises a broad-band rf stage, first 
mixer and crystal-controlled hf oscillator. This system avoids 
the difficulties of switching hf circuits and allows each unit 
to be designed for optimum performance on the particular 
band concerned. It is however, a relatively expensive form 
of construction, amounting to a single-range receiver with a 
series of fixed-tuned converters. 

Table 4.5 provides a guide to typical coil windings. For use 
with ganged circuits, care should be taken to wind coils as 
similar as possible; coils with adjustable cores permit 
accurate matching of inductances. Single-layer coils for the 
hf bands can easily be wound by hand; ready-made coils 
are also available. 

Toroid Cores 
Increased use is being made of small toroid cores; since 

the magnetic field is virtually closed, inductors made in this 
way are largely self-screening and can be used in close 
proximity to the chassis or other components. To preserve 
the closed magnetic field the inductors should be wound 
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TABLE 4.5 

Guide to Coil Windings 

Figures are given as a guide only and are based on a tuning capacitor with a maximum capacitance of 160pF. The maximum frequency 
limit will depend largely on the value of stray capacitances, while such factors as closeness of turns, lengths of lead, position of dustcore 
(where used) will materially affect the frequency coverage. The reaction winding for trf receivers should be close to the lower end of the 
main winding. The aerial coupling coil, if of low impedance, should be wound over the earthy end of the main winding. If of medium 
impedance or for intervalve use, the coupling coil should be spaced a little way from the lower end of the main winding. Where an ht 
potential exists between windings, care should be taken to see that insulation is adequate. Small departures from the quoted wire gauge 
will not make any substantial difference. Generally, reaction and coupling windings can be of moderately fine wire. 

The number of turns for intermediate ranges can be judged from the figures given. 

Diameter 
of 

former 

Number of turns 

SWG 
(main 

winding) 

Approximat 
range 

e frequency 
MHz) 

Remarks 
Main 
tuned 
winding 

Low 
impedance 

aerial 

Medium 
impedance 

aerial 
Reaction Minimum Maximum 

1|in 
ribbed 
air-core 

3 1 2 2 20 13-5 31 Turns spaced two wire 
diameters 

5 1 2 or 3 2 or 3 20 11-5 23 Turns spaced one wire 
diameter 

9 2 4 3 22 6 5 14 Slight spacing 

17 3 5 4 24 3-4 6 8 Close wound 

42 6 10 10 30 16 3-3 Close wound 

{in 
ribbed 

8 2 3 3 24 16 30 Close wound 

18 3 5 5 24/26 7 16 Close wound 

40 6 10 10 30 3 5 8 Close wound 

(in 
dust-iron 

core 

8 2 3 3 26 13 5 31 Close wound 

14 3 5 4 28 70 15 Close wound 

26 5 8 6 30 3 2 7 Close wound 

40 6 10 9 32 16 3 6 Slightly pile wound 

symmetrically and it is not good practice to trim the coils by 
spreading or compressing the turns. 

Approximate windings can be determined from : turns = 
1,000 VWAl) where L is the wanted inductance in 
millihenrys and Al is the factor “millihenrys per thousand 
turns” which has to be obtained from manufacturer’s data 
(occasionally stamped on the core) or from trial windings. 
Conventional gdo checking is not usually possible due to the 
closed magnetic loop. Fig 4.82 shows a technique providing 
adjustment where it is not important to preserve a completely 
closed loop. 

When trimming by subtracting turns a useful accessory is a 
small crochet hook. Resonant circuits using toroids plus 
disc-ceramic capacitors may be trimmed by reducing the 
value of the capacitor by grinding the capacitor on a sanding 
disc or grinding wheel (up to 50 per cent reduction in 
capacitance is usually possible provided that the grinding is 
longitudinal and does not smear metal dust between the 
plates). Exposed plate edges should be sealed by wax or 
polystyrene dope. 

Fig 4.82. Tunable toroid technique. About 10 per cent variation in 
inductance can be achieved. 

One cannot tap part of a turn on a toroid form; any time 
the wire passes through the central hole, it is effectively one 
turn. Try to wind turns just tight enough to keep them 
sliding around the core, but not too tight. Coils have a 
higher figure of merit if wound loosely but crossovers should 
be avoided. Avoid the use of the epoxy type adhesive to hold 
windings in position on small coils since this increases 
distributed capacitance and reduces the number of turns, 
lowering the figure of merit. Nylon screws are the best 
mounting medium and will hold turns in place. Low impedance 
link turns can be wound over other windings but space the 
link winding evenly around the core for optimum results. 

Tuning Mechanisms 
The tuning drive arrangements can make or mar the per¬ 

formance of a receiver, particularly on ssb and cw signals. 
Points to consider are smooth continuous action and absence 
of backlash in the reduction gearing. Some operators find a 
moderately heavy flywheel action of assistance. 

Assuming a total bandwidth of the order of 500kHz and a 
180 degree tuning span, a reduction ratio of 100 : 1 would be 
needed to give a tuning rate of about 10kHz per revolution. 
This would generally be considered a good tuning rate, but 
where the receiver is intended primarily for cw or ssb 
reception it may be advantageous to reduce the tuning rate 
still further, to around 5kHz or even 2-5kHz per revolution. 
With very low tuning rates it will be found advisable to fit a 
small handle to the tuning knob to facilitate turning from one 
end of a band to the other. With receivers having a fairly 
high tuning rate (on many well-known models this may 
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Fig 4.83. Receiver circuit diagram. 

exceed lOOkHz per revolution and considerably more on the 
28MHz band) it is sometimes possible to fit a further reduc¬ 
tion drive on to the existing tuning spindle. 
The knob with which the tuning is normally done (the 

bandspread knob on a general coverage receiver) should have 
a fairly large diameter (at least 2 inches), to facilitate careful 
setting and should be mounted in the most convenient posi¬ 
tion for the operator. A very suitable drive mechanism for 
incorporation in a home-built receiver is the Eddystone 
type 898. 

Permeability Tuning 
While it is the usual practice to tune hf circuits with a 

variable capacitor, it is equally possible to do this by varying 
the inductance by means of sliding cores. This system, 
known as permeability tuning, offers considerable advan¬ 
tages in the maintenance of correct LC ratios and permits 
closer aerial input coupling. Since the screw principle can be 
adopted to alter the position of the cores it makes possible 
almost unlimited mechanical bandspread without the 
problems of gear reduction drives. 

Diode Capacitors 
A reverse-biased junction diode (and to a lesser extent 

a point-contact diode) has a capacitance which varies with a 
change in the reverse voltage. This characteristic can be 
used to provide what in effect is a variable capacitor tuned 
by adjusting the de bias potential applied across it, if 
necessary from a physically remote position. Silicon junction 
diodes developed for use as capacitors are generally termed 
varactors, or by various trade names such as “Varicaps”. 
One typical varactor diode (Hughes HC7OO5) undergoes 
a change of capacitance of from 24pF to 81 pF as the 
reverse bias is reduced from 21 to IV. Although the 
capacitance continues to increase below this figure, the Q 
factor tends to fall and temperature coefficient degrades. 

The Q of such devices is considerably below that of con¬ 
ventional capacitors but is sufficiently high to allow their 
direct use in various tuning applications in hf receivers; the 
relatively low Q allows ganged tuning without calling for 
extremely close tolerances in capacitance characteristics. 

Because of the low Q and problems arising from introduc¬ 
ing non-linear devices into the signal path, electronic tuning 
is not often used in the front-end of high-performance 
receivers, but can be useful for such purposes as bfo adjust¬ 
ment. 

TWO-BAND DIRECT-CONVERSION RECEIVER 

Introduction 
The receiver is a direct conversion type intended for the 

reception of ssb and cw amateur stations. It is simple 
to construct, inexpensive to build, yet capable of perfor¬ 
ming as well as many of the more complex and more expen¬ 
sive superheterodyne receivers. Although intended as a 
project for the novice it should also prove an interesting 
project for the more experienced constructor, for use as a 
stand-by receiver for home station or portable use. 

It is designed for the 14 and 21 MHz bands but may be 
constructed as a single-band receiver by omitting the band¬ 
change switch and one oscillator coil. It may be further 
simplified by omitting the af filter and rf amplifier but at the 
cost of performance. 

Circuit Description 
A field effect transistor was chosen for the rf amplifier as it 

is less prone to cross modulation than the bipolar transistor, 
and a common gate configuration was used to provide a 
low input impedance for the aerial or atu as it does not 
require neutralizing. A bipolar transistor rf amplifier is 
also shown for those who wish to use it. No band switching 
is required for either amplifier, as the tuning covers both 
bands. The rf amplifier will increase the gain of the receiver 
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and improve the signal-to-noise ratio but may be omitted if 
a lower performance is acceptable, in which case a two-turn 
link is wound on the cold end of LI for the aerial, or the 
aerial may be connected via a 47pF capacitor connected to 
the hot end of LI. 

The mixer is a two-diode balanced type with the balance 
potentiometer brought out to the front panel. This is done 
so that when strong a.m. broadcast transmitters break 
through, a small adjustment to the balance potentiometer 
will remove them. Both silicon and germanium diodes in the 
mixer work well. It was, however, easier to find two silicon 
diodes that were closely matched. 

The audio filter is a three-section LC network. The 
inductors can be wound on ferrite pot cores or on ferrite 
rings. The cut-off frequency of the filter is 3kHz. 

In the af amplifier three low-noise transistors are used. 
The gain control is between the first and second stages. By 
doing this the amplifier is not at full gain except when the 
gain control is at maximum. This keeps the noise level down. 

The local oscillator employs a field effect transistor in a 
stable Vackar circuit. An emitter follower is used as a buffer 
stage to prevent pulling of the oscillator during the tuning of 
the front end. No retuning has been found necessary during 
15 minutes or more, and no form of stabilization has been 
used. 

Construction 
This receiver has been constructed, in single and dual band 

versions, in various cases from die-cast boxes to ex-surplus 
equipment cases. The choice is left to the constructor. Only 
one will be described here for the benefit of the novice, a 
simple front panel and chassis housed in a metal or wooden 
case. If the wooden case is used it should be lined with 
aluminium cooking foil. The front panel is a 9in by 5in 
sheet of aluminium or steel, and the chassis is 9in by 5in by 
2in deep. 

First mark out and drill the front panel, Fig 4.84 and 
chassis, then mount the rf tuning capacitor, balance potentio¬ 
meter, af gain control and phones socket. The oscillator 
tuning capacitor is mounted on the top side of the chassis and 
a 3-to-l reduction drive (or better still a 10-to-l) is mounted 
in line with it on the front panel. The remainder of the 
oscillator components, including the band switch if required, 
are mounted underneath the chassis. See the photographs 
for top and bottom layouts. 

Start with the rf stage, keeping all wiring as short as 
possible. The leads from the two-turn link on LI are passed 
through the chassis and connected to the balance potentio¬ 
meter. Mount a tag strip or terminal posts to take the diodes 
and rf choke. 

The next stage is the oscillator. All the components of 
this stage are mounted on a small tag strip behind the coils. 
Ensure that all the components and wiring in the oscillator 
are ridged. The last to be wired in is the fet. A three-sided 
screen is then placed around the oscillator section and fixed 
to the front panel. A screened lead is brought out through 
the screen to the mixer tag strip. 

The filter is the next item to be constructed and it is better 
to do this before putting it into the receiver, Fig 4.85. As 
pot cores were rather expensive it was decided to use ferrite 
rings, Mullard Type FX1593 wound with 300 turns of 
38swg enamelled wire, for the inductors. A simple way of 
winding them is to make a shuttle, wind on 30 turns of wire. 

and pass it through the centre of the ring. Such a shuttle 
can be made from a 3jin length of jin diameter knitting 
needle with a jin slot cut in each end. Before winding the 
rings rub them gently with fine emergy cloth to remove any 
sharp edges. After winding, coat the completed coils with 
varnish and leave to dry. 

The coils, capacitors and resistors R2 and R3 are mounted 
on a paxolin board 1 Jin by 2Jin. The coils are held in place 
with cotton passed through small diameter holes drilled in 
the board. A 6BA solder tag is placed under both mounting 
holes on the board and a 16swg bus wire soldered between 
them to which the capacitors are connected. The board is 
mounted on two pillars, earthing both ends of the bus w ire. 
A lead is taken from the filter to the mixer tag strip. The 
output of the filter is connected via a screened lead to the 
input of the af amplifier. The capacitors may be soldered to 
pins inserted in the board or their leads may be passed 
through small holes in the board and connected with tinned 
copper wire. If constructors wish to use ferrite pot cores for 
the inductors, Mullard LA24OO or LAI 114 may be used and 
should be wound with 350 turns of 34swg enamelled wire. 
The inductance should be about 60mH. 

The af amplifier is constructed on a 2jin by 2|in paxolin 
board. Again, small holes are drilled in the board to take 
the component leads which are connected on the underside 
with tinned copper wire. Transistors type BC109 may be 

Fig ¿.95. Filter layout. 
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used but the plastic type are to be recommended as they are 
less likely to be affected by the rf from the oscillator. The 
BC184L was used in this design. The af amplifier board has a 
16swg bus wire which is used for the common (negative) 
line. This is bent round at the ends and is soldered to the 
6BA tags through which the fixing screws are passed and is 
earthed through the mounting pillars. The layout is shown 
in Fig 4.86. 
The atu, although not essential, is a very worthwhile 

addition, particularly when the receiver is to be used with 
random lengths of aerial wire. The circuit is shown in Fig 
4.87 and was constructed in a die-cast box, RS Components 
Type 994. 

The knobs and dials used were Bulgin but here the con¬ 
structor has a free choice. The reduction drive was a Jackson 
epicyclic ball type with a reduction of 10 to 1. 

One section of the bandchange switch was used for the 
on/off switch but whether one uses this or a separate switch 
is again a matter of choice. 

Setting Up 
First check and then double check all wiring. Then connect 

two 6V batteries (Type PPI) in series to the receiver, negative 
to earth. Set the balance potentiometer RV1 to mid-way, 
and the oscillator tuning capacitor VC2 to full mesh. Switch 
to Band 1 and with the aid of a communications receiver 
(bfo on) adjust the tuning slug in L5 for zero beat at 14MHz. 
Switch to Band 2 and adjust the tuning slug in L6 for zero 

¿6) Receiver 

Fig 4.87. Aerial tuning unit. L — 12 turns of 28swg enamelled on 
jin diameter former with 2-turn link and tuning slug. 

Under-chassis view. 

Top view of chassis. 

TABLE 4.6 

Components list 

R1 1kQ 
R2 1-8kQ 
R3 1-8kQ 
R4 1MQ 
R5 6-8kQ 
R6 10kQ 
R7 2-2kQ 
R8 22kQ 
R9 1MQ 
R10 470Q 
R11 220Q 
R12 470Q 
R13 1-5kQ 
R14 680Q 
R15 15ki2 
R16 2-7kQ 
R17 18kQ 
R18 100kQ 
RV1 1kQ lin 
RV2 lOkQlog 
All resistors 10% 
iW 

C1 001(zF 
C2 01piF 
C3 0-1piF 
C4 0 047|zF 
C5 0-1 nF 
C6 0047[iF 
C7 0-1 ptF 
C8 0047uF 
C9 0 1 [iF 
C10 5nF/15V 
C11 1,000p F 
C12 100J1F/15V 
C13 5nF/15V 
C14 2,200pF 
C15 5pF/15V 
C16 100piF/15V 
C17 5|iF/15V 
C18 0 01 nF 
C19 250[iF/15V 
C20 1,000pF 
C21 220pF polyester 
C22 0-1 piF 
C23 5,000pFsm 

C24 180pFsm 
C25 100pFsm 
C26 15pF 
C27 0 01 izF 
C28 0 01 [iF 
VC1 100pF 
VC2 25pF 
TR1 2N3819feu 
TR2 BC184L 
TR1 2N3819fet 
TR2 BC184L 
TR3 BC184L 
TR4 BC184L 
TR5 2N2369A/2N706 
TR6 2N3819fet 
TR7 2N706 
D1 and D2 1N4448 or other 
general purpose silicon diodes. 
Germanium diodes such as 
OA79, GEX-66 may be used. 
RFC1 1mH 
SW1 2-pole 3-way wafer 

Coil details 

L1 12 turns of 28swg enamelled close-wound with 2-turn link woundjon 
cold end 

L5 12 turns of 28swg enamelled close-wound 
L6 7 turns of 28swg enamelled close-wound 
L1, L5 and L6 wound on jin diameter formers slug tuned 
L2, L3 and L4 300 turns of 38swg enamelled wound on Mullard ferrite 

rings Type FX1593 
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Fig 4.88. Circuit diagram of the high stability converter. 

beat at 21 MHz. Do not tune the coil slugs with a metal 
screwdriver, use a non-metal trimming tool, such as a large 
knitting needle filed to a blade. 

The next step is to connect an aerial and tune the front 
end. Do this with the receiver switched to Band 1 and the 
oscillator at about 14MHz. Set VC1 to about 90 per cent 
of full mesh and adjust the tuning slug of LI for the maximum 
output of the headphones. Switch to Band 2 and rotate 
VC1 again for maximum output. Make a note of where the 
rf tuning is for each band. If a communications receiver 
or wavemeter is not available for tuning it is no problem 
to tune the oscillator until a station is heard. 

Conclusion 
Although simple, this receiver should not be regarded as a 

gimmick or as an inexpensive substitute for the superhetero¬ 
dyne. It is not by any means claimed to be the ultimate in 
receivers but it does perform well and is an ideal project for 
the beginner interested in dx reception. 

LOW-COST HIGH STABILITY CONVERTER 

Many older communications receivers provide adequate 
performance on the lower frequency bands but lack stability 
and/or sensitivity and good bandspread tuning on the 
higher frequency bands. One satisfactory answer to this 
problem, often providing an additional useful lease of life to 
be given to receivers acquired second-hand, is to use the 
basic receiver as a tunable i.f. system on, say, 3-5MHz in 
conjunction with a sensitive crystal-controlled front-end 
converter for bands above 3-5MHz. 

Many suitable designs can be evolved from the circuits 
presented earlier in this chapter; basically such a converter 
will usually comprise an rf amplifier (possibly omitted if a 
low-noise mixer is used) mixer, crystal-controlled oscillator 
and possibly a cathode follower to facilitate low-impedance 
coupling to the main receiver. 

Most circuits require a separate crystal for each band, or 
alternatively reverse the receiver tuning direction on one or 
more bands (for example by using a 10 5MHz crystal to 
provide 3-5MHz output on 7MHz and on 14MHz, or a 

17-5MHZ crystal frequency for 14 and 21MHz). However an 
economical and simple converter capable of good perfor¬ 
mance using only a single 3500kHz crystal has been described 
by F. Johnson, ZL2AMJ—see Fig 4.88. 
This two-valve unit functions as a crystal-controlled 

converter on the 7, 14 and 21 MHz amateur bands and as a 
straight pre-amplifier on 3-5MHz. The converter provides a 
broad-band output on the 3-5MHz band, and all tuning is 
carried out on the main receiver. It should prove particu¬ 
larly effective in conjunction with an older receiver having 
good bandspread tuning and stability on the 3-5MHz band. 
The selectivity will depend entirely upon that of the main 
receiver when operating on 3-5MHz. One disadvantage 
is that the unit produces a strong spurious marker signal on 
7,000kHz which can block the first few kilohertz of the 
7MHz band. This can be minimized or eliminated if the 
crystal is slightly lower in frequency than 3,500kHz as 
described later. 

The converter comprises the triode section of a 6U8 
(ECF82) triode-pentode working as a grounded-grid ampli¬ 
fier. The pentode section of the functions as mixer with a low 
noise contribution. One half of a 12AT7 (ECC81) functions 
as crystal oscillator and the other section as a cathode 
follower output stage following the mixer. There are no 
tuned circuits at the broadband i.f. of about 3-5-4MHz 
and consequently no ganged tuning circuits are used. 

For 3-5MHz reception the oscillator is switched off and 
the remaining stages act asa pre-amplifier. On other bands the 
crystal oscillator frequency is always 3-5MHz lower than 
the band being received, so that the signal frequency rises as 
the main receiver is tuned higher across the 3-5MHz band. 
For 7MHz the crystal oscillates on its fundamental frequency 
of 3,500kHz, for 14MHz on its third “overtone” of about 
10-5MHzand for 21 MHz on its fifth “overtone” of 17-5MHz. 
Note that for overtone operation the output is not precisely 
at the exact harmonic of the crystal fundamental, although 
close to it, so that a small correction will be needed to the 
original receiver calibration. Otherwise the 3-5MHz calibra¬ 
tion applies in terms of tens and hundreds on all bands, and 
the tuning rate will be the same on all bands. Thus 7-1, 
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14T or 21 • 1 MHz signals should be received on about 3-6MHz 
and 7-2, 14-2 or 2L2MHz on 3-7MHz, etc. 

In order to maintain this approximate 3-5MHz calibration 
on all the other bands, the crystal needs to be fairly accurate 
on 3,500kHz. However if this is not regarded as vital, it is 
often possible to use a crystal some kHz lower in frequency. 
For example a 3490 kHz crystal would tune 7OOO-73OOkHz 
as 3510-3810kHz, 14,000-14,350kHz as 353O-388OkHz 
and 21,000-21,450kHz as approximately 355O-4OOOkHz. 
This tolerance would allow the use of a cheap surplus crystal 
provided that it is sufficiently active to oscillate readily on 
its fifth overtone. 

Note that only two adjustable coils are used to tune the 
four bands with LI left in parallel with L2 on 14 and 21 MHz. 

Construction and layout are not particularly critical 
provided that rf leads are kept short, and output circuits 
placed well away from input circuits. 

All coils are wound on Jin diameter slug-tuned unshielded 
formers using 30swg enamelled wire: LI 42 turns; L2 26 
turns, tapped at 17 turns from the “earthy” end; L3 35 
turns; L4 13 turns; L5 8 turns, spaced over jin. Formers 
could be 0-3in diameter with a slight reduction in numbers 
of turns—this can easily be determined if a calibrated grid 
dip oscillator is available. The formers can be mounted 
around the Yaxley-type bandswitch. 

Alignment 
After completing and checking all wiring, the oscillator 

circuits must be adjusted so that the crystal oscillates on the 
correct overtone frequencies. This can be done most readily 
with a grid-dip oscillator used as an absorption wave¬ 
meter, though it should be possible to achieve satisfactory 
results by checking the output on the main receiver if this 
will tune to 10-5 and 17-5MHz and care is taken not to be 
misled by harmonic output. With the absorption device 
check and adjust the cores of L3, L4 and L5 until the 
oscillator is operating on the required frequencies. 

Then set the converter to 7MHz and connect it to the 
main receiver which is set to 3-5MHz. Without switching on 
adjust LI for coverage of 7-7-5MHz in conjunction with the 
35pF tuning capacitor by using the grid dip oscillator in the 
usual way (this can be done with incoming signals without 
a gdo but the process is more difficult). Switch to 3-5MHz 
and check that the rf tuning range now covers 3-5-4-OMHz 
(or just the European section of the band—3-5-3-8MHz—if 
this is all that is required). If the tuning range is incorrect, it 
may be necessary to replace or parallel the 150pF tuning 
capacitor with other values. Once the 3-5MHz tuning range 
has been established, switch to 14MHzand adjust L2 so that 
the tuning range covers 14-14-5MHz. It should then be 
possible to tune the 21 MHz band without any further 
adjustment (the full tuning range will probably exceed the 
amateur band but this is of no consequence). In practice it 
will probably prove necessary to change the converter tuning 
only when tuning right across the band; when searching 
around only a small section of the band the control can be 
left unaltered. 
Once the tuning ranges have been adjusted, the unit 

should be ready for use. Signals can be peaked with the 
converter tuning control when necessary, otherwise all 
tuning is done on the main receiver. If the gain of the hf 
converter should be excessive on some signals a gain control 
can be fitted on the cathode follower stage. 

HF RECEIVERS 

4.47 



RSGB—RADIO COMMUNICATION HANDBOOK 

Fig 4.90. A 4 95 to 5 55MHz vfo 
suitable for use with ic mixers or 

for general applications. 

One possible difficulty is that there may be i.f. break¬ 
through from strong local 3-5MHz signals when receiving 
on the other bands. Screening of the converter and the use 
of coaxial cable with screened connectors between converter 
and receiver may be sufficient to overcome any difficulties. 
Should this not be the case, it may in some cases be necessary 
to fit a further tuned circuit in the form of an aerial tuning 
unit between the aerial and converter. Provided that the 
main receiver is efficient on 3-5MHz this combination should 
provide excellent sensitivity and stability on all the bands 
concerned. 

RECEIVER USING LINEAR INTEGRATED CIRCUITS 

Fig 4.89 shows a typical circuit arrangement for a compact 
ssb receiver built around the Plessey SL600 series of linear 
integrated circuits. The SL610 is an age controlled rf ampli¬ 
fier; the SL641 a double-balanced mixer followed immedi¬ 
ately by the ssb crystal filter (for example a KVG 9MHz 
filter). Two SL612 devices are used in the i.f. amplifier, the 
first being agc-controlled. The second SL641 functions as a 

product (synchronous) detector with the af output fed both 
to the SL63O af preamplifier and the SL621 age generator. 
This “hang” age system is capable of holding the audio out¬ 
put constant to within 4dB for signal input variations of over 
lOOdB. Dual detectors in the SL621 provide two different 
age time constants; the long time constant keeps the age 
output voltage nearly constant during brief speech pauses 
while noise pulses are sampled by the second detector and 
activate a trigger circuit to prevent the system from attempt¬ 
ing to follow noise pulses. Fig 4.90 shows an alternative vfo 
design. 

Another SL600 receiver, forming part of a transceiver, is 
described in Chapter 6—HF Transmitters. 

COMPACT HIGH-PERFORMANCE RECEIVER 

To illustrate many of the points made in the earlier sections 
of this chapter brief circuit details are included of a compact 
all-semiconductor receiver of modern design, built by 
Jukka Vermaasvuori, OH2GF. 

Fig 4.91. Block diagram of the compact receiver. 
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When incorporating a vfo tuning 5 0 to 5-5MHz (eg 
those shown in Figs 4.54 or 4.90) the receiver tunes the 3-5 
and 14MHz bands. For operation on other bands it would be 
necessary either to redesign the oscillator and twin rf tuned 
circuits to cover the additional frequencies, or alternatively 
the receiver could be used with a crystal-controlled converter. 

Basically the receiver is a double-conversion model with 
fixed i.F.s of 9MHz and 475kHz, using a double-balanced 
diode mixer and no rf stage. No integrated circuits are used 
and all devices in the signal path are either hot carrier diodes 
or single- or dual-gate fets. 

The following are among the general principles adopted 
in the design and construction of the receiver: 

(a) To improve dynamic range no rf amplifier is used. 
(b) Selectivity characteristics are determined near to the 

front-end. 
(c) A double-balanced mixer has been used as first mixer 

to reduce spurious responses, increase linearity and to 
decrease the need for front-end selectivity. 

(d) Demodulation is removed from 9MHz to 475kHz to 
overcome bfo leakage problems; this second frequency 
conversion however is only done after the agc-con-
trolled stages when signal level is nearly constant. 

Fig 4.94. Circuit of power supply for compact receiver. 

(e) The age loop is derived from i.f. rather than at, and the 
age characteristics have been chosen for ssb reception. 
No envelope detection is included, and a.m. signals 
are received as ssb. 

(f) In order to permit operation from a car battery, 12V 
is used as the working voltage (but note that the 
receiver is negative earthed). 

(g) All stages from rf mixer to af are placed on the same 
printed circuit board to form the main unit of a two-
band (3-5 and 14MHz) set. 

AN ADVANCED HYBRID RECEIVER 

This is an advanced high-performance single-conversion 
receiver with an i.f. of 1 -62MHz and partial frequency 
synthesis, providing high stability coupled with wide 
dynamic range. It features the use of 7360 beam deflection 
valves for the mixer and product detector functions; a 
phase-locked frequency synthesizer with high-stability fet 
interpolation vfo, noise blanking, hang age and with the 
crystal filter distributed over several i.f. stages. The receiver 
was designed by Peter G. Martin, G3PDM/W1, as the Mark 
2 version of one described in the 4th edition of this hand¬ 
book. Full constructional details are not given since the 
prototype receiver uses a number of components no longer 
readily available, but a study of this design will provide 
many ideas for advanced rf receivers. 

The prototype receiver was unit constructed so that build¬ 
ing blocks could be removed for laboratory work or modi¬ 
fication. The circuit is broken down into nine units and these 
will be discussed briefly in turn. The complete receiver circuit 
diagram (Fig 4.95) is given in eight parts ; for clarity, switched 
tuned circuits are shown for one band only, and switch 
sections are denoted X. A list of special parts is given in 
Tabic 4.7. 

TABLE 4.7 

Details of special components in the G3PDM receiver 

C501-3 See Table 4.B 
D401,501-4 Brush-Clevite BA111 
L101 Amateur band coils (see Table 4.8) 
L302,4, 6 See text 
L501 Amateur band local oscillator coils (see Table 4.8) 
L502 1 -2mH (Electroniques BP21 ) 
L601 2-4/iH. Silver-plated coil on Cambion 3354-6 coil former 

with Carbonyl TH slug 
T101 Amateur band aerial coils (see Table 4.8) 
T102,204 1 -62MHz i.f. transformer. Primary 100/iH centre-tapped, 

secondary 100mH. 
T201,2, 3 1-62MHz ift, primary and secondary 100mH 
T401 5OOOS2:3Q output transformer 
T501 5-88-6 38MHz wideband coupler (Electroniques WBC-5 

with 33pF capacitors reduced to 22pF) 
T502 Primary tuned to 6-13MHz, turns ratio 2:1 (Modified 

Electroniques WBC-5) 
T701, 2, 3 1-35-1-65MHz wideband couplers (Modified Electroniques 

WBC1-8) 
T901 100V rms at 130mA and 6-3V rms at 3A outputs 
T902 16 3V0-5A output 
VC101,201-4Tubular ceramic trimmers 
VC102 Rotary ceramic trimmers 
VC501,2 Rotary ceramic trimmers (See Table 4.8) 
VC601 75pF swing, double-bearing variable capacitor 
VC602 Air-spaced miniature trimmer 
VC603 Temperature compensating capacitor (Oxley Tempa-

trimmer) 
X201.3, 5 1620 2kHz filter crystals 
X202, 4, 6 1618-4kHz filter crystals 
X401.2 See text 
X501 See Table 4.8 
Note: “Electroniques” components are no longer marketed but 

are possibly available on the second-hand market. 
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Unit 1: Preselector, Mixer and Calibrator 
Top-capacitance coupled tuned circuits are used in the 

preselector. The circuits are tuned by a two-gang 50pF 
variable capacitor, and coupled through a O2-3pF ceramic 
trimmer. The two sets of coils are screened from each other 
to prevent spurious coupling. 

During alignment, the coupling coefficient is optimized 
by alternately reducing VC101 and re-peaking the tuned 
circuits, until the S-meter shows a slight loss of signal. 

The inherently balanced nature of the 7360 mixer is 
preserved by the use of push-pull oscillator injection and a 
balanced output transformer (T102). 
The circuit is balanced to de by RV101, and to rf by 

VC102. VC501 in the synthesizer unit is used to equalize the 
amplitudes of the two anti-phase injection signals. The ends 
of RV101 are bypassed to rf so that the rf impedance seen 

by the push-pull oscillator (V501) is independent of the set¬ 
ting of RVIOI. Note that the maximum recommended grid 
leak resistance for the 7360 is 470k£f. 
During alignment, VC501 and VC102 are set to their 

centre values, and RV101 is adjusted for maximum i.f. 
rejection. A very pronounced null should be found. Fine 
adjustment can be made with VC102, if necessary. VC501 is 
adjusted to null the local oscillator radiation, using a 
general coverage receiver as a monitor. Readjustment of 
RV101 and VCI02 will be necessary. 

The 100kHz crystal calibrator is entirely conventional; 
a semiconductor device could be substituted. 

Unit 2: Product Detector and I.F. Amplifier 
TR201 is the fet noise gate, which open-circuits the signal 

path when pulsed by the noise blanker (Unit 7). The receiver 
i.f. chain consists of three frame-grid pentode amplifiers, 
each preceded by a half-lattice crystal filter with resistive 
loading. Unbypassed cathode resistors are used on V201 
and V202 to reduce the capacitive load on the first two 
filters. 

The 7360 product detector (V204) is fed in push-pull from 
T204. The cathode of the 7360 is bypassed to rf and audio 
frequencies to reduce cross-modulation and noise modula¬ 
tion. The product detector output passes through a pi-section 
rf filter before reaching the main low-pass audio filter (Unit 
3). 

The filter crystal frequencies are 1,618-4 and l,620-2kHz. 
Trimmers across the higher frequency crystals provide 
adjustment of the infinite attenuation frequencies of each 
section. 

The overall gain of the i.f. strip is in excess of 120dB. To 
maintain stability and prevent deterioration of filter perfor¬ 
mance, thorough decoupling of supply lines is imperative. 

4.51 



4.52 

Unit 4 Carrier injection ose, cw filter & audio amplifier 

R
S
G
B
—
R
A
D
I
O
 
C
O
M
M
U
N
I
C
A
T
I
O
N
 
H
A
N
D
B
O
O
K
 



HF RECEIVERS 

4.53 



RSGB—RADIO COMMUNICATION HANDBOOK 

Unit 9 
Power supply 

Meter switching 

To align the i.f. strip, a simple wobbulator was bread-
boarded, designed to be swept across l-62MHz by the time¬ 
base output of a standard laboratory oscilloscope. An 
audio output detector with a logarithmic response was made 
to give a vertical display in decibels, to a reasonable approxi¬ 
mation. In this way the skirt selectivity of the receiver can be 
monitored during filter adjustment. The two units are 
detailed in Fig 4.96. 

The only satisfactory way to align each filter section is to 
remove the crystals from the other sections and short out 
one crystal socket in each pair. The two cores of the i.f. 
transformer driving the section under test are then adjusted 
for the optimum response, and the hf crystal trimmer is set 
to provide the correct infinite attenuation frequencies. 
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+9V 

Fig 4.96. Circuit used to display filter response curves on an oscilloscope during receiver alignment, (a) Sweep frequency generator with 
adjustable centre frequency and sweep width. LI is 13 turns of wire on a Mullard FX1595 ferrite ring. C1 is used to set the correct operating 
frequency. For most purposes direct coupling between the oscillator and the receiver under testis not needed, (b) Audio detector used to give 

a roughly logarithmic display of filter attenuation. The actual detector characteristic is shown in (c). 

Unit 3: Audio Low Pass Filter 
This elliptic function filter was described earlier. In the 

prototype, inductors are wound on Mullard LA23O3 pot 
cores. L3O2, L304 and L306 have 650, 520 and 560 turns of 
38swg wire respectively. 

Unit 4: Audio Amplifier, CW filter and CIO 
The carrier insertion oscillator is a fet Hartley circuit. 

Carrier crystal frequencies depend on the i.f. strip response 
achieved, but were 1.608-6 and 1,621 -6kHz in the prototype. 

In the rtty mode, the oscillator is tuned by L40I, C401 and 
the capacitance of the varactor diode D401. Automatic 
frequency control for unattended rtty operation is available 
by using feedback from a teleprinter terminal unit to control 
the varactor bias. The carrier voltage is 5V peak-to-peak 

at the source of TR401, and 8 V peak-to-peak at the collector 
of TR403, in any position of switch S2. 

In the two-section cw filter, twin-T networks provide 
frequency selective feedback around amplifiers consisting 
of two complementary pairs (TR404-7 and TR408-411). In 
each section, the four 0 022^F capacitors and four resistors 
must be matched to better than 1 per cent (preferably 01 per 
cent). The RC products of the two sections are staggered by 
about 10 per cent, to provide a cw bandwidth of around 
180Hz. In the ssb and rtty modes, the twin-T networks are 
replaced by R401 and R402. These are selected to give a 
constant audio output level when switching from one mode to 
another. The 5pF capacitors from base to collector on 
TR407 and TR411 are for high frequency stabilization. 

The audio output stage consists of an emitter-follower 
(TR412) driving a high voltage power amplifier (TR413) 

TABLE 4.8 

Frequencies and component details for the phase-lock synthesizer and preselector. Inductors are described by the original Electroniques 
part numbers. 

Signal Local Crystal 
frequency oscillator (X501) 

Band range range frequency C501 2 C503 VC501 VC502 
(m) (MHz) (MHz) (MHz)' T101 L101 L501 (pF (pF) (pF) (pl) 
1“ 1-8-2 312-362 95 LZ18 BP' 8 OS1-8/16 47 100 40 40 
80 3-5-4 5 12-5 62 11-5 LZ3-5 BP3-5 053 5/16 0 68 40 40 
40 7-7-5 8 62-912 15 LZ7 BP7 OS7/16 68 22 40 40 
20 14-145 1562-1612 22 LZ14 BP14 OS14/16 68 20 20 

0A £«1 « LZ21 BP21 OS21'16 33 ° 20 » IUM ZÖ-ZÖ □ Z7'0Z—3U‘1Z 36 ™ 

10B 28 5-29 3012-30-62 36-5 I LZ28 BP28 OS28/16 0 0 20 Í 20 
10C 29-29 5 30 62-31-12 37 f Im 
10D 295-30 31-12-31-62 37-5 J jq 
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Fig 4.97. Phase-lock 
frequency synthesizer 

block diagram. 

with a degenerative emitter resistor to reduce distortion. 
The Motorola MJE34O specified is a low-cost plastic-
encapsulated device with a 300V collector-base rating. Three 
low-level outputs are provided: for headphones, an rtty 
terminal unit, and other accessories. T401 transforms the 
loudspeaker impedance to a 5kQ load for TR413. 

A high-voltage output stage was used to avoid the neces¬ 
sity for a low-voltage high-current supply in the receiver. 

Unit 5: Frequency Synthesizer 
The synthesizer unit is assembled in a 7} by 4i by 2in die¬ 

cast box, with screens between each section. V501 is the band-
switched push-pull local oscillator driving the main receiver 
mixer, and the remaining circuitry is used to phase-lock this 
oscillator to the reference vfo (Unit 6); see Fig 4.97. 

Although the use of a phase-lock loop in amateur equip¬ 
ment might be discouraging to some constructors, it is 
reassuring that when the prototype receiver was first switched 
on, the frequency synthesizer was the only unit to function 
correctly! Phase-lock systems arc notorious for loop insta¬ 
bility, but provided some simple ground rules are observed, 
few problems arise. 

The pentode section of V5O2 mixes the outputs of the 
push-pull oscillator and the crystal-controlled translation 
oscillator to provide a signal in the reference vfo range 
(5-88-6-38MHz). The triode section of V502 is a Miller-type 
crystal oscillator operating on frequencies between 9-5 and 
37 5MHz. Overtone operation is used above 20MHz. The 
entire frequency range of this oscillator can be tuned by a 
single inductor (L502) and switched capacitors (C5O3 and 
VC5O2). See Table 4.8. Wideband couplers are used between 
the mixer, synthesizer i.f. amplifier (V5O3), and phase¬ 
sensitive detector (D5O5-6). 

The psd diodes must be matched for forward resistance and 
reverse-bias capacitance. If this is not carried out with suffi¬ 
cient accuracy, a trimming capacitor will be needed across 
one of the diodes. “Matched” pairs of germanium diodes 
supplied by one retail outlet have been found to be hope¬ 
lessly unmatched. 

The several filtering networks associated with the psd and 

de amplifier (TR501) determine the phase-lock loop frequency 
response, and hence its stability. Circuit values should not be 
changed without a thorough understanding of the conse¬ 
quences. If phase-lock is lost, the collector voltage of TR501 
increases towards +24V. This causes the unijunction sweep 
generator (TR5O2) to sweep the varactor bias voltage between 
zero and +20V. The push-pull oscillator frequency sweeps 
in sympathy until a beat note is detected at the psd output, 
and phase-lock is achieved. 

To align the synthesizer, the reference oscillator is dis¬ 
connected from the psd. The receiver is switched to the 
14MHz band, and L501 is adjusted so that the local oscil¬ 
lator is sweeping over the range 15-62-16-12MHz. The crystal 
oscillator output on 22MHz is peaked by VC502. If a high-
frequency oscilloscope is connected across one of the 2700 
resistors in the secondary of T502, the unijunction sweep 
generator will cause the synthesizer i.f. strip to wobbulate 
itself. T501 and T5O2 can be visually aligned to give a 
flat-topped response over the synthesizer i.f. range of 

TABLE 4.9 
Summary of receiver performance achieved 

Frequency coverage: All amateur frequencies between 1-8 and 30MHz, 
in 500kHz bands. A further three switch positions are 

Tuning rate: 
Sensitivity 

Power output: 
Selectivity: 

Image rejection: 
IF rejection: 

provided or reception of MSF and other stations. 
9kHz per knob revolution on all bands. 
SSB: Better than 0-5p.V for 6dB signal-to-noise ratio. 
CW: Better than 0-2p.V for 6dB signal-to-noise ratio. 
1-5W rms continuous rating. 
SSB: 2-2kHz at -6dB, 3-9kHz at -60dB, 6-8kHz at 
-120dB. 6:60dB shape factor: 1-77. CW: 130Hz at 
-6dB, 660Hz at -30dB. 6-5kHz at -120dB. 
Better than 50dB. 
Better than 85dB on 160m band, and better than 
100dB on other bands. 

Spurious responses: All spurii below a 1ptV equivalent level, except as 
noted in the text. 

Transient responses: IF recovery time of 470us. 
AGCcharacteristics 1 -5dB rise in audio output for 132dB increase in 

signal strength above l-SjzV. Attack time 20ms, 
hang time 1s and decay time 200ms. 

Frequency stability: 500Hz warm-up drift in first 60s, thereafter ¿2Hz 
in any 30min period. 

Resetability: After 12-hour turn-off period, stabilizes within 10Hz 
of original frequency. 
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5-88-6-38MHz. If the oscilloscope is now connected to the 
psd output, any signal seen is due to imbalance in the psd 
diodes. This should be less than 50mV peak-to-peak. 
Reconnection of the reference oscillator should cause 
phase-lock, and the local oscillator should be tunable over 
its full range by varying the reference oscillator frequency 
between 5-88 and 6-38MHz. 

The synthesizer should function correctly on each amateur 
band once the local oscillator sweep range is set to overlap 
the required operating range. VC501 should be set on each 
band to minimize oscillator radiation from the receiver. A 
meter switch is included on the rear panel of the receiver 
so that the varactor diode bias can be monitored. On each 
band L501 should be adjusted so that the bias voltage is 
between + 5V and + 17V over the receiver tuning range. 

Unit 6: Reference Oscillator 
The reference oscillator was designed according to the 

principles laid down by Vackar. The oscillator capacitor 
values are selected so that 

C602 C6O3 
VC601 + C60Ï = VC602 = 6 approximately. 

The tuning indicator L601 is a silver-plated coil on a highly 
stable ceramic former with an iron dust core mounted on a 
sprung screw thread. The core material is high stability 
Carbonyl TH powdered iron, with a temperature coefficient 
of permeability of +0 0015 per cent/°C. VC602 is an air-
spaced trimmer capacitor used to set feedback just above 
the level needed to sustain oscillation. The oscillator de 
supply is double-stabilized and decoupled at several points to 
reduce feedback and spurious a.m. or fm on the output. 
C601, 2, 3 are silvered mica capacitors secured to surround¬ 
ing solid objects by epoxy resin. VC6O3 is a 6-5pF bi-metallic 
temperature-compensating capacitor with an adjustable 
coefficient of ±2,000p.->m/oC. 

TR602 and TR6O3 form a buffer/isolator to reduce oscil¬ 
lator loading effects such as frequency pulling and to increase 
the oscillator output to a level suitable for driving the psd 
(8V peak-to-peak). 

If the oscillator is run away from sources of heat, a 
medium-term stability of +2Hz should be achieved with¬ 
out adjustment of VC6O3. Warm-up period is about one 
minute, corresponding to the thermal time-constant of TR401. 
Warm-up frequency drift should be less than 500Hz. 

Once the oscillator is placed inside the receiver cabinet, 
heat from the valve circuits necessitates adjustment of VC6O3 
to minimize thermal drift. This is a time-consuming process, 
but with care it is possible to null out the effects of tempera¬ 
ture changes inside the receiver cabinet. The problem is 
reduced considerably by running the receiver valve circuits 
from a + 130V ht supply, and by using a cabinet designed 
to maximize ventilation of heat sources. In the prototype 
receiver, the hottest part of the cabinet stabilizes less than 
15°C above ambient. 

The reference oscillator tuning range is set to 5-88—6-38 
MHz by judicious adjustment of L601 and C601. 

Unit 7: Noise Blanker 
The noise silencer circuit shown has not been tested in the 

current receiver, but is based on the design used successfully 
in the earlier model. An extra stage of amplification is shown 
so that the noise gate will be operated by lower level impulses, 
and the pulse shaping circuit has been modified. The envelope 

detector is ac coupled to the Schmitt trigger pulse squarer 
so that the receiver is not muted by strong signals inside the 
noise silencer passband. The three noise amplifiers (V7O1-3) 
are wideband-coupled by T7O1-3, and the detector threshold 
is set by the front-panel control RV701. The phase-splitter 
(TR7O3) provides inverted blanking pulses which are coupled 
to the noise gate output through VC201 to eliminate switch¬ 
ing transients in the main receiver signal path. 

The noise silencer is aligned by connecting a fast pulse 
generator to the aerial socket, feeding in l^s pulses with a 
repetition frequency of about 100Hz, and adjusting the 
wideband couplers so that the output pulse resembles the 
input pulse. It is important that the output pulse should have 
the fastest possible rise-time, even at the expense of pulses 
being appreciably lengthened. VC201 is set so that the gate 
output is free of switching transients. 

Unit 8: The AGC Generator 
The age circuit has already been described in detail. The 

age threshold can be varied by means of the voltage at the 
anode of D801, which should be between —20 and —26V. 
No setting-up adjustments are necessary. 

Unit 9: The Power Supply 
The power unit must provide eight separate supplies for 

the receiver circuits. T901 provides 6-3V ac at 3A rms for 
valve heaters, and 100V rms at 130mA for bridge rectification 
to provide the main +130V ht line. An OB2WA stabilizer 
(V901 ) gives a + 108V supply for valve oscillators and some 
other voltage-sensitive circuits. T902 gives 16-3V rms at 
0-5A for two half-wave rectifiers providing +24V and —24V 
supplies. TR901-2 form a series regulator giving a stabilized 
+ 15V supply for the reference oscillator, and zener diodes 
give —20V for the age generator. The adjustable — 1-9V 
supply biases the main receiver mixer. 

G2DAF MARK 2 RECEIVER 

A double-conversion (variable first i.f.) receiver based on 
valves has been described by G. R. B. Thornley, G2DAF. 
This is a later version of an advanced design which was 
built by about 1,000 amateurs; by reducing pre-mixer gain 
and by using push-pull balanced stages in the front-end, it 
achieves a wide dynamic range while using conventional 
valves. A block diagram is shown in Fig 4.98. 

The design targets for this receiver were: 
(1) A high degree of bandspread, constant on all bands, 

and a slow tuning rate. 
(2) High stability and dial setting accuracy, including 

freedom from slow drift and absence of frequency 
shifts produced by age action. 

(3) lOdB signal to noise ratio for less than 0-5/xV aerial 
input on all bands. 

(4) Selectivity 2-5kHz at 6dB down; not more than 5kHz 
at 60dB down. 

(5) Second channel rejection not less than 80dB down. 
(6) I.F. breakthrough rejection not less than 80dB. 
(7) Self-generated spurious responses below threshold 

noise level on all bands. 
(8) Two-speed age system suitable for a.m., cw or ssb 

reception having audio rise less than 6dB for 60dB 
change in signal input. 

(9) Effective a.m. noise limiter. 
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range kilohertz tuning 

such that under conditions of constant 
temperature and constant mains voltage 
not exceed lOOkHz/hour after 30 minutes 

supply. 
Primary windings on T6 to T10 provide the correct impe¬ 

dance load; the secondaries feeding the grids of the first 
converter valve V2 (ECC88). Signal input to the converter is 
in push-pull and oscillator injection in parallel. 

When switched to the 3-5MHz or 7MHz band, the swing 
of the signal frequency tuning capacitor will resonate the 
front end circuits to the tunable i.f. of 5 to 5-5MHz. Under 
these conditions the converter V2 will behave as a tuned-
anode tuned-grid oscillator. To maintain stability the valve 
is cross-neutralized by the two 2 to 8pF trimmers. 

Conversion oscillator V3 (ECC85) is a Butler circuit 
operating as a fundamental or overtone oscillator. 

All signal frequency and oscillator coils, and the required 
crystal, are selected by the 11-bank, single-pole, 8-way range 
switch SI to SH. T5 and T10 each cover the 21 MHz band 
and the three sections of the 28MHz band, therefore the 
last four contacts of SI, 2, 3,4, 5,6 and 7 are linked together. 
In regard to TH, 12, 13, 14, 15, 16 and 17, each coil is pre¬ 
tuned with its own fixed mica capacitor and dust core. One 
coil is fitted for each band from l-5MHz to 21 MHz, one 
coil for 28MHz and one coil for 28-5MHz; the eighth posi¬ 
tion of the range switch allows an additional oscillator coil 
and crystal to be used if 29 to 29-5MHz coverage is required. 

The secondary centre taps of Tl, 2, 3, 4 and 5 are con¬ 
nected together and taken to the lOOkQ grid resistor; 
secondary centre-taps of T6, 7, 8, 9 and 10 are connected 
together and taken to the rfc; cold ends of Tl 1, 12, 13, 14, 
15, 16 and 17 primary are taken to the l-5kil resistor and 
0 01/xF by-pass capacitor; and cold ends of TH to T17 
secondaries are then connected together and taken to the 
0 01/xF by-pass capacitor and 4-7ki2 ht feed. 

Signal frequency tuning is affected by the 4-gang 7 to 75pF 
variable capacitor. The centre-tap of the push-pull signal 

Circuit Description 
It will be noted that the circuit for chassis section B shows 

two Collins mechanical filters for ssb reception. The F455Z-4 
is a high sideband filter and the F455Z-5 a low sideband 
filter, either side of the same 455kHz carrier frequency. This 
enables sideband switching to be undertaken without error 
caused by shift of carrier frequency. At the time the Mark 2 
receiver was being constructed, the author was developing 
a phasing exciter and required a selectable sideband receiver 
that could be used as a precision measuring instrument to 
determine the degree of sideband suppression obtained by 
various experimental phasing units. 

The two Collins F455Z-4 and F455Z-5 filters are costly 
items. For normal communication use, sideband switching 
filters are an extravagance and not necessary, so an alterna¬ 
tive i.f. circuit using the relatively inexpensive Kokusai filter 
is also included. CW operators may wish to use the filter 
switching facility for a second narrow-band Kokusai unit. 
The receiver will be described as it was built, because the two 
Collins filters and associated i.f. transformers are clearly 
visible in the photographs. 

(10) Stability 
ambient 
drift will 
warm-up period. 

(11) Front-end dynamic range not less than lOOdB. 
(12) ß-multiplier heterodyne rejection filter; built in 

100kHz calibrator; facilities for sideband switching 
and fora.m. reception. 

Although high and low sideband filters were used in the 
original model, it is unlikely that many amateurs would 
wish to adopt this relatively high-cost approach, and an 
alternative i.f. circuit using the Kokusai mechanical filter has 
been developed. 

TABLE 4.10 
First conversion crystal frequencies 

Chassis Section A—Fig 4.99 (a) 
Push-pull rf amplifier VI (PCC189) is operated at unity 

gain (or less) and is therefore completely stable on all bands. 
Valve type PCC189 was chosen because it has variable-mu 
characteristics and can be controlled from the age line; 
additionally the rf gain variable resistor in the cathode 
return circuit enables the valve to be used as a variable 
aerial attenuator—a useful feature under very heavy com¬ 
mercial interference conditions. Although the rated heater 

Band 
(MHz) 

1-5 
3-5 
70 
140 
21 0 
280 
28-5 

Crystal freq 
(MHz) 
70 
90 

12 5 
19-5 
26-5 
33 5 
340 

Mode Output freq 
(MHz) 

Fundamental 70 
Fundamental 90 
Fundamental 12-5 
3rd overtone 19-5 
3rd overtone 26-5 
3rd overtone 33-5 
3rd overtone 34 0 

All crystals must be ordered for series resonance operation stating mode 
of operation. 
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frequency coils must not be by-passed to rf but allowed to 
"float”, circuit balance being obtained by the equal sections 
of the split stator tuning capacitors. 

Chassis Section B—Fig 4.99 (b) 
Output of the first converter is fed into T18 and T19, and in 

push-pull to the grids of the second converter V4 (ECC85). 
Oscillator injection to the two cathodes strapped in parallel 
is derived from cathode follower V6 (6BA6) driven by vfo 
V5 (6BA6). 

These three stages constitute the tunable i.f. covering the 
range 5 to 5-5MHz and resonated by a 5-gang variable 
capacitor of 3 to 35pF each section—kilohertz main tuning 
(VC3,4 and 5). 

The vfo is arranged as a Colpitts parallel-tuned oscillator 
to obtain a high frequency stability, together with a level 
amplitude of output voltage across the 500kHz range, and 
tunes on the high side (ie 5-5-7MHz plus 455kHz) 5-455 to 
5955MHz. 

T18 and T19 are coupled by a low impedance link around 
the electrical and mechanical centre of each main winding. 
The centre tap of each coil is allowed to “float” and must 
not under any circumstances be bypassed to rf. 

The tunable i.f. of 5 to 5-5MHz is converted by V4 to the 
second i.f. of 455kHz. Switch banks SI2, 13 and 14 select 
the appropriate mechanical filter, or top-coupled i.f. trans¬ 
formers, for high sideband/low sideband/a.m. reception. 

Q multiplier V7 (12AX7) is connected to points “C” “C” 
by 75Û coaxial cable, thus forming the connecting link 
between the pole of S14 and the grid of V8. 

I.F. amplifier V8 (6BA6) is capacitance coupled to the 
second i.f. amplifier V9 (6BA6), both valves being age con¬ 
trolled. The S-meter is connected to G2 of V9 instead of the 
customary cathode position, in order to obtain better S-
meter scale linearity. Both i.f. amplifiers have negative 
current feedback in order to reduce Miller effect due to age 
action. Additional i.f. transformers T22, 23 and T25, 26 were 
incorporated in order to avoid the possibility of distorting 
the F455Z-4 and F455Z-5 response curves. 

A proportion of the 455kHz i.f. is fed to the age amplifier 
VIO (6BA6) whose output feeds the OA5 rectifier and the 
OA5 gate circuit. AGC release time is selected by the off-
fast-slow switch SI9a and S19b. The envelope detector V11 
(EA50) is fed from the i.f. transformer T27. SI7 selects high 
or low sideband output and feeds the ring demodulator. 

Chassis Section C—Fig 4.99 (c) 
Audio output of Vil feeds through the lOOkil variable 

resistor, nl set, into the 47kQ diode load. V12 (6AL5) is a 
conventional Dickerts twin-diode envelope-following a.m. 
noise limiter. This is very effective against Loran interference 
when operating in the top section of the l -5MHz band. The 
noise limiter is switched in or out of circuit by S20, part of 
the operation switch. 

Carrier insertion oscillator V13 (6BA6) is operated in a 
modified Colpitts circuit to allow the valve cathode to be 
grounded to rf and eliminate the possibility of carrier leakage 
along the 6-3V heater rail getting back into the i.f. amplifier 
and age amplifier stages. Oscillator operation iscontrolled by 
S18a—part of the main a.m.-l-h sideband switch. 
Amplitude modulated output from V12 circuitry, or 

sideband output from the ring demodulator, is selected by 
SI8b and feeds via the af gain control into the two-stage 
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All valve heater bypass capacitors are O’OI^F 

Fig 4.99(b). Circuit diagram, chassis section B. 
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audio amplifier V14 (12AX7) and finally to the output valve 
V15 (6BW6). Output transformer T30 matches the required 
5kil anode load of VI5 to a standard 30 loudspeaker. 
The calibration oscillator VI6 (6BA6) uses a 100kHz 

crystal in a conventional circuit arrangement, and is switched 
on or off as required by S21—part of the operation switch. 

Power supply provides ht outputs of 200 and 175V, and 
150V regulated by VI7 (OA2) stabilizer valve, using silicon 
diodes in a full-wave circuit, and provides 6-3V ac for all 
valve heaters. The receiver is switched on or off by S22 
and S23 sections of the operation switch. 

I.F. Rejection Filter 
The receiver i.f. breakthrough rejection will be at its lowest 

level when using 3-5MHz or 7MHz, the amateur bands 
nearest to the tunable i.f. range. With the receiver tuned to 
3-75MHz or 7MHz, the measured i.f. rejection is in fact 
62dB. Under good propagation conditions the level of the 

commercial teleprinter transmissions in the 5 to 5-5MHz 
range can be very high and the author is of the opinion that 
62dB rejection is not good enough. This in fact was the 
reason for stipulating in “required specification” : “i.f. break¬ 
through rejection not less than 80dB”. To obtain this figure 
with a margin in hand, a band-stop filter is included with the 
theoretical circuit shown in Fig 4.99 (a). 

The filter is constructed as an outboard unit, intended to be 
connected between the 750 aerial feeder and the 750 
receiver input terminal, so as to allow the filter to be taken 
out of circuit and the aerial to be connected directly when 
it is desired to receive MSF on 5MHz for vfo stability checks 
or to set the 100kHz calibration oscillator on frequency. 

Alternative I.F. Amplifier 
An alternative simplified i.f. amplifier using a Kokusai 

MF-455-1OCK mechanical filter is shown in Fig 4.100. To 
avoid confusion the switch banks and i.f. transformers used 
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- ^SIDEBAND SWITCh}-

to Si9a 

Note. S12. S15, T22, T23 and T25 of tne original circuit are not required demodulator 

Fig 4.100. Alternative 455kHz i.f. amplifier showing modifications necessary for 
Kokusai MF-455-10CK mechanical filter and associated high and low sideband 

1 Jin diameter drive pulleys and a spring tensioned nylon 
cord. 

In order to clear the lead flywheel of the Eddystone 898 
drive, the panel is set IJin away from the chassis front 
apron—this space also gives clearance for the selector plate 

Left: X1 and X2 carrier crystals: frequencies as required for the Kokusai 
MF-455-10CK filter. S25 additional switch wafer ganged to S18a and S18b. 

are given the same identification letters and numbers as the 
original circuit. 

Switch banks S12 and S15 and i.f. transformers T22, T23 
and T25 are no longer required. For sideband switching, the 
Kokusai filter requires two carrier crystals—nominally 
300Hz either side of the filter 6dB points—and this requires 
an additional switch wafer in the input circuit of the carrier 
oscillator V13, to automatically select the correct carrier 
frequency when the a.m.-low-high sideband switch is 
operated. 

As the carrier crystals will have been ordered for parallel 
resonance with the usual 30pF shunt capacitance, the 30pF 
trimmer capacitor can also be omitted. 

The Kokusai MF-455-1OCK filter together with matching 
carrier crystals are obtainable from KW Electronics Limited, 
Dartford, Kent, UK. 

of the main range switch SI to Sil, the i.f. and af gain 
variable resistors, and the sprocket pulleys and chain drive 
ganging the sideband and a.m. switch S12—17 to S18. 
Chassis layout is shown in detail in Fig 4.102, and panel 
layout in Fig 4.103. 
The Q multiplier notch filter, V7 and associated com¬ 

ponents, is built on a small sub-chassis 3in by 2|in, and 
is wired and tested before fitting into final position. This 
unit is connected to the main chassis by two 8in lengths of 
à in outside diameter standard 75D television coaxial cable. 
The signal frequency 4-gang tuning capacitor, VC1 and 

VC2, is in fact two Polar type C28-142 units coupled together 
after a rear shaft extension had been fitted to the unit 
nearest to the panel. Polar capacitors were used because 
they were available, but any standard 4-gang variable of 
either 75pF or lOOpF maximum capacitance would be 
equally suitable. Both Polar capacitors are mounted on a 
piece of hardwood Jin thick to lift the drive shaft and obtain 

Construction 
Thechassiswas made up of four separate box sectionsof 16 

swg aluminium to give a total size of 16in by 12in by 2Jin 
deep, with a 17Jin by 9in front panel. The box sections were 
machine pressings, true to size, having sharp radius corners. 
Metalwork for this design is available from North West 
Electrics, 769 Stockport Road, Levenshulme, Manchester, 
UK. 
The Eddystone 898 dial drive assembly has the driving 

boss almost central behind the panel cut-out, and in order 
to bring the shaft of VC5 into line the complete vfo assembly 
is built into the 6in by 3in "box” and this unit is raised 2in 
above the normal chassis top face. The tunable i.f. capacitors 
VC3 and VC4 are driven from this shaft by means of two 

a more pleasing panel layout. 
It will be observed from the chassis underside photograph 

that holes were drilled for six aerial input coils and six 

Fig 4.101. Preselector tuning 
control, showing how the 
receiver panel should be 
engraved to show the 
control knob positions for 
each of the amateur bands. 
This illustration assumes 
that clockwise rotation 
reduces the tuning capaci¬ 

tance value. 

4.62 



4.63 

12" X 5“x 2V2' 

8" X 6" X 2V2" 
6" X 4" x 21/2" 

12’X 5" X 21/2-

indicates hole drilled through 
box section side apron, 
immediately below top face, 
to accomodate wiring harness 
and interconnecting wires 
carrying rf • 

Fig 4.102. Chassis layout showing principal components. 
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Fig4.103. Panel layout. Dotted line 
shows the relative position of the 
main chassis and the raised rear 
centre section to bring the vfo 
tuning capacitor in line with the 
driving boss of the Eddystone 898 

dial. 

converter input coils. In fact only five of the six positions for 
each stage were used, after experimental work had shown 
that it was possible to use one coil only to cover the 21MHz 
band and the three 500kHz sections of the 28MHz band 
without adversely affecting the receiver performance. To 
mount each coil it is necessary to drill nine holes through the 
chassis top face, and this work can be greatly eased by 
initially making a drilling jig. 

The conversion crystals used were HC-6/U type with Jin 
pin spacing and are mounted on 2-pin holders. When order¬ 
ing crystals it is important to state that the 7,9, 12-5 and 19-5 
MHz crystals are for fundamental operation, and the 26-5, 
33-5 and 34MHz for third overtone operation, and all for 
series resonance operation. 

Standard Electroniques G2DAF Mark 1 Receiver 
oscillator coils were used for Til to T17 and modified as 
required by the addition of a low impedance primary wind¬ 
ing. As Electroniques coils are no longer available, winding 
details are given for coils using Neosid or Aladdin 2|in high 
cans and standard 0-3in diameter formers with OBA dust 
cores (Fig 4.104). 

The 5 to 5-5MHz i.f. section is tuned by a 4-gang 3-35pF 
variable capacitor VC3 and VC4. This is in fact a Polar 
type C28-142 2-gang of maximum capacitance 75pF modified 
to a 4-gang of 35pF each section, by sawing through the 
stator bars—in-between the ceramic support pillars—with a 
model makers’ saw. Any other make of standard 4-gang 
variable can be used, provided only that it will fit into the 
available chassis space, and that it has the same law as the 
35pF variable tuning the vfo (VC5), also that the constructor 
is prepared to accept a non-linear dial calibration. 

It will be noted from the photograph that the four Philips 
beehive trimmers of 3-33pF are adjacent to the Polar 
C28-142 capacitor VC3 and VC4—they are in fact supported 
by soldering the trimmer support leg to the brass capacitor 
frame. 

In order not to degrade the filter response, the input side 
must not be able to “see” the output side. A Kokusai filter 
must be mounted so that it straddles the 4in-long cross screen, 
with the input terminals on the SI3 side, and the output 
terminals on the S14 side. A rectangular notch is cut into 

i ** ■ 
T18 and T19 
T2 to T5 
T7 to T9 

Base 
connections 

Paxolin -
top plate 

18swg tinned copper lead-out wire 

All coll formers finished as shown 
after winding and treated with 
'Denfix' coil cement then allowed 
to dry for 24 hours 

Fig 4.104. Coil assembly details, T11 to T17. All windings in the same 
direction. All coil formers are fitted with Aladdin Paxolin top plate. 
Made-up lead-out wires as shown of 18swg tinned copper wire pre¬ 
stretched and cut to 4in lengths. After soldering to eyelet, lead-out 
wires are trimmed flush with top plate and (in below base. Enamel 
covering is removed from ends of each winding—end looped round 

lead-out wire and soldered, as required. 
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Compo- Freq or Primary Secondary 
nent Band (MHz) Winding Winding 
T1 1-5 4t 38swg enam 100t-ct-100t 33swg enam 

scramble wound in 2 
bobbins (see Fig 4.104) 

T2 3 5 2-75t 24swg enam 62t-ct-62t 38swg enam 
T3 7 0 1-75t 24swg enam 35t-ct-35t 32swg enam 
T4 14 0 1-75t 24swg enam 20t-ct-20t 24swg enam 
T5 21 to 28-5 1-25t 24swg enam 10t-ct-10t 24swg enam 
T6 1-5 7t 38swg enam AsT1 
T7 3’5 2-25t 24swg enam As T2 
T8 7 0 2-25t 24swg enam AsT3 
T9 14 0 3-75t 24swg enam AsT4 
T10 21 to 28 5 1-75t 24swg enam As T5 
T11 70 9t 36swg enam 36t 36swg enam with 65pF 

sm capacitor across wind¬ 
ing. 

T12 90 6t 28swg enam 24t 28swg enam with 65pF 
sm capacitor across wind¬ 
ing 

T13 12 5 4 St 24swg enam 18t 24swg enam with 50pF 
sm capacitor across wind¬ 
ing 

T14 19-5 3t24swgenam 12t 24swg enam with 35pF 
sm capacitor across wind¬ 
ing 

T15 26-5 2-5t 24swg enam 10t 24swg enam with 20pF 
sm capacitor across wind¬ 
ing 

T16 33-5 2 5t 24swg enam 8t 24swg enam with 10pF 
sm capacitor across wind¬ 
ing 

T17 34 0 2’5t 24swg enam 8t 24swg enam with 10pF 
sm capacitor across wind¬ 
ing 

T18 5 to 5 5 32t-ct-32t 32swg 5t32swgenam 
enam 

T19 5 to 5-5 5t 32swg enam 32t-ct-32t 32swg enam 
Band-stop 5 to 5'5 12/xH coil. 45t 36swg f Electroniques or similar 
filter enam 0 83mH coil. -, 0 3in dia former 1 ¿in long 

10t 24swg enam with OBA dust core, 
spaced to jin long. 

Compo¬ 
nent 

T20 

T21, T27, T28 
T22, T23, T24 

T25, T26. T29 

Freq or 
Band (kHz) Description 

455 Denco IFT11-465 i.f. transformer with 65pF 
primary capacitors removed and replaced with 
two 13OpF sm capacitors 

455 Denco IFT11-465 i.f. transformer 
455 Denco IFT11-465 i.f. transformer with top pie 

and resonating capacitor removed 
455 Denco IFT11-465 i.f. transformer with top pie 

and capacitor removed and replaced with 75t 
36swg enam scramble wound against primary 
pie 

T30 Wharfedale output transformer type GP8 used on 36 : 1 ratio 
tappings 

T31 Secondary : 165-0-165V 125mA 
Secondary: 6-3V 5A 
Primary 10-0-200-220-240V 50Hz ac. 

All coils T1 to T19 wound on Neosid or Aladdin 0 3in dia formers with OBA 
dust cores (T1 to T10, T18 and T19 two dust cores in each former) and in 
2| x -H X ¿-¿in seamless aluminium cans. All windings close-wound single 
layer except T1 and T6. Primary of T2. 3. 4. 5, 7, 8, 9 and 10 wound over 
centre of secondary winding. Primary of T11 to T17 wound over cold end of 
secondary winding (see Fig 4.104). Secondary to T18and primary ofT19 wound 
over centre of main winding. 

L1 

L2 

S1.2, 3. 4,5, 
6,7, 8,9, 
10,11 

S12,13,14, 
15,16,17 

S18a, S18b 
S19a, S19b 
S20, 21,22, 

23 

5455 to 14-5t 22swg enam close wound on jin dia 
5955 ceramic former, with dust core 
455 Standard pot core Q multiplier coil on 0 3in 

dia former, with dust core 
Yaxley Paxolin SP/8W 11-bank bandchange switch 

Yaxley Paxolin SP/3W 6-bank sideband switch 

Yaxley Paxolin 2P/3W 1-bank sideband switch 
Yaxley Paxolin 2P/3W 1-bank age switch 
Yaxley Paxolin 1P/4W 4-bank operational switch 

S24 1P/2W 1-bank rotary on/off switch (Q multiplier) 
S25 (see Fi g 4.100) Yaxley Paxolin 1P/3W 1-bank (ganged to S18a and S18b) 

TABLE 4.11 
Resonant circuit component details 

each of the two 3in long screens to clear the valveholders, 
and these are positioned so that a line drawn between pins 
3-4 and pin 7 is parallel to the screen, and pin 1 is on the 
input side and pin 5 on the output side of the screen. 

VFO tuning capacitor V5 is a Polar type C28-141 of 35pF 
maximum. Both the C28-142 and the C28-141 have a straight 
line capacitor law (semi-circular rotor plates) and this, to¬ 
gether with the LC ratio used over the vfo tuning range of 
5.455 to 5,955kHz, will give almost a linear dial calibration 
without the need for tracking capacitors. 

The tuning capacitor should be of rugged construction 
with two rotor bearings, and the coil former ceramic with a 
dust core mounted on a screwed brass rod fitting into a 
pressure-loaded clutch or a bush with a locking nut to 
prevent end or side “float” within the winding. 

Switch SI8 is required to be screened from the 455kHz i.f. 
stages. It is therefore mounted on the chassis section C and 
ganged to the sideband selector switch S12-17 by sprocket 
pulleys and chain drive. The author was fortunate in having 
suitable sprockets drilled for a Jin shaft available, but be¬ 
lieves that standard Meccano items (normally drilled for 
jin shafts) have sufficiently large centre bushes to accommo¬ 
date opening out to |in. 

In order to conserve space, the mains transformer T31 
is assembled on a C core and was wound to the author’s 
specification by R. F. Gilson Ltd, St George’s Works, Ila 
St George’s Road, Wimbledon, London SW19. Overall 
dimensions are 3ft in by 3|in by 3jin high. The two silicon 
rectifiers and the mains fuses are mounted on the trans¬ 
former top plate. 

Any small box with a close-fitting lid—or 18 or 16swg 

aluminium, brass, copper or tinned iron—large enough to 
accommodate the three coils, capacitors and the two Belling-
Lee L604/S/CD coaxial sockets, is suitable for the construc¬ 
tion of the 5 to 5-5MHz band-stop filter. In order not to 
degrade the filter performance it is important to fit two 
close-fitting cross-screens so that the coils and associated 
capacitors of each section cannot "see” each other. The 
filter is connected to the receiver by a short 75Í2 coaxial fly 
lead with Belling-Lee L7 34/P/AL plugs at each end. 

Alignment 
A serviceman's signal generator is really the minimum 

requirement, and if an oscilloscope is also available each 
chassis section can be individually aligned before final 
assembly. Assuming that this has not been done and that the 

Front panel 
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Top view of the chassis. Note the 
positioning of the four beehive 
trimmers next to VC3 and VC4 

(see text). 

View of the underside of the chassis. 
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TABLE 4.12 
Conversion oscillator output voltages 

Output freq 
(MHz) 

70 
9 0 

12-5 
19-5 
26 5 
33 5 
340 

Output volts 
(rms) 
2-2 
18 
15 
1 65 
1 85 
1 65 
1-65 

Remarks 

Measurement made at 
cathode of V2 

signal generator was only available for a short amount of 
time—after final construction was completed—the most 
satisfactory alignment procedure is to start at the back and 
finish at the front. That is from V9 to the aerial, with an 
Avo or similar test meter on the 100V ac range connected 
across the primary of the audio output transformer T30 
as an output indicator. The loudspeaker should be left 
connected so that the audio quality can also be monitored. 

The author assumes that anyone undertaking the construc¬ 
tion of the G2DAF Mark 2 Receiver will have sufficient 

experience to make detailed alignment instructions un¬ 
necessary. 

A noise generator is the test instrument that will tell “the 
truth and nothing but the truth” about the receiver’s 
performance. It is simple to build, costs little money, 
and can be constructed by most amateurs with parts to a 
large extent already available in the junk box. With the noise 
generator connected to the aerial input terminal, it is very 
rewarding to watch the improvement possible by a little 
further “tweaking” of the front-end circuits on each range. 
It should be possible to obtain a 7 to 8dB noise factor on 
each of the six amateur bands. The noise generator will 
also give a "figure of merit” that will enable the constructor 
to directly compare his results with those of the circuit 
designer, or to compare the performance of his home 
constructed “baby” with that of a comparable receiver 
made by a commercial manufacturer. The subject of noise 
generator measurement, detailed alignment procedure plus 
general fault-finding and construction hints, is covered in full 
in “Alignment of a G2DAF-type receiver, single sideband,” 
RSGB Bulletin, February, March, April, June, August and 
November 1967. 

TABLE 4.13 

DC Voltage check 

Valve Stage Type Pin No 
1 234567 8 9 

V1 RFamp PCC189 85 — 1 7 H H 85 — 17 — 
V2 1stconv ECC88 140 — 5 HH 140— 5 — 
V3 Conv ose ECC85 73 — 1-8 H H 90 — 2 — All measurements made 
V4 2nd conv ECC85 125 — 2-2 H H 125 — 2-2 — with rf and i.f. gain con-
V5 VFO 6BA6 —1 — H H 30 60 2-2 trois at maximum. Range 
V6 Cath foil 6BA6 8 6 H H 100 100 6 switch at 14MHz. Side-
V7 Q mult 12AX7 band switch on H. Q 
V8 1st i.f. amp 6BA6 —0 25 — H] H 170 80 5 multiplier off. Aerial input 
V9 2nd i.f. amp 6BA6 —01 — H H 180 62 5-5 disconnected 
V10 AGCamp 6BA6 02 — H H 175 70 1 75 
V11 A.M.de-mod EA50 anode 

—0-4 
V12 Noise limiter 6AL5 — — H H — — — 
V13 Carosc 6BA6 —2 5 — H H 145 60 — 
V14 Audio amp 12AX7 80 — 0 7 H H 100 — 0 8 H 
V15 Audio output 6BW6 — — 9 H H — 190 182 — Anode current = 24mA 
V16 100kHz cal ose 6BA6 —3 — H H 45 90 — 
V17 Regulator OA2 — 150 

(— in front of figure indicates negative reading) 
Measuring instrument Avo Model 8 

TABLE 4 14 

Final performance data 

Band 
(MHz) 

1-5-2 0 
3-5-40 
7 0-7-5 
14-14 5 
21-21 5 
28-28 5 
28 5-29 

Input for 10dB 
S -r NN ratio 

(mV) 

Less than 
0-25j.iV on all 
bands, ssb 
operation 

Input for 20dB 
S + N N ratio 

(mV) 

Less than 
0 75uV on all 
bands, ssb 
operation 

Noise 
Factor 
(dB) 
6-5 
7 
7 
7 
7 
7 
7 

98 
92 
90 
88 
88 

Image 
rejection 
(dB) 
108 

I. F. break¬ 
through 
rejection 

(dB) 
88 
94** 
94** 
95 
97 
98 
98 

White noise output 
Preselector off Preselector on 
resonance resonance 
(volts rms) (volts rms) 

11V or more on 

Í
5V on all bands S- all bands, ssb 
ssb reception reception 

j J 
Image rejection—second conversion process = > 120dB (Receiver tuned to 3-75MHz with preselector correctly resonated. Input freq 2-84MHz) 
Cross-modulation While receiving a wanted signal of 1mV, an interfering signal modulated 30 per cent at 400Hz of strength 100mV and 15kHz away , 

has no effect on the wanted signal, ssb reception. 
Dynamic range Greater than 120dB, ssb operation 
Stability After initial warm-up period of 10 to 15min, drift less than 100Hz/h under normal ambient conditions 
Notes (1) **Measurement made with band-stop filter in use. 

(2) White noise measurements made with Avo meter on 100V ac range, connected across output transformer (T30) primary. No aerial input. All 
gain controls a: maximum. Sideband switch in Isb position. Age off. 
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Alignment of the band-stop filter is undertaken by adjust¬ 
ing the dust cores of the vertical legs for maximum attenua¬ 
tion at 5 5MHz, and the horizontal arms for maximum 
attenuation at 5MHz. 

Muting 
Modern practice is to control a transmitter and receiver 

by means of a relay with either voice (vox) or press-to-talk 
operation. Breaking ht or cathode connections usually 
causes clicks and thumps, and the most satisfactory con¬ 
trol method is a source of negative voltage applied to the 
grids of the controlled valves. In many cases there is already 
a source of negative voltage provided for the pa bias supply, 
and the available potential is usually suitable for muting 
requirements. 
The control voltage can be any value from about 30 to 

100V and is connected to the receiver muting terminal. 
During transmission periods the applied voltage carries the 
age line negative to cut-off and disables the controlled rf and 
i.f. stages. As the gate circuit reservoir capacitance is re¬ 
turned to the muting line, the age attack and release time 
constants remain unaffected. 

Conclusion 
For those amateurs who have a thermionic diode probe 

valve voltmeter, the conversion oscillator (V3) output volts are 
given in Table 4.12. The output voltage from the vfo should be 
approximately 1-4V rms, measured at the cathode pin of V6. 
DC voltage checks at each valve pin are given in Table 4.13. 
Every constructional project undertaken by the author has 
been concluded by measuring and recording final per¬ 
formance figures. These figures are invaluable for future 
reference or for future comparison, and are given in 
Table 4.14. 

It is hardly likely that the construction of an ambitious 
receiver such as that described in this article will be under¬ 
taken lightly, but the effort will be found interesting and 
instructive and a refreshing change from the more usual 
radio activity. 

Finally, it is undeniable that a receiver is the most used and 
the most important piece of apparatus in an amateur station. 
Its construction can be guaranteed to result in a pride of 
possession and a pleasure of operation that will give greater 
reward than that experienced with any previous amateur 
radio activity. 
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CHAPTER 5 

VHF AND UHF RECEIVERS 

IN a vhf receiver it is possible to realize a performance superior in terms of sensitivity and signal-to-noise ratio 
to that normally obtained on the lower frequencies where, 
owing to various forms of both man-made and natural 
interference, a limit is imposed beyond which any attempt 
to recover signals is fruitless. In vhf reception there is no 
appreciable atmospheric noise with the exception of that 
originating in lightning discharges in the immediate vicinity 
of the receiver, or from charged rain which is an infrequent 
occurrence. Band occupation, while increasing steadily, is 
still (even during a popular contest on the 144MHz band), 
not as high as to create the sort of problem as that normally 
found on certain of the lower-frequency allocations. 

The limiting factor in a good location is extra-terrestrial 
noise and, at frequencies up to at least 250MHz, receivers 
can be designed which will respond to signals only slightly 
above this level. 

Interference from the ignition systems of cars is more 
noticeable on the higher frequencies, and in fact becomes 
objectionable from about 20MHz up to around 300MHz or 
so, depending upon the offending vehicle. However, such 
forms of impulsive interference may be greatly reduced by the 
use of some form of noise limiter. 

Noise Factor 

For these reasons the performance of vhf receivers is 
usually (and more usefully) specified in terms of noise factor, 
which may be defined as : 

Aerial noise + Receiver noise 
Aerial noise 

and measured as the noise power present at the output of the 
receiver. With the theoretically perfect receiver, producing 
no noise in itself, this equation becomes 1/1, ie a noise 
factor of 1 or OdB. The noise factor of a practical receiver 
that does itself generate unwanted noise is a measure of the 
amount by which it falls short of perfection. 

It is customary to regard each stage in the receiver as a 
noiseless amplifier, and to consider the noise that it does in 
fact generate as originating in a fictitious resistor in its 
input circuit. The value of this resistor is such that the 
noise voltage which would be developed across it is multiplied 
by the gain of the valve or transistor, the result being the 
real noise present in the stage output circuit. The subject of 
receiver noise is discussed more fully in Chapter 15—Noise 
and the measurement of noise factor in Chapter 18— 
Measurements to which the reader is referred for a more 
extensive explanation. 

Cross Modulation 

This is an effect inherent in the receiver and manifests 
itself as the modulation from a strong local transmission 
superimposed on other signals. It has no connection with 
spurious radiation from the stronger station, and is caused 
by a lack of linearity in the receiver circuits—mainly in the 
first mixer—which causes modulation of one signal by the 
other. Improved selectivity after the stage in which such an 
effect has occurred will do nothing to separate one trans¬ 
mission from the other, and the only cure is prevention by 
improving the design of the circuit. Bipolar transistors are 
inherently more likely to produce cross modulation than 
are valves, but the field effect transistor (fet) is potentially 
better than a valve in this respect because of its superior 
square-law characteristic. 

Those stations situated well away from others operating on 
the same band may never experience cross modulation but, 
when situations arise where the effect is significant, a receiver 
designed to prevent this form of interference will be found 
more satisfactory in use than one possessing a superior 
noise factor. 

Intermodulation need not, of course, be caused only by 
amateur signals. Very strong signals may be received from 
vhf or uhf broadcast and television stations or from local 
mobile radio services. Although individual transmissions 
may not be strong enough to cause difficulty, the sum of 
several such transmissions may overload the receiver. For 
example, a receiver in South London now has to withstand 
the assault of ten vhf and uhf broadcast stations with a total 
erp of over 4MW, not counting several local stations with a 
power of a mere 10kW. Since the band widths of the broad¬ 
cast transmissions are much wider than that of most amateur 
receivers, the intermodulation products are often not 
identifiable as such, the complex intermodulation from 
several stations appearing as a general increase in aerial 
noise without obvious source. In many cases of apparently 
“noisy” locations the noise is in fact generated in this way 
in the receiver. Wherever there is a significant increase in 
received noise when the aerial is connected the circum¬ 
stances should be checked by repeating the test in the early 
morning when most of the broadcasting stations are off the 
air. 

FRONT-END STAGES 

The requirements of the early stage or stages in a vhf 
receiver are (a) low noise content, (b) power gain and (c) 
absence of cross modulation. 

The first of these requirements implies that noise due to 
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Fig 5.1. Noise factor and optimum source resistance plotted against 
frequency for a typical grounded grid triode (type 7077, gm 9mA/V 

la 6 4mA). 

the fictitious resistor in its input circuit, known as the 
equivalent noise resistance, must be as low as possible. 

Since a pentode valve has an equivalent noise resistance 
which may be several times higher than that of a triode, 
owing to the added effect of partition noise, triodes are used 
exclusively for low-noise input stages in valve receivers. 
Bipolar or field effect transistors specially designed for such 
an application are readily obtainable. 

The second requirement needs some explanation because 
sheer power gain is not sufficient in itself or even desirable. 
In a multi-stage receiver with, say, eight amplifying stages, 
the noise originating at the input of the first stage will be 
amplified by eight stages, that in the second by seven and 
so on. If the effective noise voltages are donated by Vx, Vs, 
V,. .. and the stage gains by Gi, G2, G3... Gs, the total 
noise present at the output of the receiver will be 
Vt (G„ Gs, Gs... Gg) + Vz (Gs, G, ... Gs) + V3 (G3... G8) 
and so on. 

It follows, therefore, that if G, is high, say 20 or more, 
only the noise due to the first stage is of importance, and 
provided that the remaining stages are reasonably efficient 
they will contribute little to the overall noise. In cases where 
the gain of the first stage is low due to an unsuitable circuit, 
valve or transistor for the frequency concerned, or if a 
considerable bandwidth is required, or when both of these 
conditions exist, the noise contributed by the second or even 
the third stage may become important. 

However, the function of the rf amplifying stage is to 
provide just sufficient gain so that the noise due to the mixer 
—and this is inherently greater when any device is performing 
this function, rather than acting as a straightforward 
amplifier—is small compared with the desired signal. If the 
rf stage has too much gain, there is the risk that a very strong 
local signal might induce cross modulation by overloading 
the mixer. There is obviously an argument here for some form 
of gain control on the rf amplifier. Automatic gain control 
on this stage is not altogether desirable as it might well 

spoil the weak-signal performance of the receiver, unless 
means for delaying the application of the control voltage is 
incorporated. The provision of a manual control of first-
stage gain could, however, be a worthwhile addition if a 
number of strong local stations are in the area. 

Input Impedance Matching 

When the impedance of the feeder is matched to the input 
impedance of the first stage, an optimum power gain is 
achieved and the stage is said to be power matched. The 
input impedance of the stage should be as high as possible, 
the aerial impedance as seen at the end of the feeder being 
stepped up by transformer action and the signal voltage 
thus increased. This condition does not, however, result in 
the lowest noise factor. When the step-up ratio between 
feeder and input circuit, and the tuning of that circuit, are 
adjusted for optimum noise factor in contrast to maximum 
power gain, the stage is said to be noise matched. A practical 
application of this procedure appears later in this chapter. 
Fig 5.1 shows the variation with frequency of the noise 
factor and optimum source impedance of a certain grounded-
grid triode valve. It will be seen that when the valve is power 
matched the noise factor is constant at 5-5dB up to about 
400MHz, whereas below that frequency a higher source 
impedance (over-coupling) produces considerable improve¬ 
ment in the noise factor. The noise factor does not diminish 
above 400MHz because the optimum source impedance 
is then comparable with, or may be less than, the cathode 
input impedance (l/^m for this valve is 1.000 -r 9 11041). 

It is possible, with careful circuit design, to arrange the 
input circuit of either a valve or transistor rf stage so that 
resonance, optimum noise factor and matching all coincide. 
Useful information on this and many other aspects of vhf 
receiver design is contained in Design ofL ow-Noise Transistor 
Input Circuits by William A. Rheinfelder, and published by 
Ilifle. A technique recommended in that publication is the use 
of inductive coupling for the aerial input circuit rather than 
tapping the feeder on to the coil, and a form of bridge circuit 
is suggested which enables the above optimum matching 
condition to be achieved. The basic circuit is shown in 
Fig 5.2, from which it will be seen that two series-connected 
variable capacitors are employed to provide a tap on the 
inductances in both the input and the output circuits. In 
practice it is possible, once the correct ratio of capacitances 

Fig 5.2. Basic circuit for obtaining optimum matching conditions in a 
transistor rf amplifier. 
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Fig 5.3. Method of reducing degeneration due to (a) cathode and (b) 
emitter lead inductance in an rf amplifying stage. L/Cj« or L/C© are 

resonant at the centre frequency of the bar.d. 

has been found, to replace one of the trimmers in each case by 
a fixed capacitor, and to use the remaining trimmer to tune 
the circuit to resonance. 

One limiting factor to the gain which may be realized in 
an rf amplifier is degeneration due to cathode (or emitter) 
lead inductance. The author of the above book suggests 
how this may be overcome by the use of a series tuned 
circuit in the cathode (or emitter) lead as shown in Fig 5.3. 

The noise factor of a valve is affected by the cathode 
temperature owing to the existence of the space charge in the 
grid/cathode region. The extent of the space charge is critic¬ 
ally dependent upon the temperature of the cathode, and 
consequently there will be considerable increase in noise if 
the heater current is reduced by even a very small amount, 
eg by only five per cent. It is most important, therefore, to 
ensure that the correct heater voltage is applied to valves, 
particularly in the early stages of the receiver. 

Adjustment of the value of the grid bias in relation to the 
contact potential of the grid is a means of improving the 
noise factor. If the grid bias of a valve is steadily reduced 
below the cut-off point the noise diminishes until a point is 
reached where grid current begins to flow; beyond this point 

Fig 5.4. Noise factor plotted against grid bias for grounded grid 
triodes, the anode current being held constant (7077 at l a 64mA at 

450MHz; 6AM4 at l a 10mA at 250MHz. 

the noise increases rapidly. Fig 5.4 shows the relation 
between noise factor and grid bias at a constant anode 
current for two grounded-grid triodes. The general shape of 
the curves is the same but the minimum noise factors occur 
at different grid bias values. The optimum bias will vary 
with the type of valve and different specimens of the same 
type will also show some variation. It is often worth experi¬ 
menting to obtain the optimum bias, but care should also 
be taken to keep the anode current constant at the recom¬ 
mended value by means of an adjustable series ht dropping 
resistor. 

The noise factor of a transistor amplifier is also dependent 
upon the emitter current, and as the spread of characteristics 
for a given type may be quite wide it is well worthwhile 
trying the effect of variation in bias voltages if it is desired 
to achieve the best possible noise factor. 

Circuit Noise 

Noise due to devices other than valves or transistors is 
produced solely by the resistive component; inductive or 
capacitive reactances do not produce noise. Coils have 
negligible resistance in the vhf ranges but the leakage 
resistance of capacitors and insulators is important, and it 
is therefore imperative to select good-quality components, 
including such items as valveholders and switches. Attention 
should also be given to the use of low-noise resistors. 
Differences in noise as high as 25dB have been observed 
between a standard carbon resistor and a high-quality 
deposited carbon or metal film type when de was present. 

Circuit noise may be regarded as including noise caused by 
regeneration, and although it is common practice to enhance 
the gain of low-frequency circuits by applying regeneration, 
this should be avoided at all costs in vhf receivers because 
of the additional noise produced. Common causes of 
regeneration are: 
(a) Insufficient decoupling of supply leads and particularly 
heater and cathode circuits. In the range 2O-3OMHz 
OOljtF non-inductive capacitors arc a minimum value 
for this purpose. On vhf, however, value of capacitance 
is less important than the physical size and properties of 
the capacitor itself and, when following published 
designs with results that do not come up to expectations, 
it is as well to check that the actual type of component 
has been used, otherwise the optimum results might be 
realized by a somewhat different value in another make or 
type of capacitor. 

(b) Incomplete neutralizing of triode (or transistor) ampli¬ 
fiers. An adjustment that merely ensures that the circuit 
does not actually oscillate is not sufficient. Accurate 
neutralizing is essential, the appropriate methods being 
described later in this chapter. 

(c) Insufficient or wrongly-placed screening between the 
input and output circuits of an amplifying stage. In valve 
circuits where a screen is required it should be mounted 
close-fitting across the valveholder, so that the input and 
output connections are on opposite sides of the screen 
with the latter firmly attached to the chassis on either side 
of the valveholder and to its central spigot. 

(d) Circulating rf currents in the chassis due to multi-point 
earthing. 

(e) An attempt to achieve an excessive voltage gain from 
an amplifying stage. By tapping down the anode, collector 
or drain of a valve, bipolar transistor or fet respectively 
on its tuned circuit, the voltage gain falls more rapidly 
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Fig 5.5. Two conventional super¬ 
heterodyne configurations. (a> 
Self-contained single superhet 
with tunable oscillator, (b) Self-
contained double superhet or 
converter in front of a single 
superhet. Either or both oscil¬ 

lators may be tunable. 

than does the power gain and stability depends upon 
voltage gain. A further advantage is to be expected from 
such an intentional mismatch because selectivity will be 
improved, thereby reducing the bandwidth of the circuit 
and with it the noise. 

(f) Poor earth contacts to the chassis. For low-noise circuits 
a brass or copper chassis should be employed; aluminium 
is not the best chassis material because it is extremely 
difficult to make a lasting low-resistance connection to it. 
Tinplate, on the other hand, is quite satisfactory as it is 
easy to make good soldered earth connections provided a 
reasonably high-wattage iron is used. 

Effect of Bandwidth 

Before leaving the subject of noise, there is one further 
point which must be considered. If the noise factor of a 
receiver is measured with a noise generator it will be found to 
be independent of receiver bandwidth. This is because the 
noise from the generator is of the same nature as circuit 
noise, so that if the bandwidth is doubled the overall noise 
is also doubled. For the reception of a signal of finite band¬ 
width, however, the optimum signal-to-noise ratio is 
obtained when the bandwidth of the receiver is only just 
sufficient to accommodate the signal, and any further 
increase in bandwidth results merely in additional noise. 
The signal-to-noise ratio at the receiver, therefore, depends 
on the power per unit bandwidth of the transmitted signal. 

To illustrate this point, suppose that the receiver produces 
1/xV of noise for each 10kHz of bandwidth and that an 
amplitude-modulated transmitter radiates a signal 10kHz 
wide and produces 10/xV at the receiver. The signal-to-noise 
ratio is therefore 10, provided that the receiver uses a band¬ 
width of 10kHz. If the bandwidth of the transmission is 
reduced to 5kHz and the radiated power remains the same, 
the input to the receiver will still be 10/tV, but if the band¬ 
width of the receiver is also reduced to 5kHz, only 0-5^V 
of noise will be accepted and the signal-to-noise ratio will 
increase to 20. 

The use of a bandwidth exceeding 5kHz for telephony and 
considerably less for cw reception is therefore undesirable 
when a good signal-to-noise ratio is the prime consideration. 
Also, an unstable transmission, requiring a large-bandwidth 
receiver, results in a degraded signal-to-noise ratio, so there 
is clearly a great advantage to be gained by the employment 

of stable transmitters and, of course, receiver local oscil¬ 
lators. 

CHOICE OF RECEIVER CONFIGURATION 

Receivers using other than superheterodyne techniques 
are rare on vhf or uhf. Simple designs based on the super-
regenerative detector are still met occasionally but will not 
be considered further here. 

Superheterodyne receivers for vhf or uhf may have one, 
two or even several frequency changers and any or all of the 
oscillators may be fixed or tunable. This leads to a variety of 
configurations to be considered and Fig 5.5 illustrates some 
of these. Fig 5.5(a) is a conventional superheterodyne such 
as may be found on hf. The i.f. should be rather higher than 
is usual in hf receivers to reduce second-channel interference 
(see Chapter 4). With the advent of crystal filters at frequen¬ 
cies around 10MHz which provide desirable selectivity, this 
configuration can be expected to become very popular. 

In Fig 5.5(b) is shown a double superhet. This can be a 
purpose-built complete receiver or alternatively the portion 
to the left of the dotted line can be added to an existing hf 
band receiver, in which case the additional unit is called a 
converter. Where an hf receiver is used in this way the con¬ 
verter provides the full range of facilities on the new band 
for the cost of a simple add-on unit. 

A disadvantage in using an hf receiver as an i.f. amplifier is 
that when preceded by a converter with, say, 30dB of gain, 
it is very liable to overloading on strong signals. To some 
extent this problem can be circumvented by using an 
inexpensive receiver of limited gain rather than a high 
performance receiver, but because these often omit many 
of the refinements of selectivity and choice of detectors 
required for serious operation, this solution is not a very 
satisfactory one. 
A much better idea is to build a tunable i.f. amplifier 

containing all the refinements of a normal hf receiver, 
except that the tuning is deliberately restricted to a single 
range of a few megahertz and the gain is kept low to permit 
additional gain from the converter. 

Two methods are possible for tuning over a band when 
double conversion is employed : 

(a) The oscillator in the converter maybe fixed in frequency 
and may therefore be crystal controlled, tuning being 
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effected by variation of the first i.f. (ie by tuning the 
main receiver) over a band equal in width to that of the 
vhf band to be covered. 

(b) The oscillator in the converter may be variable in 
frequency and the main receiver tuning set at the 
frequency chosen for the first i.f. 

Choice of the First I.F. 

In any superheterodyne receiver it is possible for two 
incoming frequencies to mix with the local oscillator to give 
the i.f., these being the desired signal and the image frequency. 
A few figures should make the position clear. It will be 
assumed that the converter is to cover the 144 to 146MHz 
band, and that the first i.f. is to be 4 to 6MHz. The crystal 
oscillator frequency must differ from that of the signal by 
this range of frequencies as the band is tuned and could 
therefore be 144 — 4MHz = 140MHz or, alternatively, 
144 + 4MHz. Assuming that the lower of the two crystal 
frequencies is used, a signal on 136MHz would also produce 
a difference of 4MHz, and unless the rf and mixer stages are 
selective enough to discriminate against such a signal, it 
will be heard along with the desired signal on 144MHz. 
From the foregoing it will be appreciated that the image 
frequency is always removed from the signal frequency by 
twice the i.f., and is on the same side as the local oscillator. 

It should be noted that even if no actual signal is present 
at the image frequency there will be some contributed noise 
which will be added to that already present on the desired 
signal. It is usual toset the rf and mixer tuned circuits to the 
centre of the band in use so that on the 144MHz band they 
should be at least 2MHz wide in order to respond to signals 
anywhere in the band. This bandwidth only represents 
approximately 1-4 per cent of the mid-band frequency and it 
is not surprising that appreciable response should still be 
obtained over the image frequency range of 134 to 136MHz 
unless something is done to restrict it. Naturally, the higher 
the first i.f. the greater the separation between desired and 
image frequencies, but as low an i.f. as 4 to 6MHz is feasible 
provided some attempt is made to restrict the bandwidth of 
the converter by, for example, employing two inductively-
coupled tuned circuits between the rf and mixer stages, thus 
providing a bandpass effect. 

The choice of first i.f. is also conditioned by other factors. 
First it is desirable that no harmonic of the oscillator in the 
main receiver should fall in the vhf band in use, and second 
there should be no breakthrough from stations operating 
on the frequency or band of frequencies selected for the 
first i.f. 

Many hf receiver oscillators produce quite strong 
harmonics in the vhf bands and, although these are high-
order harmonics and are therefore tuned through quickly, 
they can be distracting when searching for signals in the 
band in question. The problem only exists when the con¬ 
verter oscillator is crystal controlled as freedom from 
harmonic interference is then required over a band equal 
in width to the vhf band to be covered. This also applies, of 
course, to i.f. breakthrough. 

As it is practically impossible to find a band some hundreds 
of kilohertz wide which is unoccupied by at least some strong 
signals it is necessary to take steps to ensure that the main 
receiver does not respond to them when an aerial is not 
connected. Frequencies in the range 20 to 30MHz are often 
chosen since fewer strong signals are normally found there 

than on the lower frequencies, but this state of affairs may 
well be reversed during periods of high sunspot activity. 
With the greatly increased use of communication receivers 
which cover the amateur bands only, the sole range on which 
a continuous coverage of 2MHz is available is 28 to 30MHz, 
and for these reasons this is probably the most popular 
choice of first i.f. 

Preventing Breakthrough 

The main receiver should be switched on without an aerial 
connected and with rf and i.f. gains at maximum. Signals may 
be picked up on the aerial terminal itself, in which case it 
may be necessary to replace it with a coaxial socket. They 
may also be picked up on the mains wiring, in the power 
supply and/or its connecting cables, or on the loudspeaker 
leads if these last two items are separate from the receiver. 
In order to discover where the unwanted signals are entering 
the receiver, the following procedure may be carried out with 
the under-chassis wiring exposed : 
(1) Short circuit the aerial input to the nearest earthy point 

inside the receiver. If signals drop in strength a coaxial 
socket, as previously mentioned, should help. Leave the 
short in position for the time being. 

(2) With a few yards of insulated wire as aerial, attach the 
bared end to some form of insulated rod and touch the 
wire on either side of the mains input in turn. If signals 
increase a capacitor of at least 1,000 V working rating 
between that point and chassis should be fitted. A 
capacitance of between l,000pF and 0 01 ^F should be 
tried—for the higher frequencies the lower value may be 
found to be more effective. 

(3) Continue touching the “aerial” on various points on the 
supply wiring and bypass any points to chassis where the 
signal increases. Particular attention should be paid to 
the age line at different points, but when bypassing this it 
is important to avoid using such a value of capacitance 
as to upset the time constant of the age system. 

(4) Having removed the short circuit on the aerial input and, 
if necessary, fitted a coaxial socket, the receiver should 
have appreciably less unwanted signal pick-up. It should 
be remembered that the converter will contribute a 
certain amount of noise so that a small residual break¬ 
through may well be masked by this. 

(5) With the converter connected through a short length of 
coaxial cable it may be found that breakthrough is again 
in evidence. Should this be due to pick-up on the mains 
wiring, action may be taken as already described, but it 
may be found that, for instance, signals are coming in on 
the supply leads (from a battery or mains unit) feeding 
power to a transistor converter. In one such instance a 
bypass capacitor made no improvement and recourse 
had to be made to a simple filter consisting of a parallel-
tuned circuit resonant at the centre of the first i.f. band 
and placed in series with the unearthed supply lead. For 
5MHz operation the most satisfactory inductance for the 
purpose was found to be a toroidally wound coil on a 
small ferrite ring of about lin in diameter resonated by a 
capacitance of around 20pF. The toroid was found to 
have a greater bandwidth than a solenoid and had the 
added advantage of not requiring screening. It is worth 
noting that such a filter may be adjusted by placing it in 
series with the aerial on the main receiver and varying the 
number of turns on the coil until it effectively eliminates 
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a 2 

Fig 5.6. Progressive development of 
tuned circuits from a coil to a cavity 

as the frequency is increased. 

signals over the required frequency range. The tuning 
of the filter will then be approximately correct when it 
is installed in the supply lead. 

(6) Should first i.f. signals be picked up on the vhf aerial 
and pass through the converter, they may be eliminated 
by the use of a A/4 shorted stub made from coaxial cable 
and connected across the converter input in parallel 
with the aerial feeder. The actual length of the stub will 
depend upon the velocity factor of the cable used, but 
should lie between 13-5 and 17-5in for the 144MHz 
band. The exact length can readily be ascertained by 
connecting as stated, say, 18in of open-circuited cable. 
This will act as a short circuit to in-band signals and small 
pieces of the cable are then cut off until a signal around 
the low end of the band is made as weak as possible. 
Obviously the final cut will make the cable too short— 
the strength of the signal will start to rise again—but if 
preliminary adjustment is made at the low frequency 
end of the band this will be no disadvantage, as the 
resonant frequency of the stub will then be nearer to that 
desired, ie mid-band. When the correct length has been 
found, the inner conductor of the stub is soldered to the 
braid at the free end and signals should then return to 
their normal strength—the insertion loss is very low— 
but first i.f. signals will “see” a virtual short circuit across 
the converter input. 

TUNED CIRCUITS 

Tuning is readily achieved at hf by “lumped circuits” in 
which the inductor and capacitor are substantially discrete 
components. At vhf the two components are never wholly 
separate, the capacitance between the turns of the inductor 
being often a significant part of the total circuit capacitance. 
The self-inductance of the plates of the capacitor is similarly 
important. Often the capacitance required is equal to or less 
than the necessary minimum capacitance associated with 
the wiring and active devices, in which case no physical 
component identifiable as “the capacitor” is present and the 
circuit is said to be tuned by the “stray” circuit capacitance. 

As the required frequency of a tuned circuit increases, 
obviously the physical size of the inductor and capacitor 
becomes smaller until they can no longer be manipulated 
with conventional tools. For amateur purposes the limits of 
physical coils and capacitors occur in the lower uhf bands: 
lumped circuits are often used in the 432MHz band but are 
rare in the l-3GHz band. 

Distributed Circuits 

Fig 5.6 illustrates how progressively lower inductances are 
used to tune a fixed capacitor to higher frequencies. In Fig 
5.6(b) the “coil” is reduced to a single hairpin loop, this 
configuration being commonly used at 432MHz. Two loops 
can be connected to the same capacitor as in Fig 5.6(c). 

This halves the inductance and can be very convenient for 
filters. Fig 5.6(d) represents a multiplication of this structure 
and in Fig 5.6(e) there is in effect an infinite number of loops 
in parallel, ie a cylinder closed at both ends with a central 
rod in series with the capacitor. If the diameter of the 
structure is greater than its height it is termed a “rhumbatron” 
otherwise it is a "coaxial cavity”. 

The rhumbatron is very suitable for disc-seal valves such 
as microwave triodes or klystrons, while the coaxial cavity 
is more convenient for use with pin-based valves and semi¬ 
conductors which are wired into the circuit. The capacitive 
element can be made adjustable as a tuning element by 
threading one of the rods T which passes through a threaded 
end plate; a disc DI is fixed to the lower end of the rod so 
that it is parallel to a similar disc D2 attached to the central 
support. 

The simple hairpin, shown at Fig 5.6(b), is a very con¬ 
venient form of construction: it can be made of wide strip 
rather than wire and is especially suitable for push-pull 
circuits. It may be tuned by parallel capacitance at the open 
end, or by a series capacitance at the closed end. 

In a modification of the hairpin loop, one side is a sheet 
of metal which can be part of the chassis, the strip being 
spaced from the metal, and such an arrangement is known 
as a “strip-line”. When the strip is very close to the metal 
sheet but insulated from it by dielectric, the result is called 
“microstrip”. This can be produced very easily from good¬ 
quality double-sided printed circuit board by etching or 
cutting with a sharp razor blade. 

Because a cylindrical cavity usually requires the use of a 
lathe in its construction, a simpler form of a trough which 
can be made with hand tools is frequently used : see Fig5.7 (a). 
The open side may be closed with a well-fitting lid if 
required for screening—the omission of the lid only reduces 
the Q slightly. One end of the trough is closed by a plate to 
which the inner line is secured. The three edges of the plate 
must make a good low-resistance connection with the trough, 
preferably by being soldered. Tuning may be effected by a 
disc-type capacitor or a small trimmer connected between 
the inner and outer of the line. 

Fig 5.7. Trough line tuned circuits. 
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Another convenient form of trough line 
is shown in Fig 5.7(b). The line is elec¬ 
trically A/2 long with a central tuning 
capacitor and is closed at both ends. This 
structure is very rigid and examples of its 
use will be found later in this chapter. 
Note that in this case the tuning capacitor 
is effectively divided between two lines and 
has twice the capacitance to be calculated 
in the next section. 

The dimensions of a cavity or trough 
line can be calculated from the basic 
equation: 

, A . 1
l~ 2tt tan 2irfZ0C 

where / is the length in the same units as 
the wavelength, / is the frequency in Hz, 
C is the total capacitance in farads and Zo 
is the characteristic impedance in ohms. 
This formula is more conveniently re¬ 
written as: 

30,000 , 10» 
'= ~2^f tan ‘ 2irfZ0C 

where /is now in centimetres,/is in mega¬ 
hertz, C is in picofarads and Z„ is in 
ohms. 

It can be seen from this formula that 
Z„C occurs only in one portion of the 
equation, so any value of the two para¬ 
meters could be chosen at any specified 
frequency. In practice, considerations out¬ 
side the control of the designer determine 
the choice of Z„. The capacitance may be 
fixed by a valve or transistor mounted at 
the end of the line, or the diameter of the 
line determined by the geometry of that 
device. Fig 5.8 is a set of graphs showing 
the lengths of the line plotted against 
frequency ( M Hz) for various values of Z^C. 

The characteristic impedance of a 
coaxial line is given by the formula Zo = 
138 log ln/>/a, where b is the inside diameter 
of the outer tube and a is the outside 
diameter of the inner tube or rod. For a 
square trough line with round inner the 
formula is: 

Z 138 log„,/>/a + 6-48 - 2-34/1 
- 0-48S - 012C 

where b is now the width inside the trough. 
The correction factors are given by: 

1 - 0 405(¿/q) 4
1 0-405(/>/a) 4

1 - 0-163(/>/a) 8
1 - 0-163(6/a)-8

1 - 0 067(/>/a)- 18

1 - 0 067(6/a)-12

These factors need only be evaluated for very low impedance 
lines where the inner is comparable in diameter to the outer. 

In practice, the following approximate formula will serve 
for lines of impedance greater than 5OÍ2 : 

Z= 138 log 10(¿/a) — 3-42 
Coaxial cavities are most readily constructed of lengths of 

standard-sized brass or copper tubing, and the choice of the 
ratio of outer to inner dimensions will of course be limited 
by the range of sizes available. Optimum Q for an unloaded 
cavity occurs when the characteristic impedance is 77Q. In 
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Fig 5.9. Three methods of coupling into a line or cavity, (a) Tapping 
the inner conductor, (b) Boot-shaped coupling loop at low impedance 
end of inner conductor, (c) Probe at high impedance end of inner 

conductor. 

order to reduce the capacitance loading or the damping 
effect of a low-resistance device it is possible to tap down to a 
“lower” point on the inner conductor (ie nearer the zero¬ 
potential end). When this is done the value of C to be used 
in the above formulae can be taken to be: C where is 
the distance from the low-potential end to the tap and /2 

is the total length of the line. This result is satisfactory for 
taps down to about half the length. Taps should not in general 
be taken below this point due to the risk of provoking 
spurious modes and unwanted resonances. Should it be 
essential to tap down more than this it is usually better to 
couple into the cavity by one of the methods described below. 

Due to the variation in capacitance between various 
samples of the same valve or transistor, some provision 
should be made for varying the electrical length of the cavity. 
In principle this can be done by varying the physical length 
of the line by means of a sliding short, but in practice a high 
standard of mechanical precision is essential and the sliding 
surfaces must be plated with a hard non-tarnishing metal 
such as rhodium. Such techniques are not usually available 
to the amateur and so another method must be sought. 
A more convenient method is to use a small trimmer 

capacitor consisting of two discs, one mounted on the inner 
conductor and the other carried on a screwed stem, the latter 
being mounted in a threaded bush fitted in the outer con¬ 
ductor. Some means of locking or gripping the thread of the 
adjustable element is desirable to ensure a sound contact 
and smooth adjustment. A graph relating the diameters and 
capacitance ranges of disc-type capacitors is given in Chapter 
7— VHFIUHF Transmitters. 

Input and Output Coupling 

Fig 5.9 shows the three methods of coupling power into or 
out of a resonant cavity or line : (a) a tapping may be made 
on to the inner line near the closed end, (b) a coupling loop 
may be inserted near the inner line towards the closed end, 
(c) a capacitance probe may be inserted near the open end of 
the inner line. 

In the first method coupling is not very easy to adjust. It 
can be used in trough lines, however, by sliding a valve top¬ 
cap along the line, and also in strip-line where it is possible 
to unsolder the tap and move it. The second method is more 
versatile since the degree of coupling can be varied both by 
varying the size of the loop and by rotating it with respect 
to the cavity. The loop can also be a series or parallel tuned 
with a capacitor. When very tight coupling is required the 
loop should be “boot-shaped” as shown in Fig 5.9(b). 
The third method is generally only suitable for high-imped¬ 
ance circuits since the reactance of the effective series 
capacitor is quite high. The method can be used to vary the 

coupling to a relatively high-resistance valve or transistor in 
strip-line and microstrip circuits. 

THE LOCAL OSCILLATOR 

It has already been mentioned that the local oscillator 
may be either tunable or fixed in frequency. Each system 
has its merits and these will now be considered. 

It is clear that if the final bandwidth of the complete 
receiver is to be the same as that used on the lower frequen¬ 
cies, the stability of the local oscillator must be as good as 
before, even though the frequency is much higher. For the 
70 and 144MHz bands it is possible to build tunable oscil¬ 
lators of reasonable stability to operate at frequencies either 
above or below the signal frequency (by the value of the first 
i.f.), but apart from some inevitable drift there is also a 
rapid small change in frequency known as “scintillation” 
which mitigates against a note better than about T8. In valve 
circuits part of this failing is due to the ac heating of the 
cathode and therefore transistor oscillators are capable of 
somewhat better performance than valves in this respect. If a 
wider bandwidth than optimum can be tolerated, a tunable 
oscillator can be fairly satisfactory for a.m. or fm telephony, 
but a cw transmission always sounds worse than T9 and ssb 
signals can be difficult to resolve. 

The same disadvantages apply, but with greater force, to 
tunable oscillators on the 432MHz band, even if the circuit 
is designed to operate at one-half or one-third of the injection 
frequency and followed by frequency multipliers. 

Crystal-controlled local oscillators can, however, be used 
in any vhf or uhf converter, and the advantages and dis¬ 
advantages of the two types of oscillator may be summarized 
as follows. 

Tunable oscillators 

(a) Advantages 
(i) A directly calibrated dial is possible. 
(ii) The cost of a crystal is eliminated. 
(iii) The circuitry is simple. 
(iv) There is less likelihood of harmonic interference from 

the main receiver. 
(v) Only one clear channel for the first i.f. is required on 

the main receiver. 

(b) Disadvantages 
(i) Long-term oscillator drift makes dial calibration 

unreliable. 
(ii) Warm-up drift can be troublesome. 
(iii) It is difficult to obtain a better than T8 note, but not 

impossible. 
(iv) Reception of ssb signals is unsatisfactory. 
(v) They cannot readily be used remotely with mechan¬ 

ical tuning. 

Crystal controlled oscillators 

(a) Advantages 
(i) Accurate logging of stations on the main receiver dial 

is possible. 
(ii) A T9 note for cw is assured. 
(iii) SSB reception is satisfactory. 
(iv) Negligible short term or warm-up drift. 
(v) Absence of controls permits remote operation of the 

converter. 
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Fig 5.10. The relation between conversion conductance and oscillator 
(heterodyne) voltage in a. typical triode mixer (6AM4, V a 125V, 

Rk 220Q). 

(6) Disadvantages 
(i) More expensive in valves or transistors (for 432MHz 

and above) and crystal. 
(ii) Possibility of additional self-generated whistles, 

particularly if frequency multiplication is necessary. 
(iii) More adjustments and therefore more difficult to 

align in the first place. 

The question of oscillator injection level arises whatever 
the type of oscillator used. As already stated, if the rf 
stages have sufficient gain and low noise factor, the noise 
contributed by later stages tends to be less significant, but 
this assumes reasonable efficiency in the mixer stage. Fig 5.10 
shows a typical conversion conductance curve for a mixer 
valve stage and indicates how the i.f. output varies as the 
injection voltage is changed, the signal being held constant ; 
it will be noticed that a considerable loss of gain results if 
inadequate injection is used. Similar considerations apply 
in the case of transistors but the optimum oscillator voltage 
is far lower and generally easier to realize in practice. 

The injection voltage in a triode valve mixer is found by 
measuring the current flowing through the mixer grid 
resistor due to the oscillator injection, ie the difference in 
grid current with and without the oscillator operative. The 
maximum value of oscillator voltage normally to be expected 
is about 3V peak, and with a grid resistor of 50ki2 this 
corresponds to a grid current of only 60^A, so a sensitive 
meter is required for this measurement. 

It must not be supposed that a voltage of this magnitude is 

Fig 5.11. Typical triode mixer (V2) and associated oscillator (V3). 

easy to achieve; on the contrary, to produce such a voltage 
at the mixer grid can be quite difficult. Fig 5.11 shows a 
typical triode mixer circuit in which the inductance LI is 
tuned to resonance at, say, 70 3MHz and the signal voltage 
developed across it fed through a 30pF capacitor to the mixer 
grid. Suppose L2 is carrying oscillations at 50MHz, coupled 
through a lOpF capacitor to the grid of the mixer (V2). At 
50MHz the inductance LI is in effect a short circuit to earth, 
and at this frequency the 50MHz oscillations therefore “see” 
the mixer grid circuit as shown in Fig 5.12. The lOpF and 
30pF capacitors (C2 and Cl) in the mixer grid circuit become 
a potential divider such that only one-quarter of the original 
50MHz voltage at the anode of V3 appears at the grid of V2. 

Fig 5.12. The triode mixer circuit of Fig 5.11 arranged to show the 
potential divider formed by the oscillator coupling and rf to 

mixer stage coupling capacitors at the injection frequency. 

An obvious course would be to increase the value of C2, 
but signal voltages at the grid of the mixer “see” this 
capacitor between grid and earth, since L2 appears a short 
circuit at signal frequency. Thus only three-quarters of the 
signal voltage at the anode of VI appears at the grid of V2 
with the existing capacitor ratio; if C2 was increased in 
value, even less voltage would be available at the mixer grid. 

Experimental adjustment of the values of Cl and C2 may 
be made (with appropriate re-adjustment of LI and L2) to 
effect the best compromise. Capacitances of 30 and lOpF 
respectively are of the correct order of magnitude because an 
rf voltage of 10 to 20V is commonly obtained at the anode 
of V3, and one-quarter of this voltage at the mixer grid is 
usually adequate. 

The required value of oscillator injection voltage depends 
upon the anode potential of the mixer valve; the lower the 
anode voltage the lower the required injection voltage. It is 
this fact that has made the use of relatively high values for 
RI (Fig 5.11) commonplace. 

If RI is replaced temporarily by a variable resistor of 
about 250ki2 which can be adjusted while listening to a weak 
signal, it will be found that the optimum value of mixer anode 
potential is readily obtained. The value of resistance thus 
determined (which is not unduly critical) may attenuate 
strong signals slightly, but this is of little consequence in 
relation to the marked improvement effected in the response 
to weak signals. 

Capacitive coupling between oscillator and mixer is not 
essential, and there are certain advantages to be had from 
using inductive coupling for the injection voltage. Part of a 
transistor converter circuit is shown in Fig 5.13, from which 
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Fig 5.13. Inductive coupling between mixer and local oscillator in a 
transistorized converter. 

it will be seen that the earthy ends of the local oscillator TRI 
and mixer TR2 inductances are adjacent (spacing of the 
order of 0-25in for 70MHz) while the “hot” ends of the rf 
and mixer coils are spaced by a similar distance. 

TUNABLE OSCILLATORS 

The requirements for a tunable oscillator are similar to 
those for a variable-frequency oscillator designed for trans¬ 
mitter control, ie robust construction to guard against vibra¬ 
tions, the employment of only the best-quality components 
(including valveholders and insulation), short and rigid 
wiring, and self-supported coils of stout wire. The operating 
frequency of the oscillator may be either above or below the 
signal frequency, but to ensure the best stability it is usual 
for it to be on the low frequency side of the signal. Where the 
choice of such a frequency leads to interference with a local 
television channel, operation on the high side of the signal 
may be necessary, although a small change in intermediate 
frequency sometimes enables the oscillator frequency to be 
placed to avoid such trouble. 

HT + 

Fig 5.14. The kalitron oscillator. L is 2 turns of 16swg ^in diameter 
for 120MHz. C1 may be 7-5pF per section. 

The valve employed will, of course, have considerable 
influence on the results obtained, and the type chosen should 
be of robust construction with short leads to the electrodes. 
All-glass types on B7G or B9A bases are suitable and some 
advantage may be obtained by using the “special quality” or 
“trustworthy” (“ruggedized”) variety. 

There are three main types of circuit suitable for tunable 
vhf local oscillators: (a) the kalitron push-pull, (b) the vhf 
Colpitts, and (c) the Hartley. The kalitron is particularly 
applicable to the requriements of a balanced mixer, while the 
Colpitts and Hartley circuits are primarily intended for use 
with single-ended mixer circuits. Each of the circuits is 
capable of producing good results, within its limitations, if 
well constructed. 

The Kalitron Oscillator 

This circuit, shown in 
triode valves. 

Fig 5.14, is well suited to twin 

Fig 5.15. The vhf Colpitts oscillator circuit. For 120MHz L should 
be two turns of 16swg jin diameter. 

For either 70 or 144MHz converters the oscillator tuning 
capacitor Cl may be a small split-stator type with one fixed 
and one moving plate per section. The wire used for the 
coil should not be thinner than 16swg, and the coils should 
be mounted directly on the soldering lugs of the capacitor. 
The wires to the anode tags of a high-quality (preferably 
ptfe) valveholder should be equally robust. Careful propor¬ 
tioning of the parallel capacitance C2 and the size of the 
coil will enable the required bandspread to be obtained. 

With an ht supply of 100V the circuit produces about 
18V p-p across the anode coil, which gives an injection 
voltage of the correct order to the mixer with lOpF coupling 
capacitors. It should be noted that the ht supply to the coil 
is through a low-value resistor; if a choke is used at this 
point the frequency of oscillation is very likely to be deter¬ 
mined by the choke instead of by the tuning inductance. 

The VHF Colpitts Oscillator 

This circuit (see Fig 5.15) is a true Colpitts oscillator as 
employed on the lower frequencies, although the familiar 
pair of capacitors providing a tap on the tuned circuit are 
missing in the vhf version because the grid-to-cathode and 
anode-to-cathode capacitances of the valve itself are 
sufficient at these frequencies to perform the same function. 
The 6C4, 6CW4 or 12AT7 are suitable valves for use in this 
circuit. 
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Fig 5.16. The Hartley oscillator. Similar values to those shown in 
Fig 5.15 apply. 

The Hartley Oscillator 

The Hartley oscillator circuit shown in Fig 5.16 differs 
from the Colpitts (Fig 5.15) only in the position of the ht 
feed to the tuning coil, but it generally gives rather more 
output. 

Transistor Tunable Oscillator 

The constructional requirements for a transistor tunable 
oscillator differ in no way from those for valves, but due to 
the small size of the transistor a more compact and therefore 
more rigid layout is often possible. The frequency stability 
of a transistor oscillator is very dependent upon the 
applied voltage, and it is good practice to employ a zener 
diode (see Chapter 3) to ensure a constant-voltage supply. 

Due to heating of the small device, high rf output and 
stability do not go together and it may be necessary to trade 
stability against output to achieve optimum results. 

A Hartley-type circuit suitable for the local oscillator in 
either a 70 or 144MHz converter appears in Fig 5.17. With 
the 2N706 transistor shown the value of the emitter resistor 
should be regarded as nominal—a lower value will increase 
the output at the expense of some degree of stability—but 
in a typical case, with an emitter resistor of 500Û, the 
output at 65MHz varied from 0-5V for a supply voltage of 
4-5 V up to 2-5V when 12V was applied. The output at 

Fig 5.17. Hartley circuit for a tunable local oscillator. L should be 
3 turns 0-5in diameter of 16swg for 65MHz or turns for 135MHz. 
Consumption approximately 6mA at 12V for the transistor shown. 

130MHz was approximately 0-7V at 12V input, and if more 
output should be required some reduction in the value of the 
emitter resistor would be called for. 

CRYSTAL-CONTROLLED OSCILLATORS 

In a crystal-controlled oscillator/multiplier chain for a 
converter, the aim should be to produce the least number of 
frequencies in order to avoid unwanted heterodynes or 
"birdies”. This means the use of overtone crystals and ideally 
no frequency-multiplier stages. Such an arrangement is quite 
feasible for 70MHz where the crystal frequency would lie 
between 42 and 66MHz for i.f.s ranging from 28 to 4MHz 
respectively, but for the 144MHz band (crystal frequencies 
between 116 and 140MHz) it may be thought that the cost of 
such crystals would be unjustified. In that case, and certainly 
for the 432MHz allocation, some frequency multiplication 
would be necessary, but the aim should still be to start with 
as high a frequency crystal as possible. 

118 

I “ 1 " I 
4-2 59 4-3 4-2 39-333 4-3 

I-1 I 
29-5 19-666 13-111 

Fig 5.18. Type of chart used for determining the fundamental crystal 
frequency required in an oscillator multiplier chain. 

Many designs utilizing crystals requiring high multiplica¬ 
tion factorshave been described inthe literature and, provided 
certain precautions are taken to avoid frequencies w hich have 
harmonics falling inside the band concerned or frequencies 
which beat with harmonics of the oscillator in the main 
receiver, satisfactory results can be obtained. 

Before deciding upon the frequency of a crystal for this 
service a chart such as that shown in Fig 5.18 should be 
prepared. As an example, assume that it is found that if the 
local oscillator in the main receiver covers the range 26-5-
28 5MHz, no harmonics from it will fall into the 144MHz 
band. If the main receiver has an i.f. of 500kHz and its 
oscillator operates above the signal frequency, a first i.f. of 
26-28MHZ will be satisfactory. Since 26MHz will be the 
tuning position for a signal on 144MHz, the injection 
frequency for the converter will be 118MHz (ie 144 — 26) 
and reference to the chart w'ill show how this may be 
obtained. 

It is normal practice to use an overtone oscillator in 
which the crystal vibrates mechanically at approximately 
three or five times its fundamental frequency, depending 
upon the configuration of the circuit. There is no output at 
the fundamental frequency of the crystal, and the harmonics 
present are related only to the overtone frequency. For 
example, a 10MHz crystal operating on its third overtone 
would generate no energy below 30MHz and behave like a 
crystal of that fundamental frequency. It should be noted 
that overtone operation only takes place on odd multiples 
of the fundamental frequency of the crystal. 

Crystals specially manufactured for overtone operation are 
commercially available up to over 100MHz and suitable 
circuits are supplied by the makers. The cost of such crystals 
may seem high when compared with surplus fundamental¬ 
mode types but, unless the frequency of operation is very 
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high or the specified tolerance very close (which is unneces¬ 
sary for most amateur purposes), careful consideration 
should be given to the purchase of an overtone crystal. It 
should be borne in mind that such a crystal will give a 
greater certainty of trouble-free operation and, in the case 
of one of the high frequency crystals oscillating at 60MHz 
or more, the greater cost may well be offset in the saving in 
valves or transistors and other components, and the smaller 
space required for the converter. 

Fig 5.19. (a) The Robert Dollar overtone crystal oscillator circuit, 
(b) Anode-cathode feedback overtone crystal oscillator circuit. 

In the example under consideration an ideal crystal 
frequency would be 59MHz, necessitating only a doubler 
stage to arrive at the required injection frequency of 118MHz. 

For those who prefer to use the cheaper crystals other 
choices must be made with the aid of Fig 5.18. It would be 
undesirable to start at 13-111MHz since the second harmonic 
would fall at 26-222MHz. This is within the tuning range of 
the main receiver and would result in a spurious carrier or 
“birdie”. A frequency of 29-5 MHz appears to be a possibility 
and a 5-9MHz crystal, provided it would operate on its fifth 
overtone, would satisfy the requirements. 

Alternatively a start could be made at 19-65MHz, obtained 
from a 6-55MHz crystal operating on its third overtone, the 
output frequency being doubled and trebled to produce the 
required 118MHz. 

Double triode valves are used sometimes as oscillators in 
vhf converters, and among those suitable are the 12AT7, 
6BQ7A and ECC88. The triode section of the 6U8/ECF82 
or the ECF804 is also suitable for use as an overtone 
oscillator. 
The 6BQ7A and ECC88 have an internal screen between 

the two anodes and are therefore particularly suitable for use 
when one section is to be employed as a mixer. 

Oscillator circuits for converters, whether for fundamental¬ 
frequency or overtone crystals, are just the same as those 
employed in crystal-controlled transmitters, and reference 
should be made to the appropriate chapters for further 
information. For ease of reference, however, a selection of 
circuits is given here and many more will undoubtedly be 
found from time to time in the literature. 

Crystal oscillator circuits may operate the crystal either 
in the parallel (high-impedance) mode or in a series-resonant 
circuit. In the latter the crystal forms part of the feedback 
loop so that if it is replaced by a capacitor oscillation will 
take place at a frequency determined by the inductance in the 
circuit and its associated capacitances. This can, in practice, 
happen even with the crystal in position as a result of the 
capacitance between the crystal electrodes, and spurious 
(uncontrolled) oscillations may be generated unless the 
circuit is properly adjusted. 

Fig 5.20. Butler overtone crystal oscillator circuit. Output may be 
taken at two, three or four times the frequency of the overtone 
crystal. L1, C2 and L2, C3 tune to the overtone and desired output 
frequencies respectively. C1, C4 and C5 are bypass capacitors of 

normal values. 

Generally speaking it is much more preferable to employ 
crystals specifically intended for overtone operation: some 
essentially fundamental-mode crystals will be found perfectly 
satisfactory while others of similar type refuse to function or 
require an excessive amount of feedback, with the attendant 
possibility of oscillation uncontrolled by the crystal. 

The simplest of the valve overtone circuits is that where 
the crystal is connected between grid and cathode and the 
anode circuit is tuned to the desired overtone frequency. 
Should some degree of feedback be required it may be pro¬ 
vided as depicted in Fig 5.19. Both circuits rely on feedback 
due to incomplete bypassing of the “cold” end of the anode 
tuned circuit: in (a), which is the Robert Dollar circuit, 
feedback is applied via the crystal which operates in the 
series mode, while in (b) parallel mode operation is employed 
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with feedback to the cathode across an only-partially 
bypassed cathode resistor. Particularly in the latter circuit, 
oscillation at the fundamental frequency of the crystal will 
occur when the anode circuit is not tuned to overtone 
resonance. 

The values of feedback capacitors shown in Fig 5.19(b) 
are suitable for valves with a modest mutual conductance, 
but for triodes of higher gm,Cl may have to be in the range 5 
to 15pF and C2 80 to lOOpF. Should oscillation at the funda¬ 
mental frequency of the crystal still persist when the anode 
circuit is correctly tuned, a reduction in the value of the grid 
resistor to 20 or 30k£2 or even lower has been found effec¬ 
tive in curing the trouble. 

Fig 5.21. The PAOTP crystal oscillator multiplier circuit. 

The Butler circuit shown in Fig 5.20 is particularly useful 
in receivers and maybe employed either as an overtone oras a 
fundamental oscillator with provision for taking an output at 
two, three or four times the frequency of the crystal. Although 
two stages are required, the arrangement is very satisfactory 
•when good stability is the main criterion. For use as a 
fundamental oscillator, L2 is omitted and the anode of 
Vlb bypassed to earth by a suitable capacitor, the output 
then being taken from a link winding coupled to LI. 

When setting up the oscillator a voltmeter may be con¬ 
nected (as shown with dotted lines in the diagram) and the 
tuned circuits adjusted for maximum deflection. For highest 
stability the coils should both have a low Q value, and if 
necessary damping resistors may be connected across them 
for this purpose. 

Another twin-triode oscillator/multiplier circuit capable of 
a high order of frequency multiplication is due to PAOTP and 
appears in Fig 5.21. The crystal and tuned circuit frequencies 
shown would be suitable for a converter with a 28 to 30MHz 
i.f. 

A very satisfactory transistor overtone oscillator, suitable 
■only for use with overtone crystals, is that shown in Fig 5.22. 
Almost any transistor capable of oscillating at a frequency of 
100MHz or higher could replace the 2N708 shown. For 
pnp types, such as the OC170 or 2N1742 etc, the polarity 
of the supply voltage would of course have to be reversed. 
The 3-30pF trimmer Cl is not essential but provides a ready 
means of controlling the amount of output. With other types 
of transistor it is worthwhile experimenting with other 

Fig 5.22. Transistor overtone oscillator circuit suitable for use with 
either third or fifth overtone crystals. 

values of RI and R3 for optimum results. There is little 
point in changing the value of R2. 

FREQUENCY MULTIPLIERS 

Unless the operating (overtone) frequency of a crystal is 
that required for injection into the mixer, some frequency 
multiplication will have to be arranged, and circuits to do 
this will be found among the designs for converters described 
later in this chapter. 

While basically similar to the frequency-multiplying 
circuits in transmitters, the power output necessary for the 
satisfactory operation of a mixer is far smaller than would be 
required for transmitting applications, and in consequence 
greater multiplication factors per stage can be realized. 

It is always good practice to start with a reasonably high 
frequency crystal requiring fewer stages of multiplication, 
rather than the reverse, because there is a distinct possibility 
that one of the unwanted multiples of the crystal frequency 
might reach the mixer with sufficient power to convert 
(perhaps inefficiently) a strong local signal outside the 
amateur band and cause its appearance within the range of 
the tunable i.f. 

An example may make this clear. An overtone crystal is 
used to produce a frequency of 28MHz, and this is multiplied 
by five in a subsequent stage to provide injection for the 
mixer at 140MHz. A tunable i.f. of 4 to 6MHz then covers 
the 144 to 146MHz band. Although the output of the multi¬ 
plier stage is tuned to five times its input frequency, there may 
be sufficient output at 84MHz (multiplication of three) to 
beat with a broadcast station in the 87-5 to 100MHz band 
to produce an i.f. within the range tuned. Radio 2 from 
Wrotham on 89-1 MHz would appear at 89 1 — 84 = 51 MHz. 
Thus a wideband fm station would appear at an apparent 
frequency of 1451MHz, making reception of wanted 
signals near this frequency very difficult. 

Other spurious responses may appear at other harmonics 
of the crystal frequency. If, for example, a crystal frequency 
of 35MHz had been chosen then the harmonics at 70 and 
105MHz would give rise to a completely different set of 
possible spurious responses. The optimum choice of oscil¬ 
lator frequency will vary with geographical areas, and 
receivers which perform well in some areas may be found 
to be unsatisfactory in others. Designers of equipment for 
portable operation should give particular attention to this 
point. 
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High-Q Break 

In addition to possible unwanted injection frequencies, 
all local oscillators generate noise. The magnitude of this 
noise depends on the operating conditions of the last 
frequency multiplier and the Q of the final multiplier tuned 
circuit. This final multiplier stage can be considered as an rf 
amplifier at the local oscillator frequency, and if its output 
tuned circuit has too low a Q, the stage will have appreciable 
gain at the signal frequency and so add to the noise input 
to the mixer. If, as is so often the case with uhf receivers, 
there is little or no rf gain in front of the mixer, oscillator 
noise can be quite serious. 

Fig 5.23. Essential dimensions for high Q breaks. 
23cm 

Inside diameter of outer conductor* 43 64in 
Outside diameter of inner conductor jin 
Dimension A (end to tap on inner) -¿¿in 
Dimension B (end to coupling probe) Ijin 
Dimension C (diam cf trimmer) ¿in 
Dimension D (length of inner conductor) 1 jin 
Dimension E (length of outer conductor) 1 jin 
Dimension F (diam of probe) {in 

♦¿in od tube with 20swg wall. 

30cm 
43 64in 

A>n 
1jin 
î'n 
2ir 

2¿in 
fin 

70cm 
43,64in 

¿in 

5¿¡n 

Oscillator noise and unwanted injection frequencies can 
both be reduced to insignificance by interposing a filter 
between the local oscillator and the mixer. This filter may 
consist of a single high-ß tuned circuit called a high-Q 
break or two loosely coupled tuned circuits. 

Examples of high-ß breaks for 420, 1,000 and 1,296MHz 
appear in Fig 5.23. The capacitive probe connects to the 
source of rf (ie the output of the last frequency multiplier), 
and the coupling loop supplies filtered rf via a coaxial cable 
to the mixer. Such filters have a typical attenuation of 15dB 
at a frequency 3-5MHz away from the operating frequency. 

Choice of Multiplier Valves or Transistors 

Valves suitable for frequency multiplication are double 
triodes, such as the 12AT7, small rf pentodes of the 6AK5 
or EF91 (6AM6) class, and triode pentodes designed for 
vhf frequency-changer service, such as the ECF80 (6BL8), 
ECF82 (6U8) and ECF804. High-slope valves designed for 
wideband amplifiers such as the E88CC or E180F are particu¬ 
larly good because of their low drive requirements. 

Since the factor that limits the frequency of operation of a 
valve is usually transit time in the grid/cathode space, many 
valves can be used as frequency multipliers at higher fre¬ 
quencies than is possible if they are used as amplifiers. 

Most vhf transistors make efficient frequency multipliers, 
and they may be operated in zero-bias Class B or with bias 

Fig 5.24. Typical local oscillator multiplier chain showing an error 
in alignment. 

derived from the rf drive. Several examples will be found in 
this chapter. Due to the relatively low impedance associated 
with transistors compared with valves, it is difficult to obtain 
high-ß tuned circuits in frequency multipliers and spurious 
outputs of the type discussed above often occur. 

This difficulty also gives rise to another problem which is 
illustrated in Fig 5.24. Here the output of a crystal oscillator 
at 46MHz is multiplied by three and three to generate 414-
MHz for a 432MHz converter. By error the 138MHz tuned 
circuit is tuned to the fourth harmonic of the oscillator at 
184MHz, but because of the low Q of this circuit, appreciable 
fundamental power from the oscillator appears at the input 
to the last stage. The tripler, designed as a non-linear stage, 
mixes harmonics of the drive frequencies and selects one of 
these, eg (184 x 2) + 46 414MHz which is the required 
output. The final multiplier, however, is very inefficient in 
this mode of operation, and requires an inordinate amount 
of rf drive. Much time can be wasted adjusting this appar¬ 
ently inefficient stage when the fault lies in an earlier one. 

The cure for these and similar problems is to check all 
tuned circuits with a grid-dip oscillator to verify that they 
are all operating at the required frequencies. 

Diode Multipliers 

The last frequency multiplier of a uhf local oscillator often 
presents difficulties, and the straightforward solution is to use 
a valve or transistor similar to that used in the rf stage. If, 
however, such a device cannot be used in the rf stage for 
economic reasons this approach is not helpful in the case of 
the local oscillator. An inexpensive but relatively inefficient 
multiplier can be constructed using a point-contact or 
Schottky-barrier diode as a simple non-linear element. 
Approximately ImW is required to produce the required 
current in a mixer diode; to generate this in a diode multiplier 
some 10 to 50mW of input will be required, depending on the 
order of multiplication required. 

Quite thorough filtering is required after a diode multi¬ 
plier since the harmonic output is only a small fraction of the 
fundamental, and a high-ß break should be included in the 
design as a matter of course. The current through the diode 
is typically 20 to 50mA, and a low-impedance diode is 
required with the minimum of circuit resistance (some work¬ 
ers have reported that the insertion of a meter to measure 
the diode current has significantly reduced the harmonic 
output). Satisfactory results have been obtained with 
1N64, GEX66 and 1N914 diodes, with a preference for the 
latter. 

5.14 



VHF AND UHF RECEIVERS 

RF AMPLIFIERS 

Most devices (valves or transistors) used as vhf amplifiers 
can be considered to have three signal connections and can be 
operated with any one of these common to input and output 
circuits. Fig 3.50 shows transistor arrangements. Cathode 
and emitter followers are not normally used at vhf as they are 
very prone to self-oscillation but any of the other configura¬ 
tions will be encountered. Taken in isolation none of these 
arrangements has overriding qualities but when considered 
in context each has special merits which may be disadvan¬ 
tages in some other application. 

Although a large number of circuits for rf stages have been 
described from time to time, many of them are only slight 
modifications of the better-known arrangements. So far as the 
newcomer to vhf work is concerned, the simpler the circuit 
the greater the chance of success. Whichever arrangement is 
chosen, it is strongly recommended that a copper or brass 
chassis be used to ensure the best possible connection for 
earth returns. This gives a consequent reduction in circulating 
currents in the chassis and therefore better stability and usable 
gain. 

Common-Cathode Amplifiers 

Fig 5.25 shows the arrangement of typical common¬ 
cathode amplifiers. Neutralization is necessary to reduce 
regeneration via the grid-anode capacitance and this can be 
produced in one of several ways. In Fig 5.25(a) the anode 
inductor is decoupled at a tap and Cn is taken back to the 
grid. In Fig 5.25(b) the feedback capacitance is tuned to a 
high-impedance parallel circuit by Ln. In Fig 5.25(c) the two 
neutralizing capacitors form a bridge circuit, the other two 
arms of which are the grid-anode and grid-cathode capaci¬ 
tances of the valve. This circuit is more convenient to adjust 
t han that of Fig 5.25(a) since one terminal of Cn is at chassis 
potential, thus eliminating hand capacitance effects. 

Examples of converters using rf stages with and without 
neutralization are given later in this chapter, including 
modern bipolar and field effect transistor designs. 

The Common-Grid A.mplifier 

In the common- or grounded-grid configuration it is the 
grid, rather than the cathode, which is maintained at zero 
rf potential, thus providing a screen between the cathode and 
anode. The latter form the input and output electrodes 
respectively. 

The input impedance of a common-grid triode is equal to 
1/^m where gm is the mutual conductance of the valve in 
amps per volt, so for a gm in the range 6-15mA/V this would 
imply input impedances between 167 and 67ÍL Due to this 
low input impedance the common-grid amplifier is by nature 
a wideband device and is well suited as an rf stage for the 
432MHz band. In populated areas, however, this wide band¬ 
width can be a mixed blessing since stations such as uhf 
broadcast stations outside the amateur band may be ampli¬ 
fied and cause non-linearity in later stages. 

Cascode Amplifiers 

In the circuit shown in Fig 5.26 VI is a common-cathode 
amplifier having an anode load which is the input resistance 
of V2, the latter being a common-grid amplifier. Since the 
gain of a common-cathode amplifier is gmRi. and in this 
case Rl is l/^m, VI has unit voltage gain between its grid 
and anode. VI provides gain by virtue of the impedance step-
up in the input transformer. 

Fig 5.27 shows two practical designs. Fig 5.27(a) is used 
for valves requiring 200V or more on the anode, while Fig 
5.27(b) is suitable for valves requiring about half that voltage. 
As can be seen, the arrangement of Fig 5.27(b) uses fewer rf 
components and the simpler design is more likely to give 
stable operation. Lp tunes the capacitance at the anode of 
the first stage and the (often considerable) cathode-to-heater 
capacitance of the second stage. Since it is heavily damped 
by the input resistance of the second stage, Lp appears to be 
not critical if adjusted for maximum gain. It has a marked 
effect on noise figure, however, and should be set up with 
the aid of a noise generator. Similarly, since the first stage 
has only unity gain the neutralizing has no apparent effect 
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on signal strength. This adjustment is also important for 
best noise performance. 

Valves and Transistors for VHF Operation 

Because the internal capacitance and inductance of devices 
used as vhf and uhf amplifiers may be a significant part of 
the total circuit values, the device manufacturer may make 
special provision for certain kinds of circuit configuration. 
Thus a valve designed for common-grid operation may have 
several grid connections to reduce the inductance to that 
electrode, while another ostensibly similar valve may have 
multiple cathode leads to improve its performance as a 
common-cathode amplifier. The internal parasitic imped¬ 
ances in transistors are too small to make this specialization 
worthwhile at vhf but certain uhf types may have wide tape 
leads or multiple leads where the inductance must be 
minimized. A F and hf transistors often have the collector 
connected to the external can, but many vhf transistors have 
separate collector leads, permitting the can to be earthed to 
provide better screening. Where a device is designed for a 
particular circuit configuration, unsatisfactory results may 
be obtained if a different configuration is used. 

Examples of valves for specific applications are: push-pull 
common cathode, 6J6 (now obsolescent); single common 

cathode, 6CW4, 6AJ4, PCC89, A2599 (6CT4); single common 
grid, EC91, 6AM4, PCC89, A2521 (6CR4); series cascode 
6BQ7, E88CC, PCC89, single common grid with common 
cathode mixer, ECC85. In some of the above types internal 
screens are connected to electrodes which the manufacturer 
expects to be earthed in the usual circuit. If these electrodes 
are not earthed but are used for signal connections the screen 
will radiate, and instability is almost inevitable. 

Field Effect Transistors 

The advent of the field effect transistor (fet) has eased the 
design of vhf receivers in two ways. The relatively high input 
resistance at the gate permits reasonably high-ß tuned 
circuits, providing protection against strong out-of-band 
signals such as from broadcast or vehicle mobile stations. 
Also the drain current is quite exactly proportional to the 
square of the gate voltage; this form of non-linearity gives 
rise to harmonics (and the fet is a very efficient frequency 
doubler) but a very low level of intermodulation (cross 
modulation). 
The use of a square-law rf stage is not, however, as 

straightforward as it first appears. Second order products 
are still present, such as the sum of two strong signals. 
For example, an rf stage operating in a television Channel 2 
or 3 area with insufficient aerial input filtering would 
generate signals on the 144MHz band by mixing signals in 
Broadcast Band II or the adjacent mobile band with the 
local television signal. It follows, of course, that if two fet 
amplifiers are operated in cascade a bandpass filter is 
required between them to ensure that the distortion products 
generated in the first stage are not passed to the next stage 
where they will be re-mixed with the wanted signal. A develop¬ 
ment of the fet is the metal-oxide-semiconductor fet (mosfet), 
in which the gate is insulated by a very thin layer of silica. 
The gate therefore draws no current and a high input 
resistance is possible, limited only by the losses in the gate 
capacitance. These devices may be damaged by static 
charges, and must be protected against aerial pickup during 
electrical storms, and also from rf from the transmitter 
feeding through an aerial changeover relay with an exces¬ 
sively high contact capacitance. Recent fets have protective 
diodes incorporated in the device which limit the input 
voltage to a safe level, and these devices are thus much 
more rugged. 

In the dual-gate mosfet the drain current is controlled by 
two gates and various useful circuit improvements result. 
If it is desired to apply gain control to a conventional tran¬ 
sistor stage the control voltage is applied to the same elec¬ 
trode as the signal, but the result can be a reduction in 
power-handling capability showing up as a cross modula¬ 
tion. The dual-gate fet avoids this problem, and automatic 
or manual gain control can be applied to gate 2 without 
reducing the signal-handling capability at gate 1. Fig 5.28 
shows how such an rf stage for a converter is arranged. 
When a strong local station causes intermodulation at the 
mixer or an early stage of the main receiver, the rf gain can 
be reduced until interference-free reception is again possible. 

Pre-amplifiers 

As available devices improve and new circuit designs are 
published, it will become apparent that a receiver which may 
have been considered a first-rate design when built is no 
longer as good as may be desired. Specifically, a receiver 
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using valves designed for vhf tv broadcast use (or early types 
of transistor) is not as sensitive as is now readily achievable, 
although the local oscillator may be quite satisfactory. The 
sensitivity of such a receiver can be improved without radical 
redesign by means of an additional separate rf amplifier, 
usually referred to as a pre-amplifier. Such an amplifier 
should have the lowest possible noise figure and just suffi¬ 
cient gain to ensure that the overall performance is satis¬ 
factory. Fig 5.29 shows the improvement to be expected 
from a pre-amplifier, given its gain and the noise factor of 
the pre-amplifier alone and the main receiver. 

Fig 5.18. Dual-gate mostet rf amplifier with gain control. LI 3 turn« 
20swg, 0 25in inside diameter 0 3in long; L2 5 turns 20swg tinned 
copper wire on 03in former 0 4in long tapped at t j turns and tuned 
with dust core; L3 6 turns 20swg on 0-3in former tuned with dust core 
and coupled L4; L4; 2 turns 20swg on same former closed spaced to 

capacitor end of L3. 
Fig 5.29. Receiver noise figures. 

An example will suffice to show the application. An 
existing 145MHz receiver has a measured noise figure of 
6dB and is connected to its aerial via a feeder with 3dB loss. 
It is desired to fit a pre-amplifier at the mast head; what is the 
performance required of the pre-amplifier? 

Suppose a BF180 transistor is available; this has a 
specified maximum noise figure of 2-5dB at 200MHz and 
will be slightly better than this at 145MHz. The main 
receiver and feeder can be treated as having an overall noise 
figure of 3 + 6 = 9dB, and from the graph if the pre-amplifier 
has a gain of lOdB the overall noise figure will be better than 
41dB. Increasing the gain of the pre-amplifier to 15dB will 
only reduce the overall noise figure to 3-6dB, and may lead 
to difficulty due to the effect of varying temperatures on 
critical adjustments. The addition of so much gain in front 
of an existing receiver is also very likely to give rise to 
intermodulation from strong local signals. If it is desired to 
operate under such conditions it is essential that provision 
is made for disconnecting the pre-amplifier when the local 
station is on. 

Fig 5.30 shows a masthead pre-amplifier suitable for 
144MHz with the controls at the main station. Two feeders 
are required—the original feeder is used for the transmitter 
and a second feeder is used for the receiver (note that this 
feeder may have a slightly higher loss since this may be 
overcome by the pre-amplifier). RLA is fitted in the masthead 
unit and is energized on receive, and RI and the zener diode 
reduce the relay supply to 12V for the amplifier. Note that 
even when the relay requires 12V this zener diode is still 
required to absorb the transient back-emf from the relay 
coil. RLB is the original station transmit-receive relay and 

SI enables the main receiver to be quickly connected to this 
in an emergency. 

Other RF Amplifiers 

Many sophisticated amplifying devices have been devel¬ 
oped for uhf at various times, but they are becoming of 
less interest to amateurs as transistors are developed with 
adequate performance. Two of the more important of these 
are included here for completeness, but further information 
should be sought in more specialized works. 

Parametric Amplifiers. As the name suggests, these operate 
by virtue of a varying circuit parameter, usually capacitance, 
which is made to store and release signal energy without 
adding noise. 

The most valuable parametric device is the variable¬ 
capacitance diode or varactor. This type of diode has a 
junction capacitance which can be varied in a controlled 
manner by varying the voltage across the diode. In use the 
diode is connected across a tuned circuit at the input to the 
receiver and its capacitance varied with a “pump” oscillator. 
This is an oscillator at a frequency much higher than the 
operating frequency and, to ensure that the varactor capaci¬ 
tance is varied in correct phase with respect to the signal 
being amplified, a third tuned circuit, “the idler”, is also 
connected across the diode. This is usually adjusted to the 
difference between the pump and signal frequencies, and its 
presence makes the pump frequency non-critical. The pump 
frequency should be high for the lowest noise performance: 
3GHz is suitable for a 432MHz amplifier but 10GHz is 
necessary for a l -3GHz amplifier. 
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Fig 5.30. Masthead pre-amplifier 
for 144MHz. L1 2 turns 22swg 
wound within cold end of L2; L2 4 
turns 22swg on jin mandrel about 
0-4in long (adjust to tune); L3 5 
turns 22swg on 0-3in former slug 
tuned and centre tapped; L4 2 
turns 22swg wound over centre 

of L3. 

Tunnel Diodes. The tunnel diode is a negative-resistance 
device analogous to a Q multiplier, and a typical method of 
use is to connect the diode across a part of the tuned input 
circuit of a receiver, so raising the effective Q of the circuit 
and increasing the gain from the aerial input to the following 
rf stage. Since the tunnel diode operates at a current of 
approximately 1mA and its major noise contribution is due 
to shot noise, low-noise amplification results. 

In practice it is desirable to incorporate some form of de 
stabilization of the operating point. This is because negative 
resistance devices are very prone to instability unless such a 
precaution is taken. In any case it is essential to avoid any 
high-ß parasitic resonances due to chokes, inductive leads 
on capacitors etc, since oscillation at unexpected frequencies 
will certainly result. One consequence of the very low 
operating power of tunnel diode amplifiers is that they are 
very liable to overload, and except in the most remote areas 
it is advisable to make provision for disconnecting the 
amplifier when strong signals are liable to be received. 

MIXERS 

The common forms of mixers use diodes, triodes and most 
types of transistors. 

Diode Mixers 

A diode operates non-linearly either around the bottom 
bend, where the current through the diode is proportional 
to the square of the applied voltage (see Fig 5.31(a)), or by 
the switching action between forward conduction and reverse 
cut-off, as shown in Fig 5.31(b). In the first case it is often 
necessary to forward bias the diode with de to obtain an 
optimum working point. A bias of 100 to 200mV is typical 
but will vary with the type of diode. The maker’s data sheets 
should be consulted for the optimum working conditions. 

The second type of mixer is used where a high overload 
level is required. Signals approaching one tenth of the local 
oscillator power can be handled without distortion, and the 
local oscillator level is limited only by the power-handling 

Fig 5.31. Working conditions of diode mixers. In (a) forward bias is 
required to provide an optimum working point. In (b) the local 

oscillator power is higher and no bias is required. 
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+ 9V 
indirectly heated cathodes can be provided with automatic 
bias. Those uhf valves with a common heater and cathode 
connection will, however, require a separate heater supply. 

Triode mixers may be operated in the common-cathode or 
common-grid configuration but the leaky grid circuit is not 
often used with a common-grid stage due to the difficulty 
of providing a satisfactory bypass connection for the grid. 

It is essential that the mixer provides no gain at the i.f. 
between the input electrode and the output since this will 
make the prevention of i.f. breakthrough very difficult. The 
input electrode should always have a low impedance to earth 
at the i.f. A vhf tuning coil is best for this but a fairly low 
inductance choke will sometimes serve. 

Fig 5.32. Dual gate mosfet mixer. 

capacity of the diodes. The noise generated in the mixer 
rises with increasing diode current, however, and this sets 
a limit to the usable overload level if maximum sensitivity is 
required, although it is possible to adjust the local oscillator 
power from time to time to select a compromise between 
sensitivity and overload capacity. 

The diode mixer is necessarily “lossy”, and a loss of 
between 3 and 6dB may be obtained in practice. It is there¬ 
fore essential that the stage following the mixer has the 
lowest possible noise figure. 

Balanced Mixers 

Noise components from the local oscillator can be reduced 
to a low level by means of balanced mixers; these are similar 
to the balanced modulators used in ssb transmitters, differing 
only in the use of low-noise receiver diodes. With modern 
diodes it is not usually necessary to provide adjustment of 
balance at the local signal for best noise performance, but 
some adjustment is desirable to reduce local-oscillator 
radiation from the aerial. In many cases it will be necessary 
to include a simple filter in the aerial lead to reduce this 
radiation ; this can conveniently be the same filter as is used to 
reduce the second-channel response. Note that the balanced 
mixer does not provide any improvement over single-ended 
mixers in respect of noise originating in the diodes due to a 
high local oscillator level. 

Diodes suitable for receiver mixers are all semiconductor 
types, and they include the well-known metal whisker¬ 
semiconductor junction and the more modern alloyed 
metal-semiconductor or Schottky-barrier junction. The 
latter are the only types used in mixers designed specifically 
to have a high overload capability. The older point-contact 
diodes are very noisy when the local oscillator power is such 
as to cause reverse breakdown, and this occurs at quite a low 
level in this type of diode. 

Triode Mixers 

A triode valve can be used as a mixer in two essentially 
different ways. The non-linear characteristic necessary for 
mixing results from biasing the valve to operate either on the 
grid-current bend (leaky grid) or the anode bend. In the 
anode-bend method the application of the local oscillator 
voltage will drive the anode current upwards; in the leaky 
grid method it will drive the anode current down. Provided 
that the recommended oscillator injection voltage applied is 
correct, the resultant anode current will be the same using 
either method and the conversion gain and noise factor will 
also be the same. For anode-bend operation, valves having 

Transistor Mixers 

The above remarks on diode and triode mixers can be 
applied to transistor mixers. The emitter-base junction of the 
transistor can be used as a diode mixer with the amplified 
i.f. taken from the collector; or the non-linearities of the 
transfer characteristic can be used by biasing the device for a 
low value of oscillator current and applying local oscillator 
power to the base-emitter junction so as to increase the 
collector current. Often in practice both mechanisms contri¬ 
bute to mixing action. 

Multiplicative Mixers 

Fig 5.32 shows the use of a dual-gate fet as a mixer. The 
signal input is applied to gate 1 as for an rf amplifier, but 
instead of just a decoupled bias supply to gate 2, the decoup¬ 
ling is omitted and the oscillator voltage is applied to this 
gate. The output at the drain is then controlled by the two 
inputs and contains the usual intermodulation products 
between them. This form of mixer is important since the 
signal-handling capability of gate 1 is not reduced by the 
presence of local oscillator signal and quite a high overload 
level results. Next to the diode mixer the dual-gate mixer 
has the highest overload level of any semiconductor mixer. 
(None of these devices approaches the signal-handling 
capability of a well-designed valve mixer.) 

The dual-gate fet mixer is very easy to set up since the 
various bias oscillator and signal level adjustments can be 
separate and the tuned circuits do not interact. 

FREQUENCY MODULATION 

The basic principles of frequency modulation are discussed 
in Chapter 9. It has a number of advantages over amplitude 
modulation for contacts over moderate distances and is 
now very popular for vhf mobile operation. The action of the 
“capture effect” greatly reduces the effect of weak inter¬ 
ference since the annoying heterodyne typical of a.m. 
interference is often not heard. The principal disadvantage 
is the existence of a "threshold” limiting the sensitivity of a 
typical nbfm receiver to about 13dB above that of the corres¬ 
ponding a.m. receiver. For local contacts, however, this is 
an advantage since the range is well defined and the frequency 
can be re-used by another station outside this range without 
risk of mutual interference. 

FM can be received after a fashion by detuning an a.m. 
receiver and using the skirt selectivity (or lack of it) to 
produce a slope detector. This gives quite poor results and 
should be considered only as a temporary measure. The 
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if necessary. The discriminator uses 
the Foster-Seeley arrangement with a 
centre-tapped secondary winding. A 
small amount of de-emphasis is shown; 
for use with phase-modulated transmit¬ 
ters the 47pF capacitor should be 
increased to I.OOOpF, giving a time¬ 
constant of 100/xS. The performance of 
the discriminator is shown in Fig 5.34 
and is substantially linear up to ±4kHz 
deviation. At ±2-5kHz deviation, audio 
output up to 5V peak may be expected. 
The limiter performance is given in the 
table. Since even “narrow band” fm 
requires a bandwidth of at least 11 kHz 
for distortion-free reception, the band¬ 
width of the receiver will usually be set 
at its maximum when receiving fm; 
receivers with permanently connected 
crystal filters are not suitable for this 
use. 

The noise limiter is not an essential 
part of the discriminator but is of 
interest because of the technique of using 
the de output of the a.m. detector to set 
the limiter clipping level on fm. If point 
“A” were earthed, the diodes would be 
cut off until the negative bias reached 
about 0-5V and would severely clip 
speech. Clipping is avoided by applying 
several volts of additional bias derived 

following designs are intended as add-on units to existing 
a.m. receivers to provide something more approaching 
optimum performance. 

Fig 5.33 shows a unit intended to be fitted to a valve 
receiver; it can be mounted on a bracket inside the receiver 
cabinet near the existing a.m. detector and takes power from 
the receiver supplies. The limiter is fed from the same point 
as the a.m. detector, the final i.f. transformer being retrimmed 

At reduced 
signal of 

4V 
1V 
0-5V 

Output at 
5kHz 

deviation 
10-1V 
9-8V 
8 9V 

At reduced 
signal of 

0 2V 
0 1V 
0 05V 

Output at 
5kHz 

deviation 
5-7V 
30V 
1-5V 

from the ht rail; the preset potentiometer is adjusted so that 
there is no significant distortion on weak signals. 

A Pulse Counting Discriminator Unit 

The advantages of this type of discriminator over other 
designs are the absence of any coils and the possibility of 
using the device as a deviation measuring instrument in 
conjunction with an ac valve voltmeter. An example of this 
type of discriminator designed by G3JGO is shown in 
Fig 5.35. 

The i.f. signal at 450 to 470kHz is applied to the longtailed-
pair limiter TRI and TR2. The variable resistor adjusts the 
limiting threshold and is set for best a.m. rejection. The 
limited output is used to switch TR3 on and off, giving a 
square wave of nearly 12V amplitude, which provides a 
constant quantity of charge via C into the emitter of TR4. 
Hence the emitter current of TR4 is directly proportional to 
frequency, and in this way variations in frequency produce a 
corresponding voltage variation across R. As shown, the 
circuit is set for about 500kHz = 10V, ie 20mV/kHz, so 
±2-5kHz deviation produces ±50mV peak. This is amplified 
about 50 times by TR5 and TR6 to give an output suitable 
for feeding into the receiver af stages. 

The circuit can be used at any i.f. up to 500kHz without 
adjustment, but for much lower i.f.s, eg 100kHz, C can with 
advantage be raised to increase the af output. Conversely, if 
C is reduced for higher i.f.s then the af output will fall, and a 
mixer converting to a lower i.f. may be preferable. 

The voltage produced across R is given by : 

V = vCRf 
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where v = output pulse amplitude of TR4 12V — 0-2V 
and f = the instantaneous intermediate frequency. 

Hence a frequency deviation of ± / produces a peak-to-
peak voltage of IvCRf. 

As all these quantities are either easily measured or can be 
defined with accurate components, an ac peak millivoltmeter 
can be used to measure the deviation at TR4 output. 

In practice, however, it may be more convenient to find the 
de output across R when a crystal-controlled bfo is fed in 
and obtain its millivolts/kilohertz value this way. The ac 
gain of the amplifier TP.5, TR6 should then be measured so 
that a less-sensitive ac voltmeter can be used at the output 
of TRI. The meter will then not be upset by the residual i.f. 
voltages. 

Note that TR5 and TR6, as well as amplifying the signal, 
also serve as an af limiter since although the discriminator 
output is only 50mV peak of audio, noise voltages can pro¬ 
duce outputs of 9-5V when a signal is near the i.f. limiter 
threshold. Although the circuit may work without TR5 and 
TR6, their omission will create the need for some other form 
of limiter. 

Integrated Circuits 
Both of the above fm detectors are unsuitable for use with 

selective receivers. It is necessary to increase the bandwidth 
and the most convenient method of doing this is to take off 
the input to the fm adaptor early in the receiver i.f. chain 
where the signal has passed through fewer tuned circuits. 
This results in a loss of gain which has to be made up in the 
fm adaptor; with the introduction of integrated circuits with 
multi-stage limiters this gain can be obtained in one package 
together with the components of the detector itself. Fig 5.36 
shows an ic limiter/discriminator using the Fairchild 
/¿A754C, originally designed for television i.f. systems, and 
includes an af amplifier which is not usually needed if there 
is already an af stage in the receiver. 

The quadrature tuned circuit Cl,LI is tuned to the receiver 
i.f. and can be a spare bfo coil assembly or one half of a 
standard i.f. transformer. If the latter is used, the tuning 
capacitor should be removed from the unused winding to 
obviate the risk of absorption in this winding distorting the 
discriminator characteristic. The input impedance of the ic 
is lOkil which is a little low to connect across an existing 

Fig 5.36. A typical fm discrimi¬ 
nator using a Fairchild /xA754C ic. 
R1 and R2 are 1 ki2 and 150!.2 for a 
12V supply. TR1 takes 2mA and 
the ic 20mA. TR1 is any npn hf 
silicon transistor. R3 may not be 
required; see text. If required, 
values between 2ki2 and 100ki2 
should be tried. Unmarked capac¬ 
itors are O-I^F disc ceramics. 
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high-impedance winding, and so an emitter follower is 
provided at the input. If the ic is used with a transistorized 
receiver and connected at a low-impedance point the emitter 
follower will not be required. The quadrature circuit can be 
tuned for minimum af output on a weakly modulated a.m. 
signal. (Since many amateur a.m. transmitters suffer from 
incidental pm at high modulation levels, the use of a heavily 
modulated transmission may give a false tuning position.) 

If the tuning seems extremely critical and there is distortion 
on modulation peaks, and if it is certain that the bandwidth 
of the i.f. circuits is adequate, then the quadrature circuit 
may need an additional damping resistor in parallel. If, 
however, it is found that this merely reduces the af output 
without improving the tuning characteristics, then the main 
i.f. circuits are too selective and the input to the ic must be 
moved nearer the mixer. The i.f. amplifier/limiter section has 
a voltage gain of 10,000 and great care is required in the 
layout to prevent instability; several blank pins are provided 
in the package and these must be earthed to screen active 
pins. The 0 l;iF ceramic disc capacitors must also be con¬ 
nected to earth at the pins shown in the diagram to prevent 
regeneration due to coupled earth loops. 

TYPICAL VHF AND UHF DESIGNS 

The best sensitivity at vhf and uhf is now to be obtained 
with designs based on semiconductors; however, there are 
still many individuals who are experienced in the techniques 
associated with valves and who find in practice that they 

get better results with these devices. Therefore, possibly for 
the last time, a range of valve designs of converter are 
included in this chapter. These comprise a pair of 70 and 
144MHz converters using a Nuvistor rf stage and a set of 
three similar converters for 432, 1,296 and 2,304MHz. All 
these are well-tried designs developed towards the end of the 
"valve era”. 

SIMPLE HIGH PERFORMANCE CONVERTERS FOR 70 AND 
144MHz USING NUVISTOR RF STAGES 

These converters, although reasonably simple to construct 
even by a beginner, give a performance very close to the best 
available without using any expensive valves. 
As many operators use the RCA AR88D and similar 

communication receivers as a tunable i.f., relatively low 
frequencies are used: 21-2-7MHz (for the 70MHz converter) 
or 2-4MHz (for the 144MHz converter) where the AR88D 
has excellent bandspread and stability. A different inter¬ 
mediate frequency can be employed if desired and details are 
given later on this point. 

Precautions have been taken to eliminate breakthrough, 
which can be troublesome at such low i.f.s and these (which 
include the use of a screen over the oscillator crystal) have 
proved effective. 

Basic Circuitry 

Both converters use an earthed-cathode, capacitance-
neutralized, 6CW4 Nuvistor rf amplifier inductively coupled 
into a triode mixer, the latter having a suitable i.f. tuning 

TRIMMERS 

6 HOLES WdIA 

^-7/8 
7 HOLES TO SUIT 

CAPACITORS 

-2/8 

SCREEN 'A' viewed from arrow 'x* 

HOLES TO SUIT 
FEED-THROUGH PILLARS 

Fig 5.37. Mechanical details of the 70MHz Nuvistor 
converter. The valveholder for the Nuvistor valve 
and any solder-in type feed-through capacitors should 
be fitted to the screen before the assembly is 

mounted on the lid of the die-cast box. 

7/8 

-3 4-

SCREEN 'B' viewed from arrow t 
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SCREEN'S'' SCREEN C SCREEN'D’ SCREEN C VIEWED FROM V 

■*--7"-H SCREEN 'O' viewed from 'y‘ 
SCREEN 'A' VIEWED FROM ARROW'X' SCREEN MATERIAL 22 SWG BRASS (BENDING QUALITY) 

Fig 5.38. Mechanical details of the 144MHz converter. 

coil in its anode circuit. To provide a low impedance for use 
with a coaxial cable, the output is fed to the main receiver 
through a triode cathode follower. 

While the converters are basically similar, the crystal 
oscillator/multiplier stages differ. In both instances the 
oscillator valve is an EF91 (6AM6) in a simple Colpitts 
circuit. This is to be preferred to the Squier oscillator which 
may prove difficult to use, particularly with surplus crystals. 

In the case of the 70MHz converter, an 8 500MHz FT243 
crystal is used, the oscillator anode circuit beng tuned to the 
fourth harmonic of the crystal frequency. The output of this 
stage is capacitance coupled to the grid of the EF91 doubler 
stage, the anode of which is tuned to a frequency of 680MHz, 
hence producing an i.f. of 21-2-7MHz. 

For the 144MHz converter, a 7100MHz FT243 crystal is 
used but the oscillator anode circuit is tuned to the fifth 
harmonic of the crystal. If V4 fails to oscillate, the value of the 
2-2kQ cathode resistor should be reduced; poor-activity 
crystals may require a value as low as 100Q. The subsequent 
ECC81 (12AT7) double triode is connected in cascade and 
doubling in each half produces a final frequency of 142MHz 
which results in an i.f. of 2-4MHz. 

In both converters the output from the local oscillator is 
link coupled to the mixer stage, and more than sufficient 

output is available to ensure efficient mixing. No significant 
spurious responses from the crystal oscillator chain have been 
found within the tuning range of the converters. 

Mechanical Construction 

Each converter is built on the lid of an Eddystone 7|in by 
4Ãin No 845 die-cast box. This ensures easy access for 
assembly and wiring. The construction of the interior screens, 
with dimensions, is shown in Figs 5.37 and 5.38. If solder-in 
type feedthrough capacitors are used, these, together with the 
Nuvistor holder, should be soldered into position before 
attempting to bolt the screen sections together and to mount 
the assembly on the lid. 
The only component mounted through the body of the 

box is the Bulgin P36O three-way miniature power input 
socket, a flying lead from which carries the power to the 
heater and ht feedthrough capacitors mounted on screen 
“E”. This screen also serves to support RFC1 and its asso¬ 
ciated O OlfiF ceramic capacitors. RFC2 is soldered directly 
to the heads of the appropriate feedthrough capacitors. 
Other aspects of construction may be seen from the photo¬ 
graphs, but it should be noted that in the photograph of the 
top of the completed 144MHz converter the aforementioned 
power socket is shown at the wrong end of the box. 
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An interior view of the 70MHz converter. 
Note the use of ceramic feed-through insu¬ 
lators for supporting the air-spaced coils. 

Components and Wiring 

Almost all the components used in both converters are 
standard types which are readily available. All valveholders 
should be of the low-loss variety, preferably ptfe. A special 
holder, Cinch Type 133-65-10-001, is required for the 6CW4 
Nuvistor and is generally available from dealers stocking 
this type of valve. As the 6CW4 has a very low anode-grid 
capacitance, it is essential that the neutralizing capacitor 
Cn should have a minimum capacitance not greater than 
IpF. A Wingrove and Rogers or Plessey miniature l-10pF 
air-spaced trimmer is suitable. The Philips concentric type 
should not be used due to its relatively high minimum 
capacitance. 

All 001 ^F capacitors are high-X ceramic types. The 
l,000pF feedthrough ceramic capacitors can either be the 
solder-in or nut-secured types. All other fixed capacitors 
are ceramic. 

All resistors are ]W except the 8-2kf2 ht feed for VI, 
which has a JW rating. A number of KLG feedthrough 
insulators are used both for support and feedthrough 
purposes, resulting in a neat and rigid assembly. 

All wiring associated with the rf circuitry should be kept 
as short as possible. Decoupling and earth returns associated 
with each valve are made to solder tags which are held under 
the securing nuts for the valveholder concerned. In the case 
of the Nuvistor, tags 8 and 10 are wired to the frame lugs of 
the holder. The earth lead from the Bulgin power socket is 
connected to a solder tag under one of the securing bolts of 
screen "E”. 

The 70M Hz Nuvistor Converter 

The circuit is shown in Fig 5.39 and mechanical details in 
Fig 5.37. Coil details are given in Table 5.1. 

To align the converter, disconnect the ht supply from VI, 

Fig 5.39. Circuit diagram of the 70M Hz Nuvistor converter. A 22pF ceramic capacitor should be connected from pin 6 (anode) of V2 to earth. 
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TABLE 5.1 
Inductor details for the 70MHz converter. 
Tunable i.f. 2 1 to 2 7MHz, crystal 8.500kHz 

LI 8 turns 18swg enam wound on -^in mandrel, length 1in, 
tapped 3 turns from earth end, air spaced 

L2 13 turns 18swg enam wound on i^in mandrel, length 
1 {in, tapped 5| turns from Cn air spaced. 

L3 8| turns 18swg enam wound on -¿f 'n mandrel, length 
¿in, air spaced 

L4 2 turns 18swg enam wound on -^¡n mandrel and placed 
between L2and L3 

L5 Maxi-Q i.f. transformer type IFT 11/1-6, with silver mica 
capacitors in can removed and primary and secondary 
windings in series (top of lower layer winding to bottom 
of upper layer winding) 

L6 2 turns 22swg pvc covered tinned copper wire wound 
at power supply end of L7 

L7 10 turns 26swg enam wound on {in by 1jin former, slug 
tuned (Aladdin type with can). 

L8 10 turns 26swg enam wound on {in by 1|in former, slug 
tuned (Aladdin type with can) 

RFC1 2-5mHrf choke 
RFC2 51in 18swg enam wound on |in mandrel, close spaced 
RFC3 1 mH rf choke 

remove the cans from L7 and L8 and first adjust L8 for 
maximum indication on the rf checking meter—Fig 5.40. 
Then adjust L7 in a similar manner. The tuning range of 
each coil is such that only the required harmonic should be 
selected, but it is wise to check the actual frequencies with an 
absorption wavemeter or gdo. When this has been done the 
cans should be replaced on L7 and L8, and the two cores 
re-adjusted for maximum rf output from the coupling L4. 
The output should be connected to the communications 
receiver, tuned to 2-4MHz. L5 will be approximately correct. 
Adjust C3 for maximum hiss; two positions will be found, 
the one with the smaller capacitance being the correct one. 

A strong signal is then required (from a local transmitter 
or signal generator) and should be fed to the aerial socket. 
Adjust Cl and C2 followed by C3 and L5 for maximum 
output, followed by adjustment of Cn, the neutralizing 
capacitor, with an insulated screwdriver, for minimum 
output. (In practice this is usually found to be near the 

minimum capacitance of CN). This procedure should be 
repeated several times as there is some interaction between 
the adjustments. 

The initial adjustments are now complete and ht may be 
reconnected to VI. If there is a tendency for oscillation, Cn 
is incorrectly adjusted; the minimum position referred to is 
very sharp and to a certain extent adjustment is inter¬ 
dependent with C2 and Cl. No difficulty should be experi¬ 
enced, however, in obtaining the correct setting. For final 
adjustments a noise generator is desirable (see Chapter 18— 
Measurements) but if this is not available, Cl, C2, C3 and L5 
(also L7 and L8) should be adjusted for maximum output 
on a local signal. Finally, the capacitance of Cl should be 
increased slightly so that the circuit is detuned towards 
70MHz and the output just drops. This is near to the opti¬ 
mum position for the best signal-to-noise ratio. In practice 
a noise factor of better than 2-5dB should be obtained. 

The circuit of the 144MHz converter is shown in Fig 5.41 
and the mechanical arrangements in Fig 5.38. Table 5.2 
gives details of the coils and chokes. 

The adjustment of this converter is very similar to the 
70MHz unit except that the communications receiver is set to 
3MHz, corresponding to a signal frequency of 145MHz. 
First, power is applied with the ht disconnected from VI. 
The can is removed from L9 and the slug is adjusted for 
maximum rf indication followed by C5 (rf indication being 
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TABLE 5.2 
Inductor detail« for the 144MHz converter. 
Tunable i.f. 2 to 4MHz, crystal 7,100kHz 

L1 4 turns 18swg enam wound on ¿in mandrel, length jin, 
tapped 1 ¿ turns from earthy end, air spaced 

L2 8 terns 16swg enam wound on -^in mandrel, length 
1 in, tapped 3¿ turns for Cn. air spaced 

L3 4 turns 16swg enam wound on -¿-fin mandrel, length 
fin, air spaced 

L4 1 turn 16swg enam wound on -^in mandrel, interwound 
at earthy end of L3, air spaced 

L5 32swg enam wound on ¿in by 2¿in former (Aladdin type 
with can), 1 layer 1 ¿in long and 1 layer ¿in long. Tissue 
paper interleaving, secured with polystyrene cement. 
Tuned by two slugs. 3-3kQ resistor in parallel 

L6 as for L4 but mounted adjacent to the ht end of L7, air 
spaced 

L7 3¿ turns 16swg enam wound on -¿¿¡n mandrel, length 
¿in, air spaced 

L8 7 turns 16swg enam wound on -^in mandrel, length 1in, 
air spaced 

L9 10 turns 26swg enam wound on ¿in by 1 jin former slug 
tuned (Aladdin type with can) 

RFC1 2-5mH rf choke 
RFC2 26in 18swg enam close wound on ¿in mandrel, self-

supporting, air spaced 
RFC3 1 mH rf choke The 144MHz converter. The screening can for the crystal has been 

removed for this picture. 

observed at L8 and L7 respectively), and then C4. Again, 
the tuning range of each tuned circuit is such that only the 
required harmonic should be selected, but it is wise to check 
the actual frequencies with an absorption meter or gdo, if 
available. L5, which is very flat in its tuning, should be 
centred on 3MHz. Cl, C2 and C3 are then adjusted for 

maximum output on a strong local signal. CN is adjusted for 
minimum output with an insulated screwdriver, the correct 
setting being very critical. When ht has been reconnected to 
VI the converter is ready for use. Final adjustment should 
again, if possible, be carried out with a noise generator. 

Measured under laboratory conditions the noise factor 

An underside view of the 144MHz converter. 
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Fig 5.42 .A power supply suitable for use with either the 70MHz or 
144MHz converter. A semiconductor rectifier of suitable rating 

could be substituted for the 6X4 valve. 

of the original model was 2-9dB, protection against i.f. 
breakthrough better than 80dB, the image response better 
then 20dB down at 144MHz and the overall gain 23dB. 

Power Supply 

A power supply which delivers 6-3V at 1-5A and 150V at 
30mA is adequate—a suitable circuit is shown in Fig 5.42. 
The components are all of a modest size and the complete 
unit can be built into a 3jin by 4|in Eddystone No 650 die¬ 
cast box. A transmit/receive relay can be added (if required) 
to mute the converter while a transmitter is operating, by 
removing the ht supply. 

Wiring Details 

The orientation of the valveholders should be as follows: 
V2, V3, pins 1 and 9 are on the screen “A” side, V4, pins 1 
and 7 are on the screen “A” side when viewed from the 
underside of the chassis. Earthing of the valveholder pins is 
important: all pins to be earthed are connected to the centre 
spigot of the valveholder. For V2 and V3, these are connected 
by as short a wire as possible, ie from the nearest earthed 
pin, to 6BA solder tags under the valveholder retaining nuts 
nearer screen “A”. 

In the case of V4 the earth tag is mounted under the nut 
nearer the crystal holder. Screens “C” and “D” are also 
soldered to the centre spigots of their related valveholders. 

microwave converters further frequency multiplication is 
required. The 432MHz converter includes an rf stage, but 
since no satisfactory and inexpensive valve was available for 
the higher bands there are no rf stages in the other two 
converters; this makes for flexibility since separate pre¬ 
amplifiers can be added later which can be improved or 
replaced without disturbing the main converter. 

Mechanical Construction 

Figs 5.43,5.44 and 5.45 show the chassis layouts. The brass 
plate for the chassis can be made either to replace the lid 
of an Eddystone by 4Jin die-cast box or as a sub-assembly 
in a “Lectrokit” cabinet. Some constructors may prefer to 
fit the power connector on the side of the box as in the vhf 
converters. 

The Local Oscillators 

With the exception of V3b of the 432MHz converter, 
which is a tripler, all the valve frequency multipliers are 
doublers. This has been done to ensure that ample rf power 
is available at each stage and to reduce the risk of inadvertent 
selection of wrong harmonics. All the tuned circuits up to the 
grid of the last pentode should be preset with a gdo, and if a 
gdo for the required uhf is available, the anode of the last 
pentode can also be preset. Final adjustments should be 
made for maximum grid current in the following stage or for 
current through the appropriate diode in the case of the 
final pentode in the 432 and 1,296MHz converters. 
The ht supply to the oscillator and first multiplier stage is 

stabilized at 150V. The low input to the oscillator reduces 
heating of the crystal and the stabilizer not only reduces the 
effect of power supply variations, but eliminates the last 
trace of hum, producing a very clean note. The stabilizer 
can be fitted on the converter chassis or in the power supply 
unit. In the latter case it is necessary to add a 100Q resistor 
and OOljxF capacitor to decouple this line and to prevent 
radiation in the television band. The value of the de dropping 
resistor (R27 in the circuits) is calculated from the formula: 

_ [ V^ - 150 ^ 
R I 30 / kn

R22 is the screen resistor of the second pentode multiplier, 
and it is adjusted for each individual multiplier chain to 

VALVE CONVERTERS FOR 432, 1,296 AND 2,300MHz 

These converters were developed from the famous 
K6AXN design for 1,296MHz, and they use very similar 
local oscillator chains and crystal diode mixers. They can be 
built on a brass plate to replace the lid of a die-cast box or as 
a chassis in a conventional cabinet. In the previous design for 
70 and 144MHz the Nuvistor stage was mounted on a bracket 
and the remainder of the circuit could tolerate the relatively 
long leads to the soldering tags on the chassis. In the three 
designs to be described the higher frequencies call for shorter 
leads and exactly reproducible earth points; a brass plate is 
therefore used and if a die-cast box is used for screening 
its lid is discarded. 

Basic Circuitry 

In each case a Squier overtone crystal oscillator using 
half of a 12AT7/ECC81 is followed by three frequency 
multiplier stages using the other half of the oscillator valve 
and two 6AK.5/EF95 pentodes. In the 432MHz converter 
this produces the required injection frequency but in the two Fig 5.43. Chassis layout of the 432MHz converter. 
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Underchassis view of the 432MHz converter. In this example, crystal X1 was mounted in a B7G holder (shown at the extreme left of the 
picture), and not as shown in Fig 5.43. 

Underchassis view of the 1,296MHz converter. 

5.28 



VHF AND UHF RECEIVERS 

Underchassis view of the 2,300MHz converter. 

provide the required drive to the next stage. Table 5.3 gives 
typical starting values. 

The I.F. Pre-amplifier 
Since there is necessarily a signal loss in the diode mixers, 

the overall noise figure is critically dependent on the noise 
figure of the next stage. A cascode amplifier is therefore 
included, and details of coils for various i.f.s are given in 
Table 5.4. 

In two of the photographs a ferrite pot assembly can be 
seen near the i.f. output. This is a hybrid used to feed output 
to two receivers without interaction between either. If this 
refinement is not required it can of course be omitted. The 
winding details and connections are given in Fig 5.46. 

Choice of Intermediate Frequencies 
The designs cater for two philosophies with regard to 

intermediate frequencies. In one case the local oscillator 

Fig 5.44. Chassis layout of the 1,296MHx converter. Fig 5.45. Chassis layout of the 2,300MHz converter. 
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Fig 5.46. Hybrid transformer for supplying two receivers from one 
converter. The ferrite pot is a Mullard FX2238 or equivalent. 
Primary: 7 turns 26swg in a single layer. 
Secondary: 5 + 5 turns 26swg, also in a single layer over primary, 
with a layer of insulating tape between. The 37-5Q resistor can be 
conveniently made with two 75Q 5 per cent resistors in parallel. 

In the second case all the i.f.s are the same, reducing the 
amount of adjustment required at the main receiver when 
changing bands, but increasing the risk of breakthrough 
from strong signals on bands on other than the one of 
immediate interest. This last is often a serious problem when 
strong signals on 432MHz appear as weak signals in the 
higher bands. The selected common i.f. must be high to 
reduce local oscillator noise in the highest band required. 
i.f.s below 10MHz are not suitable for the microwave bands 
and if the 2,304MHz band is to be included then the common 
i.f. should preferably be above 20MHz. 

The 432MHz Converter 
Fig 5.47 is the circuit diagram of this converter and 

frequency is a “round number” so that the received frequency Fig 5.43 the chassis layout. Coil details are given in Table 5.5. 
is easily derived from the reading of the main receiver dial. The grounded-grid rf stage is screened by the trough assembly 
This has the disadvantage that if one main receiver is to be 
used with a number of converters and switched rapidly 

Fig 5.47. Circuit diagram of the 432MHz converter. See text for C2, C3 and R27, and Table 5.4 for detail, of T1, T2 and associated tuning 
component*. 
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TABLE 5.3 
Selection of R22 in the uhf converters 

Band (MHz) Typical R22(kQ) Current D2 Current D1 

432 
1,296 
2,300 

47 
22 
22 

2OO-3OOmA 
5mA 
40mA 

500mA 
500mA 

and an additional screen is fitted across the valveholder. 
It is important that this is soldered to the centre spigot of the 
valveholder and to tags 3,4 and 6 of the A2521. Tags 1 and 9 
are bent inwards and also soldered to the centre spigot. If 
other valves are used in place of the A2521 then the corres¬ 
ponding grid tags are dealt with in the same way. 

The anode line of therf stage is split and Fig 5.48 shows a 
detailed view of its construction. The two parts are clamped 
together with two nylon screws threaded into nuts soldered 
to the under side of the anode line. The two lines are insu¬ 
lated with a thin sheet of polythene; the thickness of this 
sheet is not critical and any piece of domestic wrapping 
material will do. The circuit is tuned by a disc capacitor, 
and this must be screwed through the nut fixed to the 
top of the chassis as shown before the line is fixed in place. 
The disc may be made by soldering a coin to a length of 
studding or by filing a screw head down to a thin disc. 

The GEX66 diode used in the original design is now 
obsolete but any modern silicon or germanium mixer diode 
should serve since the noise performance of this converter 
is determined by the high-gain rf stage. If other diodes are 
used it may be necessary to experiment with the position of 
the tapping point of the diode. In this case it is important to 
dismantle the line assembly before moving the tap, or the 
insulator will melt with the heat: if care is taken it is not 
necessary to unsolder the anode connection to the rf amplifier. 

Valves other than the A2521 can be used in the rf stage, 
and most modern uhf tuner types such as the EC8010 will 
give satisfactory results. It is important to orientate the 
valveholder so that the anode connection is on the centre 
line of the trough. If the holder has tags which come out at an 
angle to its radius it will be necessary to rotate it slightly for 
the most convenient connection. Fixing holes for the valve¬ 
holder should therefore not be drilled until the trough walls 
have been soldered in place. 

TABLE 5.4 
I.F. transformers for the valve uhf converters. 

All coils wound on 0-3in formers 

I.F. 
(MHz) T1 T2 

C12 
(pF) 

R2 
(kU) 

R3 
(kQ) 

12-14 

16-18 

20-30 

40 turns 30swg 
tapped 15 turns 
from cold end 
Primary 8 turns 
30swg close wound 
Secondary 37 turns 
close wound and 
adjacent to primary 

Primary 7| turns 
34swg close wound 
Secondary 15 turns 
34swg pile wound 

in long and 
adjacent to primary 

40 turns 30swg 
tapped 10 turns 
from cold end 
Primary 37 turns 
34swg close wound 
Secondary 4 turns 
34swg close wound 
spaced -j^in from 
primary 
Primary 18 turns 
40swg close wound 
Secondary 4|turns 
40swg adjacent to 
primary 

47 

330 

47 

4-7 

2-2 

4-7 

3-9 

1-5 

TABLE 5.5 
Inductor details for the 432MHz converter 

Tuned to 
(MHz) Winding 

L1 

L2, L3 
L4, L5 
L7 

L8 
L9 

L10 

L11 

432 

35 

70 
140 

420 

20 turns 26swg close wound ¿in inside diam, 
selfsupporting 
see Fig 5.48 
15 turns as L1 
21 turns 26swg on 0 3in former tapped 
3 turns from crystal 
8 turns as L7 
7 turns 22swg q^in inside diam {in overall, 
self supporting, centre tapped 
4 turns 22swg -¡^in inside diam |in long, 
self supporting, centre tapped 
1 turn 22swg sleeved, link in centre of L10 

The 1,296MHz Converter 
This converter is an “anglicized” version of the original 

design by K6AXN. Valves and other components more 
readily available in Europe are specified, but otherwise the 
original arrangement has been closely followed. Fig 5.49 
shows the circuit. The frequency multiplier up to the anode 
of the second pentode has already been described. D2 
triples from 426-6 to 1,280MHz which is selected by the 
trough line tuned by C2. C3, the coupling capacitor into 
the mixer, is a short length of 22swg wire lying alongside 
the inner of the trough and adjusted to give the specified 
mixer current. The aerial connection is made directly on to 
the inner of the other trough line, and the position of the 
tap should be set for the best signal-to-noise ratio on a weak 

Fig 5.48. Details of L2 and L3 of the 432MHz converter. These strips 
must be flat and free of burrs where the polythene sheet is clamped. 
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Fig 5.49. Circuit diagram of the 1.296M Hi converter. See text for C5, C10, C31, C32, R27 and Table 5.4 for details of T1. T2 and associated tuning 
components. 

signal. A starting position | to Jin from the end is suitable. 
In the prototype a Jin valve top cap was used to provide a 
readily movable tap. 

The general layout of the converter is shown in the photo¬ 
graph and Fig 5.44, while Table 5.6 gives the coil details. 
The troughs, lin wide internally and lin deep, are fabricated 
from 20swg brass sheet. Details of the septum and diode 
mount are given in Fig 5.50. The trough components are 
temporarily jigged together using chromium-plated instru¬ 
ment screws (which do not solder) screwed into the tapped 
ends of the lines L2 and L4. The assembly may then be 
soldered directly to the 18swg brass chassis using a small 
gas flame. OBA brass nuts soldered to the top of the chassis 
act as threaded bearings for Cl and C2, which are OBA 
brass screws with the end filed flat to increase the available 
capacitance. 6BA solder tags are soldered directly to the 
chassis to provide convenient earthing points, and in particu¬ 
lar short earth paths for the cathodes of V4 and V5 (pins 2 
and 7). PTFE valveholders are used for all valves except the 
stabilizer. The diode mount is held firmly against the trough 

TABLE 5.6 
Inductor detail« for the 1,296MHx converter 

Tuned to 
(MHx) 

Winding 

LI 
L2 

L3 
L4 
L6 
L7 

L8 
L9 

L10 

L11 

1.296 

1,280 

40 

80 
160 

320 

320 

Optional loop coupling to L2 
4 25in jin diam brass rod, ends tapped 
6BA mounted jin clear of chassis 
see Fig 5.51 
As L2 
Lead of D2 connected to C4 
18 turns 24swg on 0 3in former tapped 
2 turns from crystal 
9 turns as L7 
8 turns 22$wg -j^in inside diam Jin long, 
selfsupporting, centre tapped 
5 turns 22swg -¿jin inside diam jin long, 
self supporting, centre tapped 
1j turns 22swg sleeved, wound into centre 
ofL10 

wall by 6BA screws fixed in the ends of the lines L2 and L4, 
the bolts being insulated by ptfe or fibre washers. 
A polythene sheet of about 00lin thickness is fitted 

between the mount and the trough. The thickness was chosen 
to produce a capacitor of value 40-51 pF. This capacitor, 
CIO, which is both the rf bypass at 1,296MHz and also the 

Fig 5.50. Constructional details of septum and diode mount for the 
1.294 and 2,300MHz converters. The septum length of 2-4in shown is 
for the 2.300M Ha convertor; for 1.296MHzthis length would be 4 2Sin. 
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Fig 5.51. Connection to mixer diode D1 using inner of a BNC socket, 
(a) 1,296MHz; (b) 2,300MHz. 

tuning capacitor for the primary of Tl, is padded to the value 
specified in Table 5.4 by C5. Nylon screws should not be 
used here since it is not possible to apply enough pressure 
to the plate, and the capacitance will drift in time. The 
connector to the mixer di ode DI is the inner of a BNC socket. 
The ptfe insulation from this socket is also used in locating 
the inner within D2 (see Figs 5.51 and 5.52). 

2,300MHz Converter 

In this converter signals at 2,300MHz are mixed with the 
output of a crystal oscillator chain at 2,280MHz, the i.f. 
produced being amplified by a wideband head amplifier. 
The upper half of Fig 5.53 shows the i.f. head amplifier and 
the trough-line assembly which comprises the aerial and 
mixer circuits and the final stages of the multiplier chain. 
The lower half shows the crystal oscillator and the multiplier 
chain to 253MHz which is practically identical to the other 
two designs. Component details are given in Table 5.7. 

Signals at 2,300MHz applied via the aerial connector and 
the input loop LI are tuned by L2, Cl and coupled to the 
mixer diode DI by L3. The 2,280MHz output of the multi¬ 
plier diode D2 is also coupled to DI via C3. Intermediate 
frequency signals produced by DI are fed to the i.f. head 
amplifier VI. Wideband transformers Tl and T2 respectively 
match DI to VI, and provide a 750 output to the main 
receiver. 

Fig 5.52. Method of connecting diode D2. In the 1,300MHz converter 
C4 is 1-26in from the end of the trough. In the 2,300MHz unit the 

distance is 1 Oin. 

TABLE 5.7 
Component details for the 2,300MHz converter 

C3, C4, C5, C6, 0 01 mF disc ceramics 
C8, C9.C11.C34.C39 
C5 value up to 10pF to pad C10 to 51 pF 
C10 capacitor formed between diode mount and 

trough wall. Dielectric polythene approxi¬ 
mately 0010in thick selected to give 
capacitance 40-51 pF 

C11.C14.C15.C17, 1000pF feedthrough 
C18, C20. C21.C23, 
C24.C26.C30.C32 
C35 
C1.C2 capacitor formed between OBA brass bolts 

and L2. L4 
C16, C27. C29. C31. 1000pF disc ceramics 
C36.C37.C38 
C19.C28.C33 ceramic tubular trimmers 0-5-SpF Erie 

3116A 
D1 SIM5 or CV2155 (SIM2 and CV2154 similar 

but reversed polarity) 
D2 GEX66 
R10, R13 metering resistors 10-100Q matched ±2 

per cent 

The oscillator and earlier stages of the multiplier chain are 
shown in the lower part of Fig 5.53. The output of the second 
6AK5 is fed via LIO and Lil to the trough-line assembly. 
This assembly incorporates two further stages of multiplica¬ 
tion: a grounded-grid triode V2 tripling to 760MHz, 
followed by a diode multiplier D2, the 2,280MHz output of 
which is tuned by L4, C2. The positive end of D2 is 
decoupled through C14 and earthed with a link which may be 
removed for metering during aligning. In connecting the 
valveholder for V2, pins 3, 4 and 6 and the centre screen are 
soldered directly to the trough wall, and pins 1 and 9 to the 
solder tag of the valveholder centre screen. The adjustable 
tap on L5 consists of a connector removed from a Paxolin 
octal valveholder. Other construction details are given in 
Figs 5.45, 5.51 and 5.52. 

Alignment of the converter should present few problems 
provided that the critical dimensions of the trough circuitry, 
ie the lengths of L2, L4 and L5, are within ± ¿in. With the 
valves plugged in, the anode circuits of V3a, V3b, V4 and V5 
are tuned to the frequencies given in Table 5.8 using a gdo. 
HT may then be applied and the oscillator and multiplier 
circuits peaked by metering test points 4, 5, 6 and 3 in that 
order. The currents measured should be similar to those 
given in Table 5.9. 

TABLE 5.8 
Inductor details for the 2,309MHz converter 

Tuned to Winding 
(MHz) 

L1 — i¡n 18swg tinned copper wire spaced |in 
from L2 

L2 2,305 2-40in |in diam brass rod, ends tapped 6BA. 
Mounted jin clear of chassis 

L3 — see Fig 5.51 
L4 2,280 as L2 
L5 760 2-2in |in diam brass rod, mounted {in clear 

from chassis, tapped approximately jin 
from anode end 

L6 —- Formed from wire end of D2. See Fig 5.52 
L7 31-7 25 turns 30swg enam copper wire close 

wound on 0-27in diam former 
L9 126 10 turns 22swg tinned copper wire wound 

on -ftin mandrel air-spaced to -ftin, centre¬ 
tapped 

L10 253 6 turns ditto -¿¡in long, centre-tapped 
L11 — 1 turn 22swg pvc covered wire wound over 

the centre of L10 
L12, L13 10in 24swg enam copper wire on |in diam 

mandrel, air-spaced 
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The drive applied to the grid of V2 should be about 1mA, 
and is the difference between the cathode and anode currents 
measured from the voltage drop across the matched resistors 
RI3 and RIO respectively. Cl9, together with the tap on 
L5 and the coupling link to D2 (L6), should then be adjusted 
to produce the maximum current in D2 (up to a maximum 
of 40mA). The tuning point of C2 is strongly dependent 
on the position of D2: that shown in Fig 5.52 was found to 
be the optimum and resulted in the OBA tuning bolt being 
unscrewed 2) turns from being in contact with L4. Finally, the 

TABLE 5.9 

Meter between 

DI chassis 
D2 chassis 
TP1 TP2 
TP3 chassis 
TP4 chassis 
TP5 chassis 
TP6 chassis 

Current (mA) 

12-3 
-09 
-0-5 
-1-3 

Top view of the 2,300MHz converter. 
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Fig 5.54. 144MHz mosfet converter for operation from a positive 9V supply. 

small capacitive coupling (C3) between L3 and L4 is adjusted 
to give a mixer current of 0-5-lmA. Final peaking should be 
done after L2 has been tuned to 2,305 MHz: an approximate 
position for Cl is J turn from being in contact with L2. 

144MHz MOSFET CONVERTER 

This 144MHz converter was produced to fill the need for a 
very simple, cheap and sure-fire design. It was never intended 
to feature a limiting sensitivity although, using modern 
devices, it has been found possible to achieve a noise figure 
below 2dB. Using only three transistors, the insertion gain 
of the converter is about 30dB (spread from 28 to 35dB) 
and the rejection of small-signal spurii (including i.f. inter¬ 
ference but not image) is never worse than 60dB. 

The converter is basically intended for negative-chassis, 
positive-supply operation from a 9V supply. This has two 
main advantages over the other arrangement, namely that it 
facilitates running the unit from the ht supply of a valve 
receiver through a dropping resistor if so desired and also 
that the input circuit of the mixer may easily be very effec¬ 
tively decoupled at the i.f. by connecting the return lead of 
the input gate circuit directly to chassis. However, positive¬ 
chassis operation may be required when, for instance, work¬ 
ing from old-style car electrical systems and, indeed, a small 
bonus is gained in that a few decoupling components may 
be saved this way. Therefore, an “inverted” circuit diagram 
and wiring plan are given (Figs 5.56 and 5.57). The perfor¬ 
mance of this version of the design is the same in all respects 
as that of the original, apart from a very slight increase in i.f. 
breakthrough, for the reasons just given. 

Circuit Arrangements 
Two available American surplus crystal frequencies are 

69-992 and 70-992MHz (fifth overtones) giving output tuned 
i.F.s of about 4 to 6MHz and 2 to 4MHz respectively, each 
with a calibration error of 16kHz. 
A single dual-gate mosfet operates as oscillator and 

doubler, delivering the required IV rms to the second gate 
of the mosfet mixer (Fig 5.54). Both of these stages use 

the inexpensive R.CA40602. The signal is fed into the first 
gate of the mixer, an arrangement that provides the maxi¬ 
mum conversion slope, together with good signal oscillator 
isolation. The gate 1 and gate 2 de voltages wrt source¬ 
substrate are —0-9 and +0-6V respectively, giving an average 
drain current of 4mA—close to the optimum for a suitable 
compromise between mixer linearity combined with allow¬ 
able input-voltage handling capacity and low noise, charac¬ 
terized mainly by a high conversion slope of about 2-5mA/V. 

The rf stage is standard in design, with untuned input in 
common-base and double-tuned output transformer coupling 
into the mixer. The operating conditions of the BF180 are 
8-5V at 2-0mA. 

The local oscillator utilizes an apparently unconventional 
circuit which is, however, in reality only an ordinary tuned 
Pierce arrangement with the tuned circuit connected to the 
drain and a feedback path from drain to gate 1 via the crystal. 
This circuit has been “turned upside-down” by grounding 
the drain at oscillator frequency instead of the source in 
order that a second-harmonic tuned circuit may be con¬ 
nected from drain to ground. This has only a small series 
impedance at oscillator frequency, thus allowing the drain 
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Fig 5.56. “Inverted” 144MHz converter circuit diagram for operation from a negative 9V supply. The value of R11 is 220kQ. 

to participate fully in the local-oscillator action. This latter 
condition is essential in this type of circuit when using a 
mosfet as gate 2 is not capable of operating effectively as a 
“sub-anode”, as does the screen grid in a valve tritet circuit, 
because, of course, the insulated gate does not intercept any 
of the de current in the channel. 

The operating conditions of the mosfet have been arranged 
to favour operation as a doubler, by optimizing the square¬ 
law transfer characteristic from gate 1 to drain. This means 
that operation as a trebler or quadrupler from lower-
frequency crystals will not be so favourable and, if this type 
of operation is desired, an extra multiplier stage will probably 
have to be added. 

Substitution of Components 

Almost any high-frequency, depletion type of n-channel 
dual-gate mosfet may be used for TR2 and TR3, including 
the earlier and more expensive 3N140 series of RCA and 
probably the Mullard BFS28. 

It is rather difficult to substitute for the BFI80 in the rf 
stage, TRI, because of its exceptional performance, as 

E.EARTH TO CHASSIS 

Fig 5.57. Wiring plan for the converter shown in Fig 5.56. 

already mentioned. The particular requirement is for an 
npn silicon planar transistor with a cut-off in the region of 
500 or 600MHz and very low collector-emitter feedback 
capacitance. Genuine Mullard BFI80s have very low feed¬ 
back capacitances and are normally stable in the common¬ 
base arrangement employed, even with the aerial loading 
removed. However, there do seem to be some BFI80s of 
unknown manufacture which have much larger feedback 
and these may require shunt damping of the collector coil 
(T1 primary) to attain stability even with the aerial connected. 
Resistors from about 33kQ down to about lOkif are required; 
use the highest value that will keep the stage stable. In really 
difficult cases, short-circuiting the emitter choke RFC1 
usually helps, at the expense of a small increase in noise 
figure. 

The miniature I5mH choke may be replaced by a home¬ 
made one, if desired. About 35 turns, 36swg enam close¬ 
wound on an ¿in dia resistor, of value not less than lOkQ, 
will serve. 

The output i.f. transformer T2 can use almost any tuned 
primary type of transformer, with a turns ratio to the un¬ 
tuned winding of between 7 to 1 and 15 to 1. Primary induc¬ 
tances required are about 420/jH for a 2 to 4MHz i.f. and 
140mH for the 4 to 6MHz i.f. The stray capacitance of the 
tuned winding should of course be small. 

Construction 

The converter is intended to be made on a simple flat-plate 
type of chassis, with a dividing screen mounted at right angles 
to it (Fig 5.58). The chassis and screen may be constructed 
from any suitable material, including aluminium or brass 
sheet or the cheap and effective copper laminate. Wherever 
possible components are soldered directly to the chassis. 
The prototype converters were made from the last-named 
material, which also facilitated the use of solder-in discoidal 
bypass capacitors in critical positions. These components 
have a much lower inductance than conventional feed-
through capacitors and are greatly to be preferred at vhf. 

Note that the position of one of the discoidal capacitors is 
changed if the positive-ground version of the converter 
is being built; hole position “1” in Fig 5.58 is correct for the 
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HOLES5/l«"DIA 'Bi... 3/i6"0l* 'C’.... 7/64'DIA (6BA CLEARANCE) 

'O'.... 3/32” DIA (3BA CLEARANCE) 'E'.... 1/16” OIA 

Fig 5.58. Mechanical details of the converter chassis. 

normal negative-ground system but hole position “2” should 
be used for the positive-ground arrangement. 

The rf stage and mixer are situated on one side of the 
screen (if laminate is in use, on the copper-clad side), with 
the oscillator on the other. Three ptfe feedthroughs are 
mounted in the screen, two for carrying supply voltages 
and the centre one for accommodating the local-oscillator 
coupling lead. Standard BS3061 coaxial sockets serve as 
input and output connectors. The BF180 has its case isolated 
from its electrodes and is conveniently mounted in a hole 
in the chassis, with the case lead independently grounded. 
It should not be soldered into the hole of course! The 40602 
mosfet has the source and substrate tied to the case internally 
and so the two mosfets are supported in the wiring to avoid 
grounding the cases. The major support for each is the very 

Component layout. 

TABLE 5.10 
Inductor details 

L1 6| turns 22swg enam, close-wound, air-spaced (wound on -^in 
dril) 

L2 5 turns 22swg enam, close-wound, air-spaced (wound on ¿in 
drill) i primary 5 turns 22swg enam, close-wound on {in drill, and 

) then sprung on to Aladdin former 
T1 i secondary 4 turns 22swg enam, close-wound on |in drill and 

leihen sprung on to Aladdin former 
(order of winding leads indicated on circuit diagram, “1 
being nearest to the chassis) 

T2 Osmor type QO9 coil for 2 to 4MHz i.f. 
Osmor type QO8 coil for 4 to 6MHz i.f. 

Note: Osmor coils are no longer in production but suitable alternatives 
should readily be found._ 

short wire connecting to the bypass capacitor, from the mixer 
source lead and the oscillator gate 2 lead. 

The output i.f. transformer is a standard, cheap commer¬ 
cial item, actually intended for use in valve receivers. It is 
tuned by a small capacitance to obtain the required low 
operating Q and therefore large bandwidth, combined with a 
large resonant impedance. It is supported by fixing one of its 
leads and also the spring clip at the top of the former to the 
chassis. The inter rf stage-mixer transformer is wound on a 
single Aladdin Jin dia former. The windings are first formed 
on a Jin rod and then sprung on to the former, one at each 
end. The coils are each tuned with a standard vhf type 
dust slug. The shiny black Neosid material (Grade 910) is 
best but Grade 901 (yellow) or even 900 (violet) will do. The 
numbers against the coil leads in the diagram refer to their 
order on the coil former, “1” being nearest to the chassis. 

The oscillator-multiplier stage is confined entirely to one 
side of the screen. LI is tuned to the overtone frequency 
by the 30pF Mullard concentric trimmer and L2 to the 
second harmonic by the 8pF trimmer. Both LI and L2 are 
air-spaced, and supported by their respective trimmers at one 
end and by grounded components at the other. The centre 
(earth) connections of the trimmers are pushed into small 
holes in the chassis (if brass or laminate) prior to being 

TABLE 5.11 
Components list 

RFC1 

470Q 
10kQ 
33kQ 
100Q 
470kQ 
100kQ 
220Q 
33OQ 
220x0 
22kO 

T2 
TR1 
TR2.3 
X1 

C5.11 
C3 
C7 
C8 
C10 
C12 
C14 
R1 
R2 
R3 
R4.8.10 
R5 
R6.13 
R7 
R9 
R11 
R12 
T1 

47pF ceramicon 
1000pF discoidal feed-through capacitor 

1000pF disc ceramic 
3-3pF ceramicon 
4-7pF ceramicon 
2 2pF ceramicon 
2 to 8pF Philips trimmer 
3 to 30pF Philips trimmer 
0-1 mF Transcap (disc ceramic) 

Erie type 
CDFT/100. 

C1 
C2.4.6.9.13 

Note: R8. R10. C5 and C11 are not 
required for the positive ground 
version 

Jin dia polystyrene Aladdin former with two dust cores 
(see text) 
Osmor Type "Q" Coil (see Table 5.10) 
BF180 
40602 dual-gate mosfet 
approx 70 or 71 MHz HC-18/U miniature overtone 
crystal according to i.f. 
15/aH miniature rf choke. Painton or STC, or similar 
component wound on high-value resistor 
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soldered, for extra mechanical support. The HC-18/U 
miniature wire-ended crystal is soldered directly to the chassis 
at one end. When soldering to the crystal wires, it is essential 
to use a thermal shunt as, otherwise, the crystal connections 
inside the can may drop off. 
The 01/xF Transcap C14 is a precautionary measure, to 

help prevent i.f. interference being picked up on the power 
leads; it was not found necessary in the prototype converter 
and so is not shown in the photographs. 

Alignment of the Converter 
Lining up the converter is extremely straightforward, only 

four tuned circuits being involved. Cl2 should be adjusted 
until the oscillator starts. A check with a wavemeter will 
confirm the frequency although there is little chance of 
incorrect operation with the circuit component values shown. 
Next, CIO is tuned until the second harmonic appears (at 
about one-half of maximum capacitance). Between 0-7 and 
1-2V rms should be measurable at the mixer gate 2. A setting 
of C12 will be found (at about two-thirds of maximum 
capacitance) which will combine reliable oscillator starting 
with a satisfactory oscillator injection level. Then, peak the 
i.f. coil T2 for maximum noise at the i.f. band centre. Tuning 
the secondary of T1 will be found to result in two noise 
peaks corresponding to the wanted signal range and the 
image. Select the higher frequency of the two and then adjust 
the primary of T1 for an enhancement of the noise peak. 
Minor trimming adjustments may now be made on a signal 
generator or actual signals, and the alignment is complete. 

Some constructors have experienced difficulty with the 
local oscillator arrangement employed, often due to crystals 
of low activity being employed. Correct operation of the 
local oscillator will almost certainly be obtained if the follow¬ 
ing steps are carried out : 

(1) If the converter is of the printed circuit variety, 
remove the common connection of the crystal, RI 2 and 
the mosfet gate from the board and “stand it up” in the 
wiring. Many crystals will not tolerate the extra few 
picofarads to earth of the board connection when used 
in this circuit. 

(2) Ensure that the oscillator coils are wound with the 
correct gauge of wire. If they are close-wound with 
thinner wire in error, the inductance will of course turn 
out to be much too high. Several converters have failed 

to operate simply because LI had too high an induc¬ 
tance. It is probably safer to pull out LI to a length of 
about -foin or so to ensure resonance, instead of leaving 
it close-wound. 

(3) If the oscillator still will not perform, reduce the 
value of R9 from 33OÍ2 to 180Q, or even to 1 50ÍL To a 
certain extent the operating conditions of TR3 are a 
compromise between good oscillator operation, 
requiring linear gain and a high drain current, and 
good doubler performance, which needs a square-law 
mode and therefore low drain current. The quoted 
value of source resistance leads to a set of operating 
conditions in which the linear gain of the 40602 can be 
a bit on the low side and 1800 produces a rather better 
compromise. 

(4) The final stage of the proceedings involves removing 
the oscillator gate 2 and feed resistors RI 1 and RI 3 from 
the discoidal bypass capacitor Cl3 and, instead, 
bypassing the gate 2 and its resistors directly to the 
source with an extra l,OOOpF disc ceramic capacitor. 
This produces a large increase in feedback which will 
accommodate even quite poor crystals that will not 
oscillate in other circuits. This circuit arrangement 
was not used in the original design as the degree of 
feedback so obtained usually causes instability with a 
crystal of average activity. 

Modifications to Converter for 70MHz Operation 
The following changes are required to convert the basic 

144MHz design to a 70MHz one: 
(1) Replace the 70 or 71 MHz crystal by a 33 0 or 

34-OMHz crystal to obtain band coverage with 4 025 to 
4 700MHz and 2025 to 2-700MHz tuned i.f.s, 
respectively. 

(2) Replace the 2 to 8pF trimmer CIO by a similar 3 to 
30pF component. 

(3) Replace C3 by a 22pF tubular ceramic or polystyrene 
capacitor. 

(4) Add Cl 5, a 15pF tubular ceramic or polystyrene 
capacitor, from the mixer gate 1 to ground. 

(5) Add Cl 6, a 68pF tubular ceramic or polystyrene 
capacitor, in shunt with the oscillator trimmer, C12. 

No modifications will be required to the coils. 
The performance of the converter on 70MHz will be 

found to be very similar to that of the 144MHz unit. The 
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correct settings of the trimmers are CIO, three-quarters way 
in and C12, half way in. 

432MHz HYBRID RING CONVERTER 

This converter design by L. Williams, G8AVX, is built 
round a hybrid ring mixer using hot-carrier diodes. The 
hybrid ring mixer is commonly used for frequency con¬ 
version at frequencies above 1GHz where its dimensions 
become practical. 

This type of mixer has many properties which render it 
attractive to the home constructor. It is simple to make, and 
its wideband characteristics make local oscillator injection 
much easier than in the case of cavity mixers, and also render 
tuning devices and precision construction unnecessary. When 
used with hot-carrier or Schottky diodes, which may now be 
obtained at reasonable cost, excellent performance combin¬ 
ing low mixer noise, cross-modulation and conversion loss 
may be anticipated. 

The principal obstacle in realizing the potential of this 
circuit on 432MHz is simply physical size. A conventional 
hybrid ring with air dielectric for 432MHz would be more 
than 300mm in diameter. The solution is to fold the ring in 
such a way as to make its dimensions more acceptable with¬ 
out prejudicing its desirable characteristics. 

Since not all readers will be familiar with the hybrid ring 
mixer principle, it will be briefly described. The hybrid ring is 
a transmission line in the form of a closed ring 3A/2 in 
circumference, with four ports, each separated by A/4. Mixer 
diodes are connected to two ports located A/4 on each side of 
the local oscillator port; the signal is injected into the re¬ 
maining port which is A/2 from the local oscillator port and 
A/4 and 3A/4 respectively from the two mixers. 

The mixers are thus fed in phase by the local oscillator and 
in antiphase by the signal, as in some other types of lower 
frequency balanced mixer. This arrangement has the further 
advantage of providing a considerable degree of isolation 
between signal and local oscillator circuits. 

In home construction the transmission line is usually an 
air-spaced strip line, suitable low-loss uhf dielectric materials 
being difficult to obtain and expensive. 

Folded Hybrid Ring Mixer 

The ring (Fig 5.59) is folded into four parallel A/4 sections, 
plus a A/2 section which is folded and bent to close the ririg. 
By these means the ring is reduced to a manageable rectangle 
and the mixer ports which are electrically A/2 apart are 
brought into close physical proximity. Screens between 
adjacent legs of the folded ring are necessary. 

The ring may be cut from any suitable light-gauge sheet 
metal: brass, copper or aluminium. Holes of 10mm diameter 
are drilled to form the inside radius of all bends and are then 
connected by shears or fretsaw. The ring is finished by filing 
to size. 

The prototype ring was made from double-sided ¿in peb 
with the copper on both sides connected at each port so that 
no potential difference existed between the upper and lower 
conductors. The board was therefore not used as a dielectric. 

Holes are drilled at the port positions and the ring is 
mounted 10mm above an earth plane, which may be sheet 
metal or copper laminate. 

In the prototype, coaxial sockets were used for the signal 
and local oscillator ports and small stand-off insulators 
provide support elsewhere. 

Screens 25mm high are fixed to the earth plane between 

the adjacent legs of the folded ring. A specially-fabricated 
signal-frequency bypass capacitor for the mixers is made by 
fixing a 25mm square of single-sided ¿in peb to the earth 
plane (copper side up} with a thin film of epoxy resin. This 
capacitor has a value of approximately 40pF. 

The inter-line screen is undercut so that it may be posi¬ 
tioned to allow minimum connection lengths to the mixer 
diodes. Motorola MBD102 diodes in miniature plastic “L 
packs” were used in the prototype; these are supplied with 
leads about 4mm long and were soldered between the ring 
and the bypass capacitor. Other types of uhf hot-carrier 
diode mixer in glass or strip-line packages would be equally 
suitable. 

The hybrid ring mixer may be used as it stands by connect¬ 
ing an aerial and a local oscillator to the appropriate ports 
and taking the i.f. from the bypass capacitor. When the i.f. 
signal is fed direct from the mixer into a very good com¬ 
munications receiver quite acceptable results will be ob¬ 
tained, although the lack of gain will be apparent. 

I.F. Amplifier 

In the prototype an i.f. amplifier using a low-cost 2N5245 
fet is employed after the mixer : see Fig 5.60. Because the low 
noise factor of the mixer makes very weak signals readable 
given sufficient gain, and because little selectivity is obtained 
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Fig 5.60. Circuit diagram. 

before second conversion, the noise factor and cross¬ 
modulation performance of this first i.f. stage is important. 

The i.f. impedance of the mixer is low and the grounded-
gate configuration is the most suitable for direct connection 
to it. In practice a pi-network was used to provide a slight 
impedance change combined with an extra i.f. tuned circuit 
and low-pass filter function. The fabricated capacitor is 
padded to the required value by adding a silver mica type in 
parallel. The circuits shown are designed for an i.f. of 28-
30MHz, but may be easily modified for other frequencies. 

The first pi-circuit will have very flat tuning and is not at 
all critical. The drain circuit is matched to a 7542 output by 
another pi-network, this time designed for a loaded Q of 
about 15. It is important that this i.f. output is terminated in 
the correct impedance or the required bandwidth will not be 
obtained. The design procedures for pi-networks given in 
Chapter 6 may be used to design networks for other inter¬ 
mediate frequencies or impedances if required. 

The i.f. amplifier shown provides about 12dB voltage gain 
and makes the converter much less dependent upon the 
tunable i.f. performance. It is especially desirable if the 
converter is located some distance from the tunable i.f. 

Local Oscillator 
The local oscillator used in the prototype has a 44-888MHz 

overtone crystal oscillator, followed by two grounded-base 
tripler stages. This arrangement has the merit of simplicity. 
Other crystal frequencies and multiplication factors are of 
course possible. There are, however, two important differ¬ 
ences between the hybrid ring and bipolar/fet mixers in 
respect of local oscillator injection. 

Crystal oscillator multiplier chains have outputs at other 
multiples of the starting frequency as well as the desired 
injection frequency. With narrow-band mixers this is of less 

consequence, but the hybrid ring mixer has little discrimina¬ 
tion against these unwanted injection frequencies. If inade¬ 
quate pre-mixer selectivity is present, strong out-of-band 
signals, for example uhf tv, will mix with higher injection 
harmonics, resulting in products falling within the desired i.f. 
band. To prevent this a high-0 filter is interposed between 
the output of the multiplier chain and the mixer. In the 
prototype this is a A/4 line with the input and output loose-
coupled by short loops on opposite sides of the line. The 
tuning of this line is very sharp and if a piston trimmer 
having a finer adjustment thread than the Mullard type used 
in the prototype is available it should be used. 

The other important requirement of the hybrid ring is 
mixer drive power. Reference to Fig 5.61 shows that although 

Fig. 5.61. Noise factor v local oscillator power for typical uhf 
hot-carrier diode mixer. 

5.40 



VHF AND UHF RECEIVERS 

General view of the 432M Hz hybrid ring converter. Left: the rf amplifier, with L1, Cl at the bottom. Top left: the oscillator chain and its 
hieh-Q break. Top right: the power supply and ¡.f. amplifier. Centre: the hybrid ring itself, with the fabricated bypass capacitor on the 

right. 

drive level is not at all critical 1-lOmW per diode will be 
required for the best performance. This is quite a high power 
when compared to the requirements of a fet or bipolar 
transistor mixer. As a rough guide, allowing for the final 
tripler efficiency, filter and coupling losses, the final tripler 
must be driven to approximately 100mW de collector input. 
It is common practice to use tv front-end transistors such as 
the BF180 as the final stage of oscillator chains for uhf con¬ 
verters. These are not suitable at the level required for hot-
carrier diodes. Their forward age characteristic results in 
increased collector current causing reduced gain. 

A low-cost plastic uhf power amplifier type, the Ferranti 
ZTX327, gave excellent results in the prototype when driven 
to about 8mA collector current. 
The collector current may be monitored by a voltmeter 

across the emitter resistor. A temporary Lecher line strung 
across the shack makes an excellent absorption wavemeter 
for selecting the desired harmonic from each stage when 
tuning up the oscillator multiplier chain. For an injection 
frequency of 404MHz the nodal points will be 371mm apart. 

RF Amplifier 
Although the hot-carrier diodes give the mixer a very low 

noise factor (typically 6dB), it will benefit from a low-noise 
rf amplifier. A pre-mixer gain of not more than 20dB is 
desirable, and if the already good mixer performance is to be 
enhanced very good amplifier devices arc required. FETs 
were preferred to bipolar devices due to their better cross¬ 
modulation performance. Two stages operating in grounded-
gate configuration were used for simplicity in preference to a 
single grounded-source stage. This would have provided 

sufficient gain but would have required neutralization, which 
can be very critical to adjust for optimum noise and gain 
performance. 

Unfortunately devices characterized for noise factor and 
gain a l432MHz are not cheap. The prototype used the 
2N5397, which has typically lOdB gain and 3dB noise factor 
in the circuit given. Other types have been substituted with 
success. The cheaper 2N4416 works well with a slight 
reduction in gain, and so does the low-cost 2N5245, with, 
however, a noticeable reduction in gain and increase in noise 
factor. 

The tuned circuits in the rf amplifier are simple lengths of 
14swg copper wire bent as required. L2 and L3 (also L4 and 
L5) are parallel spaced 12mm apart. The fets are fitted in 
holes in the interstage screens so that good screening between 
the source and drain circuits is obtained. The gate and case 
terminals are soldered direct to the screen with lead lengths 
not exceeding 1mm. 

No adjustment of the rf amplifier is required other than to 
peak all the tuned lines for maximum signal output. 

Power Supply 
The converter is designed to operate from a 12V negative¬ 

earth system and is therefore suitable for operations from a 
vehicle battery. The total current drain of approximately 
50mA makes operation from dry batteries rather expensive. 
A mains psu for fixed-station operation is therefore included 
in the assembly. This psu uses the 723 ic regulator which 
gives excellent regulation at load currents up to 65mA with a 
minimum of external components and at a modest cost. 
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Construction 

Although all the sections described were built into a single 
structure, each was built as a separate circuit with coaxial 
sockets for the signal terminals, inter-section connections 
being made with short coaxial links. If desired the sections 
may be permanently wired together and the expense of plugs 
and sockets avoided. The modular section arrangement has, 
however, much to recommend it. For example, the rf stages 
may be removed and the aerial feeder connected direct to the 
mixer when an aerial pre-amplifier is used. 

A second oscillator multiplier chain allows an instant band 
change (there is no mixer tuning to adjust). Thus the con¬ 
verter can be rapidly switched to tv, satellites, or the French 
70cm band. For the experimenter, comparisons may be 
readily made by plugging in experimental sections or taking 
signals out for other converters. If it is required to experiment 
with mixer injection, tv aerial attenuator pads may be 
inserted between the oscillator and mixer without disturbing 
the circuit. 

Since the sections in the converter are independent their 
physical locations are not critical and no precise dimensions 
need be maintained. The only important features are 
adequate screening and filtering of the supply input to each 
section. The two cylindrical feed-through capacitors in the 
psu side screens are professional pi-section filters but 
ordinary l,000pF feed-through capacitors will be adequate. 

The prototype is housed in a large die-cast box, although 
an inverted aluminium chassis or any other shallow metal box 
will serve equally well. 

All the components used are available from the usual mail¬ 
order houses except the MBD102, which was obtained from 
Jermyn Industries, and the 2N5397, which is available from 
Siliconix distributors. 

All metalwork and assembly can be carried out with the 
normal hand tools found in any amateur workshop. Almost 
all the prototype was made from copper laminate off-cuts, 
cut with a small hacksaw and soldered together. 

No special test instruments are required for setting up. 
Some form of absorption wavemeter for setting up the oscil¬ 
lator multiplier chain will be helpful, but if one is not avail¬ 
able a signal should be found on the band and all trimmers 

adjusted for maximum S-meter reading. Provided the inter¬ 
stage screening is adequate that is all that is required to 
obtain a very high performance. 

Conclusion 

The prototype has been used for over a year under various 
conditions at the author’s QTH, which is in line-of-sight with 
Sutton Coldfield, 10km away. It is the only converter tested 
on this site which is completely free of tv cross-modulation 
effects. The noise factor has not been measured but it is 
sufficiently low to make externally generated noise the 

TABLE 5.12 
Components list 

6pF 

723C ic regulator IC1 

C9 
C10 
C11 
FT 

TRI, 2 
TR3 
TR4 
TR5 
TR6 

C1 
C2 
C3 
C4 
C5, 8 
C6 
C7 
D1.2 
D3 
X1 

see text 
silver mica 
silver mica 
ceramic disc 
ceramic tube 
silver mica 

100Q 
150Q 
39OÍ2 
4-7kQ 
10kQ 
47Q 
10Q 
6 8kQ 
2 7kQ 
|W 

R1,2,7,8,9 
R3 
R4 
R9.12 
R6 
R10 
R11 
R13 
R14 
All resistors are 

33pF 
40pF 
100pF 
220pF 
0 01 
3 3pF 
68pF 
MBD102 hot-carrier diodes 
50V piv rectifier bridge 
44 888MHz 3rd overtone series-resonant 

0 001 mF ceramic disc 
100pF polystyrene 
1 ,000mF 25V electrolytic 
1,000pF feed-through 

(discoidal for rf 
amplifier) 

Mullard ceramic 
tubular except 
that for L5, which 
is12pF 

2N5397 
2N5245 
BF115 
2N2222A 
ZTX327 

T1 mains transformer, 15V 75mA secondary 
L1,3 40 mm 14swg 
L2,4 30 mm 14swg 
L5 25mm 14swg 
L6 7t 20swg close-wound on 7mm former 
L7 34swg close-wound, winding length 8mm, on 7mm former 
L8 12t 34swg close-wound on 7mm former. 3|t 34swg coupling 

to TR5 close to cold end. 1 |t thin bell wire wound over for 
crystal feedback 

L9 7t 22swg, spaced own diameter on 7mm former. 2t thin bell 
wire coupling 

L10 2t 20swg 12mm long, 5mm i.d. Coupling 1t thin bell wire 
at cold end. Collector tapping at jt 

L11 12mm wide strip 90mm long in 25mm square. Trough line 
with 15mm long coupling loops 

RFC 5mH (Radiospares 1A tv choke) 
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limiting factor on most very weak signals when the converter 
is used with a tunable i.f. having an s/n ratio of lOdB at 2^V. 

G8AMU MULTIMODE ALL-BAND RECEIVER 

A general-purpose receiver providing for all modes of 
reception in any vhf or uhf band with provision for a wide 
range of refinements to be added at will is described below. 
Full constructional and alignment details are not provided 
but the design should provide useful ideas for the more 
experienced constructor 

The receiver was evolved with the following points in 
mind : 

(1) Capable of receiving a.m., fm, ssb and cw. 
(2) High sensitivity with low noise figure. 
(3) Good cross-modulation and blocking performance. 
(4) Good frequency stability and accurate dial setting. 
(5) Free from spurious responses. 
(6) Effective noise limiter. 
(7) Good age with fast or slow decay time. 
(8) Self-contained, requiring only power and aerial inputs. 
(9) 240V mains or 12V de operation for portable use. 

(10) Using modern, readily available devices and com¬ 
ponents. 

(11) Capable of being updated without radical mechanical 
changes. 

Principle of Operation 

frequencies higher than 1,296MHz converters should be 
fed into the 144MHz converter, making this frequency band 
the first i.f. 

The selectivity is provided in the 10-7MHz crystal filter, 
which was the most costly part of the receiver. This filter is 
an fm type with a very flat top response; although suitable 
for a.m. and fm reception it is a little wide for serious ssb 
or cw work, but sufficient room has been left for a ssb filter 
to be added and switchable from the front panel. By using 
an i.f. at 10-7MHz, the image signals will be 21-4MHz away 
and out of the required tuning range. 

The remaining i.f., detector and af circuits are fairly 
conventional with the outputs of the a.m. detector, fm dis¬ 
criminator and product detector switched into the audio 
stages. All supply voltages are stabilized and are derived 
from a 15kHz oscillator, the output of which is also stabilized 
against any voltage fluctuation of the input supply. 
The converters for 70MHz, 144MHzand 432MHz are of 

conventional design, with their outputs at 28-3OMHz 
switched into the receiver. High frequency crystals are used 
in the converters to reduce the number of multiplier stages 
and to ensure that the fundamental or harmonic frequencies 
do not appear in the passband of the tunable i.f. 

The following controls are available on the front panel : 
AF gain 
RF gain 
Tuning 
Band switch 

Mode switch 
AGC fast/slow 
Noise limiter 
Ext power on/off 

Mains on/off 
Internal Is on/off 
S-meter 

70MHz and 144MHz Converters 
These converter circuits and printed circuit boards are 

© 10*7MHz 

& discriminator 

10*7MHz 

Ext 28to 30MHZ 

A 
AM 

I NOISE LIM~] S3 
Output 

S-meter 

Power supply unit CW filter S5 
— 12Vdc 

11 to 2OVac/dc 

Oscillator 

240Vac 

Fig 5.62. Block diagram of general-coverage vhf/uhf S6 

432MHz 
converter 

—12V switched to 
each converter 

AM detector 
Noise limiter 

144MHz 
converter 

70 MHZ 
converter 

10-7 MHz 
filter 

Local oscillator 
17*25 to 19*35MHz 

1296 MHz 
converter 

Audio 
amplifier 

The complete receiver system is shown in the block dia¬ 
gram, Fig 5.62. The basic receiver is tunable over a range of 
28-30MHZ, this frequency being chosen for the first i.f., 
rather than a low frequency, because of the ease with which a 
flat 2MHz-wide band could be achieved without the use of 
large tuning capacitors, or the problem of tracking the rf and 
mixer circuits. Also the need for double conversion con¬ 
verters does not arise, due to the adequate separation of 
signal and oscillator frequency at least up to 1,296MHz. For 

AGC 
amplifier 

identical apart from the crystal frequency, and the tuned 
circuits (see Fig 5.63). 

The rf amplifier, TR37, is a dual-gate mosfet used in 
common source configuration. Bandpass capacitance coupled 
input and output tuned circuits are used to give selectivity 
and good rejection of out of band signals. The output of the 
rf amplifier is fed into gate 1 of the mixer, another dual-gate 
mosfet, and the output is taken from a low impedance link 
winding coupled to the tuned circuit L20 in its drain supply. 

TR38 is an overtone oscillator operating at 42MHz for the 
70MHz converter and at 58MHz for the 144MHz converter. 

© 

© 

© 

® 

amplifier 
28 to 30MHz 

Product detector 
BFO 

SSB„ 
O 

Stabilizers 
+ 9V 
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Fig 5.63. 70MHz and 144MHz converters. 

The oscillator is capacitance coupled to TR39 which is an 
amplifier for the 70MHz converter and is used as a doubler to 
116MHz for 144MHz. The output of the oscillator chain 
again uses capacitance-coupled bandpass tuned circuits to 
reduce to a minimum any other multiple of the oscillator 
frequency reaching gate 2 of the mixer. 

Coupling between the tuned circuits is very small and in the 
region of 0-9pF ; this can be made up from two 1 -8pF capaci¬ 
tors in series, or a short length of twisted pvc-covered wire. 

The converters use a negative power supply for the npn 
transistors so that the tuned circuits can be taken direct to 
the chassis, which eliminates any possible instability caused 
by poor rf decoupling. An additional BF180 rf amplifier, 
TR41, was added to the 144MHz converter because the 
noise figure of the BFS28 was not acceptable, Fig 5.64. 

If the use of converters for the microwave bands is con¬ 
templated, then this amplifier should be arranged to operate 
on the 144MHz band only and a similar amplifier incorpor¬ 
ated in each converter. 

432MHz Converter 

Two grounded base rf stages, TR43 and TR44, are used 
with emitters and collectors tapped into A/4 tuned lines. Induc¬ 
tive coupling is used between the rf and mixer stages (see 
Fig 5.65). 

The local oscillator chain consists of three stages, starting 

with an overtone oscillator, TR42, at 67-333 MHz. The 
second stage, TR45, is tripling to 202MHz and the final 
stage doubling to 404MHz with TR46. All interstage tuned 
circuits are coupled by mutual inductance employing tapped 
inputs and outputs. 

Oscillator injection at 404MHz is also inductively coupled 
to the fet mixer TR47 by L34, and the output at 28MHz is 
taken from a link wound over L36 in the drain of the mixer 
TR47. 

The converter is built on double-sided copper laminate 
board with interstage screening, and the rf and mixer 
transistors are mounted in slots cut in the screens dividing 
input from output. 

28 30MHz Tunable I F. Amplifier and Mixer 
The purpose of the i.f. stage is to overcome mixer and 

subsequent i.f. noise (particularly when used with a converter 
having no rf amplifier), and to provide front end selectivity 
by enabling more tuned circuits to be added. The rf and mixer 
circuits are not tunable over the band, but a flat response with 

70MHz and 144MHz converters 
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sharp cut-ofT at band edges is achieved, by using capacitance 
coupled, bandpass stagger-tuned circuits (see Fig 5.66). 

The rf amplifier TR2 has forward gain control character¬ 
istics which can reduce the stage gain by as much as 50dB 
under maximum signal conditions. To achieve this, the age 
voltage must be positive going to increase the collector 
current of the rf stage. As the age provided for the i.f. stages 
is negative going, TRI is used as an inverter and the zener 
diode DI delays the age voltage operating the rf stage until 
the gain of the i.f. amplifier has been reduced. The gain of 
the rf stage is not reduced until the age voltage has fallen 
from its no-signal level of + 2V to approximately 1-2V, 
causing the collector voltage of TRI to rise to 7-5V above the 
base voltage of TR2, when DI will conduct and increase the 
current through the rf stage, thus reducing its gain. 

The mixer TR3 is a dual-gate mosfet, which is an excellent 
device for low cross-modulation, blocking and spurious 
response performance, due to its square-law characteristics 
and its very high isolation between gates, which also reduces 
to a minimum the pulling of the local oscillator under large 
signals. 

The local oscillator signal of 17-25-19-35MHz is fed into 
gate 2 of the mixer and t he rf signal of 28-30M Hz into gate 1, 
and the difference of 10 7MHz is extracted from the mixer’s 
drain by L5. 

Local Oscillator 

The most stable oscillator tried with a high output in the 
region of 6V p-p to drive gate 2 of the mosfet mixer was the 
fet Colpitts (see Fig 5.67). The oscillator covers a frequency 
range of 17-25-19-35MHz, which gives 50kHz above and 
below the 2MHz tuning range required. Good temperature 
stability was achieved by using silver mica capacitors and 

432MHz converter. 
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Fig 5.66. 28-30MHz rf amplifier and mixer. 

a 39pF ceramic C27, which has a negative temperature co¬ 
efficient of —150 ppm/°C across the oscillator coil L6. It is 
supplied with +15V from its own stabilized supply to elimi¬ 
nate any frequency shift and fm due to other circuits affect¬ 
ing the supply voltage. 

The 4th, 8th and 24th harmonics of the oscillator can fall 
in the 70MHz, 144MHz and 432MHz bands respectively, 
but adequate screening and decoupling of the supply leads 
eliminates this. 

The oscillator was built on tinned copper laminate board 
mounted on aluminium for mechanical strength, and then 
bolted into the base of a diecast box, which is fitted to the 
back of the dial. The tuning capacitor is of high quality with 
ball-bearing races fitted at each end. 

Crystal Filter Buffer Board 
The i.f. filter (Fig 5.68) must provide sufficient selectivity 

to discriminate against stations operating on adjacent 
frequencies, and still have a sufficiently broad response so 
that the outer sidebands of a desired fm signal are not dis¬ 
torted. The filter used is a 10-7MHz fm type which has a very 
good flat top response with about IdB of ripple and is 80dB 
down at ±12-5kHz. Although the bandwidth is rather large 
for ssb reception it is very convenient for shf operation since 
a moderate amount of frequency drift can be tolerated. 

Transistor buffers are used on each side of the crystal filter 
to avoid the mixer and i.f. circuits loading the filter and 
spoiling its response, and so that the correct terminating 
impedance for the filter can be used. These values are given 
in the manufacturers’ specifications, and for the Nikko 
Denshi filter type B10F12A which was used they are IkO 
and lOpF. The values for C20 and C22 are 8-2pF and 6-8pF 
added to the output capacitance of TR4 and the input capaci¬ 
tance of TR5 making an effective value of lOpF. 

TR5 is a fet source follower with its output taken to the 

Fig S.68. 107MHz crystal filter 
buffer board. 
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Fig 5.69. 104MHz i.f. amplifier, detector, age amplifier and noise 
limiter. 

a.m. and fm i.f. amplifier boards, and the low-impedance 
output enables other specialized amplifier/detector boards 
to be added in parallel if required. 

10 7MHz A.M. I.F. Amplifier, Detector, AGC and Noise 
Limiter 

The main i.f. amplifier (Fig 5.69) uses three stages, tuned at 
10 7MHz, and has a gain in the region of lOOdB. The first 
two stages, TR9 and TRIO, are age controlled. TR12, an 
emitter follower stage, supplies the i.f. signal to the product 
detector and also to TR13, an emitter follower peak envelope 
detector for a.m. signals. The detector signal from the emitter 
of TRI 3 is taken via the usual low-pass filter to a conven¬ 
tional series-type noise limiter, D2, and then to the audio 
stages. The noise limiter can be switched off by bypassing 
the series diode D2 with the switch S2. 

The age voltage is obtained by comparing the de com¬ 
ponent in the detected signal with a reference voltage. The 
comparator, TR16, is stabilized at 6-2V with a zener diode 
D3, and the age voltage is taken from the collector of TRI6 
which is at approximately 4-2V under no-signal conditions. 

(S) ó To product 
d«t«Ctor 

slow decay of the age voltage suitable for ssb and cw. RV1 
is the rf and i.f. gain control which manually overrides the 
age voltage by causing the base voltage of TR15 to rise, 
which in turn will increase the base voltage of TR16, thus 
reducing its collector current and the age voltage to the 
level set by RV1. 

FM I.F. Amplifier and Discriminator Board 
TR7 and TR8 are used as a two-stage high-gain, low-noise, 

tuned amplifier at 10-7MHz (Fig 5.70). As most fm detectors 
are sensitive to changes in the amplitude of the received 
signal, they must be preceded by a limiter that removes all 
amplitude fluctuations caused by fading and noise spikes; 
this is provided by an integrated circuit IC2 which is a four-
stage high-gain fm/i.f. limiting amplifier using long-tailed 
pair stages which clip symmetrically. Thus when a certain 
signal level is reached further increases in input signal pro¬ 
duce no change in the output. The limiting amplifier also 

As the voltage at the base of TR14 rises with an increasing 
signal level, the emitter voltage will also rise, causing the 
collector current of TRI 6 to fall, thus reducing the age 
voltage across R65. The age normally has a fast attack and 
fast decay, but when C73 is connected across the emitter 
resistor R60 of TR14 and TR15 with SI, it will produce a 

has very low fm distortion and high a.m. rejection in the 
region of 60dB. 

The fm age, which is derived from the a.m. detector board, 
the rf gain control acting to give a variable age delay, is only 
applied to the rf stage to reduce overloading of the mixer 
with very large signals. The output of the integrated circuit 

Fig 5.70. 10 7MHz nbfm i.f. board. 
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limiter is coupled into a crystal discriminator and then to the 
audio stage. 

S-meter 
The S-meter (Fig 5.71) is controlled by the age voltage, and 

under no-signal conditions the voltage at the emitter of 
TR20 is equal to that of the junction of RV3 and R79. As 
the age voltage falls with a received signal the emitter of 
TR20 will rise above that of the RV3, R79 junction causing 

current to flow through the meter Ml. Full scale deflection 
is set by RV2, while RV3 is adjusted for a zero reading with 
no input signal. 

BFO and Product Detector 
TR17 is used as a crystal Colpitts oscillator at 10-7MHz 

coupled to a fet buffer TRI 8. The 10-7MHz bfo signal is 
mixed with the 10 7MHz i.f. signal from TRI2 by using a 
dual-gate mosfet TR19. The i.f. signal is applied to gate 1 and 
the bfo signal to gate 2, and the audio frequency product is 
extracted from the drain via a low-pass filter (C87, 89 and 
R77): Fig 5.72. 

The bfo and product detector is fitted in a screened box, 
and mounted well away from the high-gain i.f. amplifier to 
prevent the 10-7MHz bfo signal affecting the age and S-meter 
circuits. The age can thus be used on ssb and cw. 

AF Amplifier and CW Filter 
The audio output stage (Fig 5.73) provides about 500mW 

into a 3Í2 loudspeaker from a conventional transformerless 
Class B amplifier, using a complementary pair of germanium 
transistors TR25 and TR26. The preset trimmer RV5 is 
adjusted to give a quiescent current of approximately 10mA 
with no input signal. 

Fig 5.73. Audio amplifier and cw filter. 
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Fig 5.74. Voltage regulators. 

The cw filter has a bandwidth of about 100Hz at a fre¬ 
quency of 800Hz, but this frequency could be changed to 
suit the operator by adjusting the value of L12 or C93. 
The width of the filter can be decreased by reducing the value 
of the series resistor R80. TR21 is a single-stage fet ampli¬ 
fier to make up for the attenuation of the filter and to keep 
the audio output at the same level when the cw mode is used. 

Power Supply 
Three stabilized voltages are used for the receiver: + 9V for 

all the main boards, + 15V for the local oscillator and — 12V 
for all converters. The +9 and —12V supplies (Fig 5.74(a)) 
are derived from conventional stabilized power-supply cir¬ 
cuits, while the +15V supply uses a monolithic voltage 
regulator IC2 (Fig 5.74(b)). 

The input to the power supply (Fig 5.75) may be a little 
unusual; it can be supplied with its own 12V ac from the 
receiver transformer or from an external supply of 11 to 20V 
ac or de positive or negative earth. All supply voltages are fed 
through a bridge rectifier D8 to a simple series regulator 
supplying 8V. The psu is floating from earth enabling 
any polarity supply to be connected to its input since the 
bridge rectifier remains in circuit. 

The regulated 8V de supplies a 15kHz oscillator TR35 and 
TR36, and the output of the secondary winding of oscillator 
transformer T2 is rectified with DI2 and DI5 giving + 20V 
and DI 3 and D14 giving —20V which supplies the + 9V and 
— 12V regulators. D16, 17 and Cl 12 form a voltage doubler 
giving +40V, which is used to supply the +15V regulator 
using IC2. 
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Uuderchassis view of general-coverage receiver, showing (left to right): af board and cw filter; IO 7MHt a.m. i.f. age detector and noise 
limiter, 107M Hl fm i.f. board ; rf/mixer board; and power supply. The B10F12A 10-7MHz crystal filter is mounted on the board at the top. 

Relay 1 is normally mains-energized, but if the supply fails 
the relay automatically connects an external supply of either 
polarity to the bridge rectifier D8. 

General Construction 
The complete receiver measures 15in by 9in by 6^in. The 

ront and back panels are constructed from lOswg aluminium 

and are connected by four horizontal bars of fin square¬ 
section plated mild steel 8Jin long, the ends of which are 
drilled and tapped for 4BA screws, for fixing the panels. A 
platform of 14swg aluminium is fitted between the front and 
back panels by two 15in by jin bars to make a very strong 
chassis. The top, bottom and side panels are fitted around the 
chassis with 4BA screws tapped into the plated steel bars. 

Front view with top removed. The small unit at the back with two 
coil cans is the 144MHz rf amplifier. 

Top view* showing local oscillator (with cover removed) and con* 
verters mounted on the sides and back. 
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TABLE 5.13 
Component details 

CAPACITORS 

All ceramic except those stated below. 
C26 3-3CpF Bee Hive trimmer 
C27 39pF 

132 0-9pF2 X T8pF in series 

C28 
C29 
C30.33 
C35 
C92 
C98 
C112 
C117,129, 

33pF 
1OOpF 
120pF 
4-7pF 
022nF 
0 66uF 
O-33ixF 

1 per cent $m 
1 per cent sm 
1 per cent sm 
Bush mounting lead-through 
Polyester foil 
Polyester foil 
Polyester foil 

C151,157,158, 160, 163,165 0-8 to 6-8pF Tubular ceramic trimmer 
C154,155,156,159,169,170 1nF Solder-in lead-through 
C164,171 0-8 to 3-8pF Tubular ceramic trimmer 
1 -8pF to 330pF Mullard 632 series ceramic 
390pF to 4700pF Mui ¡ard 630 series ceramic 
1 nF to 22nF Mullard 629 series ceramic 

RESISTORS 

All resistors type Mullard CR16 0-2W carbon except those listed 
below 

R94,95 1Q 
R108 220Q 
RV1 50kD 
RV2,3,5 2-2kO 
RV4 100kQ 

CR25 0-33W 
3Www 
Linear 
0-05 trimmer pot 
Log 

ZENER DIODES 

D1 BZY88 7-5V 
D3 BZY88 6-2V 
D6. 7 BZY88 5-6V 
D9 BZY88 9-1V 

CRYSTALS 

X1 10 7MHz Type HC/18/C 
X2 42MHz (70MHz converter) 58MHz (144MHz converter) 

Type HC/18/U 
X3 67 333MHz Type HC/18/U 
Xtal filter 10*7MHz Type Nikko Denshi B10F12A or Cathodeon 

BF4129 
Xtal discriminator 10-7MHz Type Nikko Denshi D10D30A or 

Cathodeon BF4781 

CHOKES 

CH1.3.4, 6,7,8.9,10.11 
CH2 
CHS 

100MH 
50mH 
1mH 

COILS 

All coils wound on 4mm coil formers with dust cores and screening 
cans unless otherwise stated. Type Neosid 722/1 

8t 22swg tap 2t 
8t 22swg tap 3t 
8t 22swg tap 3t 
30t 34swg tap 3t and 15t 
7t 20swg 0-4in former with dust core (0 5gH) 
30t 34swg 
500t 30swg LA1216 former (180mH) 
8t 34swg 
2t 34swg over L24 
5t 18swg |in dia jin long 
3t 18swg jin dia jin long 
3in 14swg tap Jin from cold end 
3in 14swg tap 2in from cold end 
2-5in 20swg pvc covered 
3in 16swg 
28t 32swg 
5t 32swg over L36 
5t bifilar primary 10t bifilar secondary 26swg 
FX2241 former 

L1 
L2 
L3, 4 
L5 
L6 
L7, 8, 9,10.11 
L12 
L24 
L25 
L26, 27 
L28,29 
L30. 32 
L31.33 
L34 
L35 
L36 
L37 
T2 

70MHz and 144MHz CONVERTER COMPONENTS 

Coils 70MHz 
L13 9t24swgtap2t 
L14 9t24swgtap5t 
L15 15t 26swg tap 3t 
L16.17 9t24swg 
L18,19 15t 26swg tap St 
L20 26t 32swg 
L21 3t 26swg 
L22,23 Not used 

144MHz 
8t 22swg tap 1t 
8t 22swg tap 3t 

1 St 26swg tap 3t 
5t 22swg 
5t 22swg 

26t 32swg 
3t 26swg 
8t 22swg tap 1t 

Capacitors 70MHz 144 MHz 
C116,118 18pF 2-7pF 
C122 22pF 6 8pF 
C123 15pF 27pF 
C124 47pF 100pF 
C128.130 18pF 6 8pF 
C131.133 15pF 12pF 

All coils wound on Neosid 
4mm 722/1 formers with 
dust cores and screening 
cans 

S1.2.4,5,6 
S3 
S7 
T1 
RLY1.2 
Dial 
M1 

MISCELLANEOUS 

Miniature toggle switch 
4-way single-pole switch 
6-way 2-pole switch 
12V1A heater transformer 
Miniature relays with two c/o contacts 
Eddystone Type 898 
0-1 mA S-meter 

A 4in elliptical loudspeaker is fitted into the top of the case. 
The receiver was constructed as a number of sub-units 

so that each section could be set up and tested in turn before 
installing it into the receiver. This method also simplifies the 
drawing of the printed circuit boards and enables any 
board to be replaced in the future with a new or improved 
design without upsetting the rest of the receiver’s calibration. 

Each of the main receiver printed circuit boards is fitted to 
the underside of the chassis on 6BA pillars with vertical 

aluminium screens between them. The product detector was 
fitted in a screened brass box and mounted as far away as 
possible from the i.f. board to eliminate any of the 10-7MHz 
bfo power from reaching the i.f. and operating the age 
circuit. The top side of the chassis is used to accommodate 
the local oscillator, converters and part of the power supply, 
leaving ample room for any other converter or unit to be 
added if required. Special care should be taken that the local 
oscillator is mechanically as well as electrically stable. 
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CHAPTER 6 

HF TRANSMITTERS 

THE purpose of a transmitter is to generate radio frequency 
power which may be keyed or modulated and thus 

employed to convey intelligence to one or more receiving 
stations. This chapter deals with the design and adjustment 
of that part of the transmitter which produces the rf signal, 
while the methods by which this signal may be keyed or 
modulated are described separately in other chapters. 
Transmitters operating on frequencies below 30MHz only 
are discussed here. Methods of generating rf power at 
frequencies higher than 30MHz are described in Chapter 7— 
VHFIUHF Transmitters. 
One of the most important requirements of any trans¬ 

mitter is that the desired frequency of transmission shall be 
stable within close limits to permit reception by a selective 
receiver, and to avoid interference with other amateurs 
using the same frequency band. Spurious frequency radia¬ 
tions, capable of causing interference with other services, 
including television and broadcasting, must also be avoided. 
These problems are considered in Chapter 17—Interference. 

The simplest form of transmitter is a single stage self¬ 
excited oscillator coupled directly to an aerial system. Such 
an elementary arrangement has, however, three serious 
disadvantages: 

(a) The limited power obtainable with adequate fre¬ 
quency stability; 

(6) The possibility of spurious frequency radiation, and 
(c) The difficulty of securing satisfactory modulation or 

keying characteristics. 
In order to overcome these disadvantages, the oscillator 

must not be called upon to supply power to the following 
stage. Since frequency multipliers are essentially class C 
stages (ie, they require driving power), and since power 
amplifiers are usually operated in class C these stages must, 
in the interests of efficiency, be isolated from the oscillator 
by a buffer stage, which is capable of supplying this power 
without loading the oscillator. 

Since the hf amateur bands are harmonically related, 
the oscillator is generally designed to operate on the lowest 
frequency band. In order to achieve output on the higher 
frequencies, it is necessary to employ one or more stages of 
frequency multiplication. An advantage gained from this 
arrangement is that by operating the oscillator at a relatively 
low frequency, it is easier to achieve the necessary frequency 
stability. A single multiplier stage may produce twice the 
fundamental frequency—doubler, three times—tripler, or 
more. Usually, however, the frequency multiplication in 
one stage is limited to three or four, owing to the rapid 
diminution in output power as the order of frequency 
multiplication is increased. It is undesirable to feed the 
aerial directly from a multiplier stage since harmonics, other 
than the wanted signal, are produced and may be radiated 

simultaneously. Where attenuation of unwanted signals is 
of the utmost importance, the power amplifier must not be 
driven directly from a frequency multiplier stage. The coup¬ 
ling between one stage and the next may be accomplished 
in a variety of ways, some of which permit physical separa¬ 
tion between the various units. Others have the advantages 
of simplicity, harmonic rejection and so forth. Methods of 
coupling are described later. 

The power supply for the transmitter may be obtained 
from conventional circuits such as those described in 
Chapter 16—Power Supplies. It is common practice to use 
separate power supplies for the low and high power sections 
of the transmitter, first because the voltages used in the two 
parts often differ greatly and, secondly, because interaction 
between the various stages can make the adjustment more 
difficult when a common supply is used. Unwanted modu¬ 
lation effects may also be introduced. The basic principles 
of transmitter circuit arrangement are illustrated by the 
block diagram in Fig 6.1. 

THE CRYSTAL OSCILLATOR 

The simplest method of achieving the high degree of 
frequency stability is by using a quartz crystal to control the 
frequency of the oscillator. Such an oscillator when correctly 
designed and adjusted remains the most frequency stable 
device available to the amateur. 

The quartz crystal, cut in the form of a suitably dimen¬ 
sioned plate, behaves like a tuned circuit of exceptionally 
high g-value and may therefore be connected in the oscillator 
circuit as would a normal frequency-determining tuned 

OR CRYSTAL-CONTROLLED 

Fig 6.1. Block diagram of typical transmitters showing three pos¬ 
sible combinations of oscillators, amplifiers and frequency multi¬ 
pliers. Many other arrangements are in common use, depending on 
the power output required and the number of frequency bands on 

which the transmitter is to operate. 
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circuit. The action of the quartz crystal depends on the piezo¬ 
electric effect explained in Chapter 1—Principles. 

In the natural vibration of a quartz plate when used 
in such an oscillator unit, a small but appreciable amount 
of heat is generated by the internal frictional effects. The 
temperature rise may cause the otherwise very stable fre¬ 
quency to drift from its nominal value. This frequency drift 
can be quite serious, especially when the fundamental fre¬ 
quency is multiplied several times in the subsequent stages 
of the transmitter. 

If the rf current through the crystal is allowed to become 
excessive, the vibrations of the quartz plate may become so 
large that fracture occurs. 

In order to limit the rf current and the consequent 
temperature rise and to reduce the danger of crystal breakage, 
the power output of an oscillator must be kept at a relatively 
low value. Certain types of crystal have low temperature 
coefficients which reduce the amount of frequency drift likely 
to be encountered, but as these crystals are often very 
thin there is an increased possibility of damage. The power 
output of an oscillator using such a plate is therefore 
rather less than with other types of crystal. 

There are several common types of crystal cuts, some of 
these, particularly the AT- and BT-cuts, being commonly 
used for hf transmitter control by reason of their low 
temperature coefficients. The X- and Y-cuts have relatively 
high coefficients. Some examples of the temperature co¬ 
efficients for various crystal cuts are given in Table 6.1. 

TABLE 6.1 
Characteristics of various cuts of quartz crystals. 

Type of 
Cut 

Normal 
Frequency Range 

(MHz) 

Temperature 
Coefficient 

(Hz/MHz/C) 

X 
Y 
AT 
BC 
BT 
GT 

1 - 5 
1 -10 
0-5- 8 
1 -20 
1 -20 
0-1- 0 5 

-20 
+ 75 

0 
-20 

0 
0 

Although the temperature coefficients of the AT- and BT-
cuts are given in Table 6.1 as zero, this is true only at certain 
temperatures; at other temperatures the coefficient may 
have a small positive or negative value. Only the GT-cut has 
a true zero temperature coefficient over a wide range of 
temperature (0-100°C) but its use is unfortunately restricted 
to low-frequency applications. For exceptionally high-
precision operation over long periods, the crystal may be 
installed in a thermostatically controlled oven, although in 
amateur transmitters sufficient frequency stability can 
almost always be obtained by isolating the crystal from any 
part of the transmitter which becomes heated in normal 
operation, such as valves, resistors and power transformers. 

The equivalent circuit of a crystal contains a resistance 
R in series with one of its branches. This represents the 
mechanical resistance to vibration and is related to the 
energy which must be supplied to the plate to maintain 
it in a state of vibration; a low value of resistance implies 
a high degree of “activity”. If this resistance becomes too 
great, it will be difficult or impossible to maintain oscilla¬ 
tion. The crystal is then said to be “sluggish” or inactive. 
The fault is occasionally found to be due to the contamina¬ 
tion of the crystal surfaces. These surfaces must therefore 

Fig 6.2. Two example* of simple Pierce-Miller oscillator circuits. 
For operation on 3 5MHz, L should have an inductance of approxi* 

mately 23PH; for 7MHz, 7 5MH. 

be kept scrupulously clean and dry and without any trace 
of grease. When necessary crystals can be cleaned with 
carbon tetrachloride or even with soap and water. 

Crystal Oscillator Circuits 
Almost any small receiving triode, tetrode or pentode 

valve may be used in a crystal oscillator. Solid state oscilla¬ 
tors are described on page 6.6. The use of a small valve is 
recommended since the power output must be limited in 
order to reduce the possibility of overheating and crystal 
fracture. 

The simplest possible circuits using a triode or pentode in 
Pierce-Miller arrangements are shown in Fig 6.2. In these 
circuits the reactance of the anode circuit causes feedback 
through the anode-to-grid capacitance with sufficient 
amplitude and in the correct phase to maintain oscillation of 
the crystal. 

As the anode tuning capacitance is reduced from its 
maximum value a point will be reached at which there is a 
sharp drop in the anode current. This denotes that the con¬ 
ditions for oscillation are being fulfilled and that the crystal 
is vibrating. At the lowest part of the “dip” the crystal will 
be vibrating at maximum amplitude. Continuing towards 
minimum capacitance, the feed current begins to rise again 
more gradually and the power output drops. When the 
oscillator is loaded, for example by the input resistance 
of a following stage, the dip in anode current is less marked 
than with the unloaded valve. Fig 6.3(a) shows how the 
feed current can be expected to vary with the tuning adjust¬ 
ment. 
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Fig 6.3. Variation of feed current with tuning adjustment in a 
crystal oscillator. When the circuit is not loaded the dip in anode 
current is very pronounced, but it becomes less marked when a 
load is applied. For stable operation the tuning should be adjusted 
to correspond approximately to the point A (or A1 when loaded). 

Oscillation is not, however, just a case of the magnitude 
of anode circuit impedance. Oscillation occurs in the vicinity 
of the resonant condition of the tuned circuit but only when 
it is inductively reactive at the operating frequency. The 
reflected impedance in the grid circuit, due to the Miller 
effect, then has a negative resistive component, ie power is 
fed back to sustain the losses of the grid circuit. When the 
anode circuit is capacitively reactive, the reflected impedance 
has a positive resistive component and oscillation is not 
possible. At the exact point of resonance the resistance is 
zero. This explains the sudden “flop” of the crystal oscillator 
as the anode circuit is tuned from an inductively reactive 
condition to a capacitively reactive one. The reflected 
resistive component is shown in Fig 6.3(b). 

With a triode valve (Fig 6.2(a)) in which the interelectrode 
capacitance between anode and grid is likely to be relatively 
high, and so gives more than adequate feedback, the anode 
voltage should be limited to between 100-150V for BT 
and similar low temperature coefficient cuts, with the power 
output level between 0-5-1W. If X cut crystals are 
employed, it is permissible to increase the applied voltage to 
250V, and the power output to 2-3W. However, when 
maximum stability is required, the power in the crystal 
oscillator should be kept to the lowest possible value consis¬ 
tent with adequate drive to the following stage; if the desired 
conditions cannot be achieved 
a buffer stage should be used 
after the crystal oscillator. 

With the pentode or tetrode 
version of the simple crystal 
oscillator shown at (b) in 
Fig 6.2 the ht supply 
can be increased without 
risk of damage to the crystal 
and the corresponding power 
output can be increased to 
a possible maximum of 5W 
with a suitable valve. 
This is because a pentode 
or tetrode has greater gain, 
allowing a reduction of the 
rf crystal current for a 
given output power. A further 
advantage is that the ampli¬ 
tude of the output can be 
controlled by varying the 

screen voltage with a suitable potentiometer. If there 
is very effective screening between the grid and anode 
circuits, the small capacitor C of l-2pF may be required 
to provide sufficient feedback to maintain oscillation. 

The rf current through an X-cut crystal may be monitored 
by means of a small low-current lamp in series with it, 
such as a 60mA lamp. Alternatively the current may be 
measured with a suitable thermocouple meter of about 
60mA full-scale deflection. AT-cut and BT-cut crystals are 
not suitable for such high currents and no convenient method 
is available to the amateur for current monitoring purposes. 
The most satisfactory technique, therefore, is to ensure that 
the condition whereby excessive current is obtained cannot 
arise by limiting the power input to the stage. A convenient 
method of quickly checking the power output of an oscillator, 
in the absence of better test equipment, is to couple a low-
power lamp to the anode-circuit inductor (or “tank” 
circuit) with a single-turn loop of wire: see Fig 6.4. The loop 
will absorb sufficient power from the anode coil to cause the 
lamp to light. 

Fig 6.4. A dial-lamp with a single turn loop of wire soldered to it 
will glow brightly when coupled to the coil in a tuned circuit in 

which rf power is present. 

The Pierce-Colpitts Oscillator 

In the Pierce-Colpitts oscillator, shown in Fig 6.5, the 
crystal operates at a frequency just below the parallel reson¬ 
ance frequency and its equivalent inductance resonates with 
the anode-to-earth and grid-to-earth capacitances. The 
simple untuned circuit shown in Fig 6.5(a) will oscillate 
with crystals of any frequency and is therefore convenient 
where widely different frequencies are to be used for various 
channels. However, if the crystal happens to have a spurious 

Fig 6.S. The Pierce-Colpitts crystal oscillator, (a) shows the simplest form of untuned oscillator 
In (b) the resonant circuit enables the fundamental frequency or harmonic output to be selected. 
The electron coupled circuit shown at (c) is especially useful for developing a large harmonic output. 
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TABLE 6.2 

Harmonic output voltage compared to crystal frequency and the 
order of the harmonic when employing a 6AG7 valve in the circuit 

of Fig 6.5 (c). 

Harmonic 
Fundamental Crystal Frequency 

37MHz 5MHz 11MHz 14MHz 

Second 
Third 
Fourth 
Fifth 
Sixth 
Seventh 

117 142 43 41 
58 71 26 25 
27 21 17 15 
21 16 10 9 
12 12 5 43 
7 7 3 — 

These voltages were obtained using an anode voltage of 250 volts. 

mode of high activity at a frequency differing from the 
desired frequency, this may be accidentally excited. The 
arrangement shown at (b) avoids this possibility by the use 
of a tuned circuit LC to select the desired frequency and at 
the same time gives appreciably greater output. An electron-
coupled circuit based on the untuned Pierce-Colpitts oscil¬ 
lator is shown at (c). Here the screen grid acts as the 
“anode” of the oscillator and electron coupling takes place 
through the earthed suppressor grid from the screen to the 
actual anode. It is dangerous to tune the output tank 
circuit LC to the crystal frequency, since the crystal current 
may then be excessive. Any desired harmonic can, however, 
be selected by suitably tuning the anode circuit. Measure¬ 
ments taken on a typical pentode valve indicate that har¬ 
monics up to the sixth are of useful magnitude and Table 6.2 
shows the voltages that can be expected. 

The Tritet Oscillator 
The triode-tetrode (tritet) circuit was intended mainly for 

the production of harmonics of the crystal frequency, but is 
now really only of classical interest. A complete practical 
circuit is shown in Fig 6.6: it must not be used with modern 
miniature crystals owing to the danger of fracture. 

An analysis shows it to be a form of tuned-anode/tuned-
grid oscillator. In this case the crystal constitutes the reso¬ 
nant grid circuit and LI Cl is the resonant feedback circuit, 
the effective anode being the screen grid (as in the electron-
coupled oscillator). Besides the feedback which occurs in 
the oscillator section, coupling takes place from the main 
anode circuit since current through this circuit passes also 
through the tank circuit L1C1 in the cathode lead. Feedback 
is therefore least when the stage is not loaded. 

The circuit is adjusted by first tuning the cathode capacitor 
Cl from its maximum value downwards; oscillation begins 
when L1C1 is tuned to the fundamental crystal frequency 
and is indicated by a drop in anode current. The anode 
circuit L2C2 is then tuned for minimum feed current at the 
chosen harmonic frequency (which should be verified with 
an absorption wavemeter); at this setting the power output is 
at its maximum. By increasing Cl slightly above the setting 
which gives minimum anode feed current, the crystal current 
will be reduced and the frequency stability improved. 

The value of LI is important; it must be so chosen that Cl 
is large enough at the required resonance frequency to act 
as a low-reactance bypass for the harmonic frequencies 
which may be generated in the anode tank circuit L2C2. A 
recommended arrangement is a 200pF variable capacitor in 
parallel with at least a lOOpF fixed capacitor. The addition 
of this fixed capacitance has the advantage that it will limit 

Fig 6.6. The tritet oscillator. The oscillator feedback circuit L1C1 
is tuned to approximately the crystal frequency, while the anode 
tank circuit L2C2 selects the desired harmonic frequency. Care is 
needed to avoid tuning L2C2 to the crystal frequency. If output 
is required at the fundamental the switch S must be closed to short-
circuit L1C1. Many different types of valve may be used, eg 6AG7 

or 5763. 

the tuning range and prevent the selection of a harmonic 
frequency with its associated heavy crystal current and the 
possibility of overloading caused by oscillation between the 
two tuned circuits. Output at the fundamental frequency is 
obtainable by short-circuiting LI Cl. The circuit is then 
identical with that shown at (B) in Fig 6.2. An important 
point to note is that the anode circuit must never be tuned 
to the fundamental frequency of the crystal without L1C1 
being short-circuited; otherwise there will be excessive crystal 
current owing to self-oscillation between the anode and 
cathode circuits. 

Greater power output can often be obtained by the use of 
a beam tetrode rather than a pentode. However, if the latter 
is preferred the suppressor grid should have an independent 
connection which must be directly earthed: a pentode in 
which the suppressor grid is internally joined to the cathode 
will not be satisfactory. Valves with good screening between 
anode and grid circuits are preferable. 

If it is inconvenient to allow the cathode of a tritet oscil¬ 
lator to be at a radio-frequency potential with respect to 
earth, the circuit may be rearranged as shown in Fig 6.7. 
The circuit then operates in exactly the same way as before, 
except that the electron coupling to the true anode is accom¬ 
plished without permitting the output current to pass 

Fig 6.7. Alternative 
circuit arrangement of 
the tritet oscillator 
shown in Fig 6.6. Here 
the cathode is main¬ 
tained at zero rf 

potential. 
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Fig 6.8. Harmonie crystal oscillator. Ample power output is avail¬ 
able on the fundamental and harmonic frequencies. Recommended 

valves: EF91,6AU6, EL91,6AM5 or similar. 

Crystal Frequency C1 C2 

2-4MHz 
4-16MHZ 

30pF 
22pF 

100pF 
47pF 

through the oscillator tuned circuit L1C1. At the harmonic 
frequencies, since the output current is not passed through 
the oscillator tuned circuit L1C1, slightly greater output can 
be expected than with the first arrangement. The usual 
precautions to avoid danger to the crystal should be observed. 

Colpitts Oscillator 

The circuit of the “harmonic” crystal oscillator, shown 
in Fig 6.8, appears to resemble that of the tritet oscillator. In 
fact, however, it is a modification of the Colpitts oscillator 
described on page 6.8; the “anode” of the oscillator section 
proper (ie the screen) is at zero rf potential and feedback 
takes place through the capacitors CI and C2. The anode 
circuit is electron-coupled to the oscillator section, and good 
power output at either the fundamental or a harmonic 
frequency can be obtained. No cathode tuning circuit is 
required, the purpose of the rf choke being to provide a 
de return path for the cathode current while at the same time 

Fig 6.». The Butler overtone oscillator. This circuit is primarily 
intended for use with crystals designed for overtone operation. 

allowing the cathode to take up the correct rf operating 
potentials. 

Overtone Oscillators 

The oscillator circuits described above produce vibration 
of the crystal plate in its fundamental mode. Any required 
harmonic output is then obtained by the non-linear operation 
of the valve, the harmonics being selected in the tuned-
anode tank circuit. Harmonic output can alternatively be 
obtained by making a crystal oscillate at an “overtone” of 
its fundamental. Theoretically the foregoing circuits could 
be adjusted to give overtone oscillation of the crystal itself, 
but it would in general be necessary to inhibit the tendency 
of the crystal to vibrate at the fundamental frequency; this 
may be difficult to accomplish with the circuits described. 

Fig 6.10. The Squier overtone oscillator. The circuit should resonate 
at the overtone frequency and most small triodes are suitable. 
The valve may be one half of a twin triode such as a 12AT7. Note 

that C resonates only with the upper portion of L. 

Usually, circuits which assist the overtone mode of opera¬ 
tion cause oscillation at the series-resonance frequency (of 
the overtone mode) and are typified by the Butler, Squier 
and Robert Dollar circuits: these are shown in Figs 6.9, 
6.10 and 6.11 respectively. Overtone oscillation is more often 
required for vhf applications where a large frequency¬ 
multiplication factor is wanted, and further information on 
these circuit types is therefore given in Chapter 1—VHF! 
UHF Transmitters. Nevertheless, the possibility of using 
overtone modes to assist in the avoidance of interference (for 
example, with television) at certain frequencies is suggested. 
The separation of the harmonics produced (compared with 
operation of the crystal at its fundamental frequency) is 
increased; the harmonics which are produced are multiples of 
the overtone frequency. 

When such an oscillator is adopted, care has to be taken 
in the design of the transmitter as a whole to ensure that none 
of the unwanted harmonics are eventually radiated. 

Fig 6.11. The Robert Dollar overtone oscillator. This circuit does 
not require the use of a tapped coil, and may be used with the same 

valves as the Squier oscillator. 
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Varying the Crystal Frequency 

There are two methods of varying the frequency of a crystal 
oscillator. One is mechanical and the other is electrical. 

The mechanical method requires an alteration of the 
dimensions of the crystal plate or its mass in some way. 
This generally involves the grinding of the surface to increase 
its resonant frequency or the loading of the vibrating part 
to cause a reduction of the frequency. Such changes to the 
plate must of course be regarded in general as permanent 
and irreversible. Crystal grinding, mentioned later in this 
chapter, requires great care and mistakes made through 
lack of skill can easily have disastrous results. The limit to the 
mechanical loading of a crystal is usually set by a gradual 
decrease of activity as material is added; for this reason a 
maximum reduction of about 25kHz is possible with a 
3-5MHz plate. Suitable loading material for a crystal is cold 
soft solder. It is gently and gradually rubbed into the two 
surfaces as evenly as possible near the plate centre; the 
activity should be checked at regular intervals, and in the 
event of a decrease in activity being noted no further loading 
should be attempted. Another material found suitable for 
this purpose is ordinary pencil-lead. 

In the electrical method, a reactance is connected in series 
with the crystal when the circuit is operated at the series¬ 
resonance crystal frequency, or in shunt with it for the 
parallel mode. The effects of such added reactances are 
summarized in Table 6.3. This electrical method is often 
useful for making slight frequency changes such as may be 
required to avoid temporary interference. The maximum 
adjustments possible are very small; for instance in the 
7MHz band the change will not be more than a few kilo¬ 
hertz. The limits of variation are set either by instability 
or by a complete lack of oscillation. 

Mixer Crystal VXO Circuits 

An increase in the frequency deviation obtained by 
varying crystal frequencies can be achieved by employing 
two separate crystal oscillators, one of which is tuned by a 
reactance which makes its frequency go If; the other is 
tuned by a reactance which moves the frequency in an hf 
direction. Such oscillators used in a circuit similar to that of 
Fig 6.12 will permit greater deviation to be secured, com¬ 
pared with a basic frequency crystal. 

If two oscillators arc used, one on 8-5MHz, the other on 
12MHz, and assuming that the 8-5MHz crystal is changed 
If by 1kHz per MHz, and the 12MHz crystal hf by 1kHz 
per MHz, the maximum alteration in frequency will be 
12 + 8-5 ~ 20kHz. 

General 

In many of the oscillator circuits described, the grid is 
connected to earth through a simple resistor. In some cases, 
an increase in output may be obtained by fitting an rf choke 
between the grid of the valve and the resistor but this must be 
done with care however because, in certain circumstances 
and particularly with a valve of high mutual conductance, 
self-oscillation may occur if the choke is of high Q. 

If the crystal fails to oscillate in some circuits it is possible 
for the anode current to rise to such a high level that the 
valve is destroyed. This can be avoided by fitting a resistor 
in the cathode circuit to provide sufficient bias to limit the 
anode current to a safe value in case of crystal failure. It is 
essential to bypass such a resistor for rf. 

+25OV 

Fig 6.12. Low-level mixing circuit for a vxo showing typical values 
for a 6SA7. The values of L1 and C1 are similar to those for a normal 

tank circuit. 

When using pentode or tetrode valves as oscillators, the 
screen voltage should be derived from a potential divider 
rather than the usual series dropping resistor. For best 
stability, however, both anode and screen voltages for 
oscillator valves should be obtained from a stabilized source. 
Electronically regulated supplies are preferable to those 
depending on simple voltage regulator tubes. 

Keying of any oscillator is seldom satisfactory but when 
it is necessary the crystal oscillator must receive special 
attention. First, the crystal itself must be of high activity: 
an inactive crystal is likely to produce chirp due to changes in 
frequency as oscillation commences. Secondly, the oscillator 
must be lightly loaded and the crystal current kept as low as 
possible. DC keying was popular at one time, the usual 
method being to do so in the cathode lead. This is a dan¬ 
gerous practice from the point of view of the lethal voltage 
that may exist across the key as well as overstressing the 
heater/cathode insulation. A better method is to employ 
grid block keying in which a high negative voltage sufficient 
to bias the valve to cut-off is applied under key-up conditions. 
When the key is closed, the negative supply is short-circuited 
to earth, thus allowing the oscillator to function normally. 
A high resistance in series with the negative supply limits the 
current under key-down conditions and protects the opera¬ 
tor. 

Information on keying and control methods is given in 
Chapter 8—Keying and Break-in. 

Solid State Crystal Oscillators 

The basic triode crystal oscillator circuit configurations 
may be transistorized with the advantages of much lower 
power consumption and heat dissipation. A few typical 
examples are shown in Figs 6.13 to 6.19. 

TABLE 6.3 

Effect on Crystal Frequency of Adding External Reactances 

Reactance Added 
Series¬ 

resonance 
Frequency 

Parallel¬ 
resonance 
Frequency 

Capacitance in series 
Capacitance in parallel 
Inductance in series ... 
Inductance in parallel 

Increased 
Unaltered 
Lowered 
Unaltered 

Unaltered 
Lowered 
Unaltered 
Increased 
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Fig 6.13. Oscillator suitable for a wide range of crystals. 

Fig 6.15. A 1-lOMHz crystal oscillator. 

Fig 6.16. Crystal oscillator suitable for 10MHz operation. 

Fig 6.19. An fet oscillator for FT241 crystals (400-5001« Hz). 

VARIABLE FREQUENCY OSCILLATORS 

Although the crystal oscillator is the most simple, stable 
and satisfactory device for providing accurate frequency 
control, it suffers from the obvious disadvantages of fixed-
frequency operation, particularly on congested amateur 
bands where the operating conditions change from minute 
to minute. A variable frequency oscillator (vfo) is now 
essential for most if not all of the hf amateur bands. The 
frequency-determining circuits of such an oscillator consist 
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of ordinary inductances and capacitances, either or both of 
which may be variable. Special care must be taken to 
eliminate all possible cause of unwanted frequency variation. 

A vfo of good design should give a frequency stability 
comparable with that of a crystal oscillator. Some idea of the 
stability desirable may be obtained by considering the follow¬ 
ing example. A sudden frequency variation of 50Hz when 
operating in a congested cw band can cause the signal to be 
lost or its intelligibility to be severely reduced if the narrowest 
receiver passband is in use: on the 21 MHz band this varia¬ 
tion would correspond to only one part in 400,000 of the 
transmitted frequency. 

Basic Types of VFO 

Many different vfo arrangements have been developed, 
but when analysed they arc found to be modifications of a 
few basic circuits. The modifications are introduced with 
practical aspects in view; eg to allow the earthing of one 
end of the tuned circuit or to improve the stability. 

An oscillator is essentially a tuned amplifier in which some 
of the output voltage is fed back to the grid 180 degrees out 
of phase with respect to the anode voltage. The appro¬ 
priate feedback may be obtained either by mutual inductance 
between the anode and grid circuits or by capacitive coupling 
between parts of the circuit at which the current phase and 
voltage relationships exist for positive feedback to occur. 
Four basic oscillators are shown in Figs 6.20 (the Hartley), 
6.21 (the tuned anode tuned grid), 6.22 (the Colpitts) and 
6.23 (the Franklin). 

Fig 6.20. Basic electron-coupled Hartley oscillator. 

In the Hartley oscillator, Fig 6.20, feedback is achieved by 
connecting the cathode of the valve to a tap on the tuned grid 
circuit. As the anode current also flows through the cathode 
of the valve, this arrangement effectively allows part of the 
rf output current to flow through the tuned circuit in phase 
with the grid circuit current. Alternatively the oscillator 
can be considered as having grid and anode connected to 
opposite ends of a tapped tuned circuit, at which points 
the voltages are in antiphase. The degree of feedback is 
determined by the position of the tap and will clearly be zero 
if it is at either end of the coil, or maximum if near the centre. 
In practice, it is normal for one quarter to one third of the 
total turns to be included between cathode and earth. 

The tuned anode tuned grid oscillator, Fig 6.21, is similar 
to the Pierce-Miller crystal oscillator of Fig 6.2(a). When 
the anode and grid circuits of the tatg (sometimes known 

Fig 6.21. Tuned anode tuned grid oscillator. 

as a tptg) are tuned to the same frequency, feedback occurs 
through the internal capacitance of the valve from anode to 
grid. This simple oscillator is no longer used in practice 
but its principle of operation should be borne in mind. 

The cathode of the valve in the Colpitts oscillator, Fig 
6.22, is connected to a capacitive tap across the grid tuned 
circuit provided by Cl and C2. The feedback arrangement 
is therefore similar to the Hartley. Capacitor C2 is bypassed 
for de by the rf choke. 

The basic Franklin oscillator shown in Fig 6.23 is very 
similar to a conventional resistance-capacitance coupled 
amplifier with the addition of two capacitors to provide feed¬ 
back. Disregarding the tuned circuit, the feedback path is 
formed by the two 5pF capacitors in series connected between 
the input of the left-hand triode and the output of the right¬ 
hand valve. A parallel tuned circuit is connected between 
these two capacitors and earth. At frequencies other than 
the resonant frequency of this tuned circuit there is a short-
circuit to earth across the feedback path but at resonance 
there is a high impedance to earth. Oscillation will therefore 
only occur at the resonant frequency of the tuned circuit. 

The circuit of the so-called cathode coupled oscillator is 
shown in Fig 6.24 which first appeared in CQ Magazine 
in April 1960. The circuit is very tolerant of high C opera¬ 
tion, a useful feature where a wide range oscillator is required. 
However, under certain conditions the circuit may squeg, 
particularly if the grid coupling capacitor is increased much 
beyond the suggested lOpF. A small non-inductive resistor 
of 10 to 500 in the grid will prevent this and enable a 
nearly constant output to be obtained over several bands 
without altering the grid capacitor. 

47OH-4.7K 

Fig 6.22. Basic electron-coupled Colpitts oscillator. 
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The ht bypass C3 should be connected directly between 
the “free” anode of the valve and the earthing point of the 
oscillator to ensure low harmonic output. For harmonic 
suppression, the series inductance of the capacitor is more 
important than its actual value and it is worth trying different 
physical types. For example, a cylindrical paper capacitor, 
particularly if in an earthed metal casing, may be found 
superior to a silvered mica type whereas with different makes 
the opposite might be true. Hi-Ä" ceramic types seem to be 
unsuitable for this application. A combination of different 
types sometimes proves satisfactory. A 5kf2 resistor 
in the “free” anode circuit may also prove helpful in 
eliminating harmonics. 

Fig 6.23. Basic Franklin oscillator. 

In these basic types of oscillator or in any of their modi¬ 
fications the frequency stability is limited primarily by the 
stability of the frequency-determining tuned circuit and also 
by the effect of the valve and other components associated 
with it: other factors such as the operating voltages and 
currents and the loading of the oscillator are likewise impor¬ 
tant. All these design problems require close and careful 
study if satisfactory performance is to be achieved. 

Tuned-circuit Stability 
To ensure the highest stability over both long and short 

periods the primary requirement is that the frequency¬ 
determining tuned circuit shall be in every way of a high 
standard. Mechanically, it must be perfectly rigid since 
any vibration or displacement of the various parts of the 

Fig 6.24. The so-called cathode coupled oscillator. V1 may be a 
6J6 or 6SL7GT. It will be seen that the circuit is very similar to the 

standard Franklin oscillator. 

tuned-circuit assembly will cause variations in the effective 
inductance and capacitance and therefore in the oscillator 
frequency. To overcome these effects, the whole oscillator 
(in particular the items associated with the tuned circuit) 
must be made as mechanically rigid as possible. It is prefer¬ 
able to construct the oscillator in a die-cast box, which gives 
sufficient strength for most amateur purposes and at the 
same time screens the vfo from external fields. The wiring 
should be of stout gauge (16swg or thicker). 

The tuning capacitor must be of low-loss construction, 
preferably with ceramic insulation for the stator supports and 
with bearings for the rotor which prevent any tendency 
towards wobble or backlash. The electrical connection to 
the rotor should be made separately through a spring 
contact—or a pig tail—in order to avoid the introduction of 
spurious resistance paths through the bearings, which can 
cause frequency scintillation—small random changes in fre¬ 
quency. Since the capacitance of a variable capacitor depends 
not only on the area of the fixed and moving plates exposed 
to each other, but also on the spacing between them, it is 
advisable to employ a tuning capacitor with widely spaced 
plates. Like any other item, heat will cause expansion in the 
tuning capacitor, and the resulting capacitance change will be 
far less in a unit with widely spaced plates compared to one 
in which the plates are physically close. The capacitor must 
also be selected with regard to the nature of the dielectric 
supporting the fixed plates from the main frame, for con¬ 
sideration will show that this dielectric is directly across the 
tuned circuit when this is a parallel configuration, and across 
the capacitor itself in a series tuned arrangement. High grade 
ceramic or preferably ptfe must be used for these supports. 
Materials such as paxolin and Bakelite are quite unsuitable. 
To reduce rf losses to the minimum, it is desirable that the 
plates themselves should be good conductors viz copper or 
aluminium. 

The coil should be wound in such a manner as to make any 
movement of its turns virtually impossible. Apart from the 
use of grooves in the former, sufficient rigidity can be 
achieved by winding the wire under tension. 

There is an increasing tendency to employ physically small 
coils in oscillator circuits, and to fit these with ferrite cores 
in order to achieve the desired inductance. Such a procedure 
is satisfactory so long as the ferrite material is not subject to 
a high coefficient of expansion, and the core itself is firmly 
locked in place. If such coils are used and frequency drift 
is noted above that which may reasonably be expected, a 
change of ferrite core type may well result in a substantial 
improvement in frequency stability. 

Changes in the values of the tuned circuit components are 
not the only source of frequency drift. Instability in the 
values of other components or changes in the interelectrode 
capacitances of the valve may produce capacitance changes 
across the tuned circuit or result in an alteration in the 
working point of the valve, both of which can cause the 
operating frequency to be unstable. 

Circuit Q 

An important factor in the maintenance of frequency 
stability is the loaded Q of the frequency controlling circuit, 
the stability being improved with increase of Q. This is 
because in a high Q circuit the phase change of the voltage 
existing during oscillation across the circuit varies with 
frequency more rapidly than in low Q circuits. Thus, in 
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the high Q case, random phase changes in the oscillator 
feedback path are cancelled out by smaller changes of 
frequency than in the low Q case. 

The loaded Q value of the tuned circuit may be improved 
by reducing the losses in its components, the chief loss 
usually occurring in the coil. Therefore coil formers, which 
may be ribbed, should be made of low loss material (eg 
ptfe, polystyrene or ceramic) and the wire must be copper; 
Litz wire is useful at frequencies below 1MHz. A specific 
shape can be found which gives highest coil Q. 

The coil should be situated at least 1-1-5 coil diameters 
away from metal screening or other components to prevent 
loss of energy and subsequent lowering of Q due to induced 
eddy currents and dielectric losses. Other items associated 
directly or indirectly with the tuned circuit such as padding 
capacitors, insulators and so forth must be of high grade 
material, as any dielectric losses will be reflected in a reduced 
circuit Q. Capacitors should be of air or mica dielectric 
except for any necessary temperature-compensating ceramic 
capacitor. 

In the practical oscillator the frequency controlling circuit 
must be coupled to the oscillator valve. The effect of this 
is to reduce the overall Q of the circuit by an amount depend¬ 
ing on the degree of coupling. The coupling should therefore 
be small. For a given amount of loading, however, the Q of a 
tuned circuit is proportional to the CIL ratio, which should 
consequently be as great as possible. In fact the CIL ratio is 
usually chosen as a compromise between greatest ratio and 
the ability to tune over the required frequency range using 
components of convenient value. 

Apart from the improvement in loaded Q value obtained 
through the use of high CIL ratio in the oscillator tuned 
circuit, the effect of changes in the valve interelectrode 
capacitances due to extraneous influences is considerably 
reduced, as the ratio of valve capacitance to total circuit 
capacitance is very small and as a result is less capable of 
varying the resonant frequency. 

Reduction of oscillator loading as a means of improving 
the circuit Q is exemplified by the Franklin oscillator (see 
Fig 6.23). In this oscillator the two valves are extremely 
loosely coupled to the tuned circuit through two very small 
capacitors. 

In another type of oscillator the connections from the 
valve electrodes are tapped down the coil (example: Fig 6.25) 
thus reducing the loading effect of the valve on the circuit 
and the influence of the interelectrode capacitance on the 
resonant frequency. 

All other things being equal, the most stable oscillator 
will be that in which the loosest coupling exists between the 
tuned circuit and the valve, or a circuit in which the 
capacitance across the tuned circuit is extremely large in 
proportion to any likely external capacitance changes. 

The valve, because of its non-linearity, will generate 
harmonics of the oscillator frequency. These can inter¬ 
modulate with each other producing fundamental compo¬ 
nents in random phase relationship with the original funda¬ 
mental component. The presence of these spurious com¬ 
ponents will produce instability of the frequency but their 
effect can be considerably reduced by employing high Q 
circuits which by virtue of their selectivity prevent them being 
fed back to the grid circuit. 

It is also possible for the frequency to change if funda¬ 
mental components are fed back to the oscillator from high 
power stages of the transmitter. Since these will change in 

Fig 6.25. Method of increasing the stability of the Hartley oscillator 
by tapping the grid connection down the tuned circuit. 

amplitude with keying or modulation they will combine with 
the existing fundamental component and the resultant will 
change in phase. The oscillator will then alter frequency so 
that the loop phase shift is zero. Such frequency changes can 
sometimes be of the order of 100Hz or more. The solution 
is effectively to screen the complete oscillator unit and bypass 
and filter all supply leads including the heater. 

Avoiding Temperature Effects 

Temperature variations can produce a considerable change 
in the resonant frequency of a tuned circuit. The effect of a 
temperature change upon the coil in such a circuit is to cause 
an expansion or contraction of the former and wire with a 
consequent change in inductance and resistance values. Both 
of these values normally increase with the temperature. 

The various parts of the tuning capacitor assembly will 
likewise contract and expand and the amount of the resultant 
change in capacitance will depend on the type of construc¬ 
tion. In general it is found that the resonant frequency of an 
ordinary tuned circuit comprising a parallel-connected coil 
and capacitor has an effective negative temperature coefficient 
of 50-100 parts/million/°C. 

The most obvious method of avoiding the frequency drift 
caused by temperature variation is to remove the tuned 
circuit from all sources of heat. The tuned circuit should be 
located in a part of the equipment well away from valves 
(which can radiate a large proportion of their wasted power) 
and high-wattage resistors. It is preferable to place the circuit 
within its own compartment, and if this is brightly polished 
on the outside any unavoidable heat will be reflected away 
from the surface. 

The second method, which is in common use owing to the 
difficulty of preventing all heat from affecting the tuned 
circuit, is to compensate the frequency variation by means of 
capacitors having a suitable negative temperature coefficient. 
When these are connected across the tuned circuit in their 
correct capacitance proportions, any temperature rise will 
tend to cause them to increase the resonant frequency, 
whereas in the remainder of the circuit the effect of the tem¬ 
perature rise is to lower the frequency. The result is that the 
frequency stays almost constant, ie the overall temperature 
coefficient of frequency is reduced almost to zero. To obtain 
a required tuning range with a given variable tuning capaci¬ 
tor it is necessary to connect a fixed capacitance of suitable 
size across the tuned circuit, and a selected proportion of this 
capacitance may conveniently be of the negative temperature 
coefficient type. The compensating capacitors themselves are 
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Fig 6.26. Temperature compensating circuit employing a differential 
capacitor. 

usually of the tubular wire-ended ceramic type and are avail¬ 
able in almost any nominal value of capacitance with several 
different values of temperature coefficient. 

Selection of the correct value of compensating capacitor 
can be a laborious task. An ingenious solution to the problem 
is shown in the circuit of Fig 6.26 in which a positive 
temperature coefficient capacitor and a negative coefficient 
capacitor of the same value are connected to the two arms 
of a differential capacitor. It is convenient to make both 
fixed capacitors the same value and by varying the differen¬ 
tial capacitor the temperature cofficient may be adjusted 
precisely. The total capacitance “seen” by the tuned circuit 
will vary as the differential capacitor is adjusted (max. in mid¬ 
position) but this can be compensated by adjusting the band¬ 
set capacitor. The “Tempatrimmer” manufactured by 
Oxley Industries is a commercially available component 
performing the same function as the arrangement of Fig 6.26. 
Furthermore, if the oscillator is operated at a low power level 
there will be less difficulty in preventing a temperature rise 
in the tuning circuit due to heat from the valve. There will 
also be less heat developed in the tuning circuit itself (arising 
from rf losses), but in any case this is likely to be quite small 
compared with the amount of heat which reaches it from 
the valve. 

Power-supply Variations 

Variations in the supply voltages to the oscillator valve 
can alter its interelectrode capacitances and other parameters. 
Details of suitable methods of stabilizing the power supply 
voltages are given in Chapter 16—Power Supplies. Changes 
in heater voltage generally produce negligible variation of 
frequency, but their effects should not be ignored. 

Loading Effects of Following Stages 

The loading effect on the oscillator of the buffer or 
frequency-multiplying stages which follow it causes reactive 
and resistive components to be reflected into the frequency¬ 
determining circuit of the oscillator. The reactive com¬ 
ponents cause direct frequency variations while the effect 
of resistance across the resonant circuit is to decrease its 0, 
thereby reducing the inherent frequency stability. Moreover, 
rf voltages may be fed back from the succeeding stage. 
These voltages, the amplitudes of which depend upon the 
power output, and the tuning adjustments of other parts 
of the transmitter, will affect the calibration and the stability 
of the vfo. 

For maximum stability the coupling to the following stage 
must therefore be as loose as possible consistent with the 
required drive being obtained. 

The only way in which frequency variations due to changes 
in loading can be overcome is by the use of adequate buffer 
amplifier stages after the vfo. It is not possible to remove 
all loading from the vfo since it must supply some power 
to the following stage, but it is possible to arrange the loading 
on the vfo so that the frequency stays sensibly constant. 
The following stages then supply the required drive power. 
It is strongly recommended that the vfo should be 

followed by an untuned class A buffer amplifier or a cathode 
follower, as shown in Fig 6.27. Both of the circuits shown 
in Fig 6.27 present a very high impedance to the oscillator 
stage, and feedback from subsequent stages is at a satis¬ 
factorily low level. 

The circuit is that of a pentode amplifier operating in 
class A giving a high degree of isolation. For maximum 
efficiency, the output from the anode to the following 
stage should use the shortest possible lead length, and 
for preference be no longer than the wires on the lOOpF 
coupling capacitor. To ensure that the stage operates under 
class A conditions when connected to the vfo the connec¬ 
tion between the earthy end of the 470kQ grid resistor 
and the chassis should be broken, and a 0-500;uA meter in¬ 
serted. With both the vfo and the buffer stage operating, 
the meter should be checked for any signs of grid current. If 
current is present, then the lOOpF coupling capacitor in the 
grid circuit must be reduced in value to the point where grid 
current ceases. 

Alternatively the cathode voltage of the class A amplifier 

Fig 6.27. Methods of isolating the vfo from 
loading effects. The untuned class A amplifier 
shown at (a) provides a useful amount of gain 
besides affording adequate isolation. In the 
cathode follower (b), the impedance pre¬ 
sented to the previous stage is very high 
while the output impedance is very low (eg 
about 100Q): the voltage gain is, however, 
less than 1. In view of the low output impe¬ 
dance, the cathode follower is well suited for 

feeding into a coaxial line. 
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may be monitored and the coupling from the oscillator 
reduced to the point where disabling the oscillator causes no 
change in amplifier cathode voltage. 

Although the gain of the cathode-follower circuit shown 
at Fig 6.27(b) is less than unity, the degree of isolation 
between input and output circuits is extremely high. The 
output impedance is quite low (approximately equal to l/gm, 
where gm is the mutual conductance at the operating point 
of the valve used); a typical value is 100Í1. It is therefore 
possible to feed the output directly and without serious 
mismatch into the low-impedance coaxial cable which 
can then supply the main transmitter at a point remote 
from the vfo unit. 

VFO Design Recommendations 
The rules for the avoidance of frequency drift and other 

variations in a vfo may be summarized as follows: 
(a) Ensure complete rigidity and strength of the mechani¬ 

cal structure and wiring. 
(b) Protect the tuned circuit from the effect of heat sources 

such as valves and resistors. 
(c) Construct the tuned circuit and associated oscillator 

components of material having the lowest rf losses. 
(d) Avoid draughts across the tuned circuits. 
(e) Operate the oscillator at the lowest possible power 

level. 
(/) Provide stabilized ht to the valve. 
(g) Use a buffer amplifier and/or cathode follower to 

minimize the loading effect of the subsequent stages. 
(h) Screen and decouple all the circuits to prevent the 

pick-up of rf energy from higher-power stages. 
(i) Operate the oscillator on a sub-multiple of the output 

frequency or alternatively use an oscillator-mixer 
system. 

(j) Use heat dissipating valve screens. 
(k) Operate the oscillator or tuned circuit at a fixed 

temperature (above maximum ambient) by means of 
an oven and thermostat. 

Selecting the Frequency of the VFO 
It is usually advantageous to operate a vfo on a relatively 

low frequency since, first, the stability in terms of frequency 
is improved as a consequence of the diminished effect of the 
various factors causing frequency variations and, secondly, 
it can facilitate multi-band operation. Owing to the harmonic 
relationship between the various amateur bands the output 
of an oscillator working on a suitable low frequency can be 
frequency-multiplied to produce the required drive voltage 
in one or more of the higher-frequency bands. The multiplica¬ 
tion is usually effected in separate stages, but often it can be 
arranged within the vfo unit itself. In many amateur stations 
a vfo covering the range F75-20MHz is found to be a very 
convenient means of providing multi-band frequency 
control. It is not generally satisfactory to operate the 
oscillator on the final carrier frequency. 

VFO Bandspread 
It is desirable that the whole of the amateur band to be 

covered by the oscillator should be spread across the full 
width of the tuning dial. In this way the operating frequency 
can be quickly read, adjustment made easier, and the danger 
of out-of-band operation reduced. To produce the required 
bandspread, the tuning capacitance is usually made in the 

form of fixed (or pre-set) capacitance plus a small variable 
capacitance just sufficient to vary the frequency over the 
desired range. The necessary values may be determined by 
experiment or from simple calculations. 

If for example a transmitter were being constructed for the 
28MHz-29-7MHz band, and the vfo was to operate in the 
3-5MHz region, the frequency multiplication required in the 
transmitter would amount to eight times (3-5MHz X 8 = 
28MHz). Thus to cover 28MHz-29-7MHz the vfo would 
need to tune from 3-5MHz to 3 7128MHz. In practice this 
would probably be adjusted to 3-49MHz to 3-72MHz to 
give about 10kHz overswing at each end. Similar calcula¬ 
tions can be made for other bands. 

One of the most satisfactory types of slow-motion drive for 
a bandspread tuning capacitor is the friction type with a ratio 
between 6 : 1 and 9 : 1 or the gear type. Frequency changes 
can then be made swiftly and the setting accuracy should be 
adequate, provided that a suitably marked dial is used. The 
dial may show ordinary scale divisions (0-100 or 0-180) but 
it is far more convenient to have a dial which has been 
directly calibrated. The frequency can then be read instantly 
and the risk of error that is always present in the use of a 
separate calibration chart is avoided A particularly suitable 
slow motion drive and dial for the de-luxe transmitter is the 
Eddystone type 898. 

Appraisal of a Newly Constructed VFO 
As the vfo is the heart of the transmitter it is important 

that it should be thoroughly tested before the transmitter is 
put on the air. The following is intended as a guide to the 
procedure to be adopted when testing a vfo for the first 
time. 

(a) The unit should be installed in position in the trans¬ 
mitter or chassis of which it is intended to form part. 

(b) The buffer stage should be connected and suitably 
dummy loaded. 

(c) It may be useful to monitor ht current and this may 
be conveniently done by measuring the voltage 
across a series resistor in the ht lead. In the absence 
of such a resistor it will be necessary to break into 
the ht lead and measure the current directly. 

(d) Apply power and observe that the ht current is of a 
reasonable value. 

(e) A check may be made that the unit is oscillating by 
touching the grid lead of the valve and observing 
that the anode current increases. 

(/) It is now necessary to determine the approximate 
fundamental frequency of oscillation; for this 
purpose a calibrated absorption wavemeter should 
be used. Find the strongest signal using the absorp¬ 
tion wavemeter and tune well to either side of this 
signal in order to ensure that it is the fundamental 
output of the oscillator. 

(g) If necessary, adjust the oscillator frequency to the 
required value determined by the absorption wave¬ 
meter, using the band-set capacitor. The position 
of the tuning capacitor should be appropriate to the 
chosen frequency, ie it should be fully meshed if 
the chosen frequency is maximum If and vice versa. 

(h) Depending on the accuracy of the absorption wave¬ 
meter used, it may be possible to use it to determine 
the bandspread to a first approximation; otherwise 
a crystal calibrator must be employed. 
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O') It may now be convenient to determine the stability 
of the oscillator; the oscillator should be tuned to 
zero beat with the signal from the crystal calibrator 
and the drift measured over a period. 

(j) Should the circuit include adjustable temperature 
compensation based on the Oxley “Tempatrimmer” 
capacitor then adjustments may be made to reduce 
the drift to acceptable limits. A hairdryer is a useful 
tool at this juncture since accurate setting of the 
temperature compensation may be a long and 
tedious process without accelerated warm-up. 

(k) The components normally employed in vfo circuits, 
for instance air spaced capacitors for tuning, band¬ 
set and band-spread, silvered-mica capacitors for the 
fixed values and valves all have positive temperature 
coefficients. A small amount of negative tempera¬ 
ture coefficient compensation is therefore usually 
required. If capacitors employing other dielectrics 
are used note should be taken of their temperature 
coefficients so that appropriate compensation can 
be arranged. 

(/) The purity of note should next be checked by listening 
to the vfo on a receiver. The presence of supply mains 
frequency modulation would normally indicate 
cathode heater leakage in the oscillator or buffer 
valve and x2 mains frequency modulation would 
indicate inadequate smoothing of the ht supply. 
Modulation at other frequencies is probably attri¬ 
butable to the presence of parasitic oscillations. 

(m) A useful check for parasitic oscillations, apart from a 
wide range sensitive absorption wavemeter, is to 
monitor the ht current to the vfo while tuning 
over its full tuning range. Sudden changes in ht 
current usually indicate the presence of parasitics. 

(n) Should evidence of parasitic oscillations be found, 
reference should be made to page 6.36. 

(o) Having achieved satisfactory operation of the vfo 
to this stage of testing, accurate calibration may be 
carried out using the crystal calibrator. 

As a practical criterion of stability, a fundamental 5MHz 
vfo which drifts no more than 50Hz/h under average shack 
conditions may be considered to be good. 

Frequency Measurement 

If a digital frequency meter is not available then the 
following beat method may be employed. 

While it is not essential to measure the frequency of the 
beat note between the vfo and the reference standard, it 
does permit some assessment of the effects of alterations. 

If an oscilloscope and a variable frequency audio oscillator 
are available they can be used to determine the frequency of 
the beat notes (see Chapter 18—Measurements). Not all 
workshops have a variable frequency audio oscillator and an 
oscilloscope. In such cases a somewhat less accurate method 
can be adopted. This involves the use of a meter arranged 
in a circuit in such a manner that its deflection is propor¬ 
tional to the applied frequency, so allowing the beat frequency 
to be read directly. 

Although not of extremely high accuracy, a simple direct 
reading frequency meter does have the advantage that the 
frequency change taking place over a given period can be 
instantly seen without the manipulation of controls. The 
circuit of such a frequency indicator is given in Fig 6.28. 
This instrument is provided with three ranges, the full scale 
deflections of which are 0-100Hz, 0-1 kHz, and 0-10kHz. 

The transistor functions as a limiter amplifier, the output 
of which is differentiated by one of the three capacitors 
associated with the range switch, resulting in a train of 
positive and negative going pulses. The negative pulses are 
clipped by the diode DI, the remaining positive pulses 
being fed to the metering circuit where they are integrated 
by the capacitor Cx. The voltage thus developed across Cx 
is linearly proportional to frequency and the meter measuring 
the voltage may therefore be calibrated directly in hertz. 

It is most essential that the input to this circuit be 
sufficient to allow the transistor to be driven into limits, 
as otherwise the meter readings may be incorrect. Approxi¬ 
mately 2V peak-to-peak is needed. A minor disadvantage 
of this device is that the indications are not accurate below 
about 5 per cent of the frequency range in use and thus while 
the lowest range claims 0-100Hz, frequencies lower than 
5Hz should not be taken seriously. Consistent accuracy is 
maintained on all readings which are above 10 per cent of 
full scale deflection. 

To calibrate the instrument the range potentiometers 
should first be set to maximum resistance. On Range 1 the 
output from the 6-3V winding of a mains transformer 
should be applied to the input and the range potentiometer 
adjusted so that the meter reads half scale. Range 2 can be 
calibrated against either the BBC tuning signal of 440Hz 
or the 1000Hz tone duration transmitted by MSF. An 
audio generator is needed to calibrate Range 3. 

VFO CIRCUITS 

Many different types of circuit are in common use, each 
one having its own particular merits. Many of the arrange¬ 
ments described here will be found satisfactory for use in 
amateur equipment. 

Fig 6.28. A direct reading fre¬ 
quency indicator suitable for the 
determination of the frequency of 
beat notes in the range 5Hz to 
10kHz. The 50mA meter may be re¬ 
placed by a 100mA meter; if this is 
done the 100kQ range setting 
potentiometers must be reduced 
in value to 50kQ each. A silicon 
transistor such as BC10T may be 
substituted if the supply polarity 

is reversed. 
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Fig 6.29. Two versions of the Hartley 
circuit. In (A) the output works into 
an rf choke, while in (B) a tuned 
circuit is employed resulting in a 
higher output level. For operation in 
the 3-5MHz range, L1 will be about 
4mH, C2 (composed of a combination 
of fixed and variable capacitors in 
parallel to achieve the desired value), 
will total about 500pF, and C1, the 
tuning capacitor, 150pF. An EF91 
(6AM6) or similar small pentode with 
separate suppressor grid is suitable. 
The ht voltage must be stabilized. 

The Electron-coupled Oscillator 

In this oscillator a pentode valve is used in such a way 
that the screen and control grids correspond to the anode 
and grid respectively of a triode. Electron flow through the 
valve is controlled by the action of this triode oscillator and 
the anode current, ie the current in the output circuit is 
therefore caused to vary in an oscillatory manner, although 
there is no direct coupling between the output circuit and 
the oscillator circuit. A marked reduction in the loading 
effect on the frequency determining circuit is thus obtained. 
A popular version of this circuit is shown in Fig 6.29. The 
anode circuit may be untuned as shown at (A) or alternatively 
the desired output frequency, which may be the fundamental 
or a harmonic, may be selected by means of the tuned circuit 
as shown at (B). 

Generally the highest order of harmonic that can be used 
is the second or third (because of the very small amplitude 
of higher orders) and since frequency pulling (ie interaction 
of tuning adjustments of the two circuits) is considerably 
less with harmonic operation than with the output at the 
fundamental frequency, it is desirable to use harmonic output. 
A valuable property of the electron-coupled oscillator circuit 
is that the frequency variation for a given change in anode 
voltage is found to be of opposite sign to that caused by a 
similar change of screen voltage as shown in Fig 6.30. 

If the relative values of these two voltages are carefully 
chosen the effect of one electrode can be made to balance 
that of the other over quite a large range when the two 
voltages are supplied from a common source. An important 
feature to note is that a pentode which has its suppressor grid 
internally connected to the cathode is unsuitable for the eco 
type of circuit since the cathode is at rf potential to earth. 
If the same rf potential is allowed to appear on the suppressor 
grid, direct capacitive coupling between the oscillator section 
and the output anode circuit will exist. A valve with a 
separate connection to the suppressor grid must therefore 
be chosen so that it can be earthed. 

The presence of oscillation is indicated by a rise in the 
anode current when the grid terminal is touched. When the 
circuit is oscillating, the feed current should be not less than 
half the non-oscillating value in the case of an untuned 
anode circuit. It can be altered by varying the gridleak 
value and the cathode tap position. The latter should be 
placed as near to the earth end of the coil as possible; 
usually about one-third of the total number of turns from 
this end is found to be a suitable position. A further refine¬ 
ment to this circuit is to tap the grid connection down 

the tuning inductance as shown in Fig 6.25, thus reducing 
the loading thereon and improving the 0-value. The electron-
coupled oscillator gives probably the highest output of all 
the vfo circuits consistent with high stability and good tone 
quality. It can therefore be recommended safely to the 
newcomer to vfo techniques. 

The Gouriet Clapp Oscillator 

The circuit of the Clapp oscillator, which was originally 
devised by G. C. Gouriet of the BBC, is shown in Fig 6.31. 
It closely resembles that of the Colpitts oscillator. The 
important difference is that a small capacitor Cl is inserted 
in series with the tuning inductance LI (which is made corres¬ 
pondingly larger so as to resonate at the required frequency), 
while the capacitors C2 and C3 constitute the feedback 
system and are of the order of lOOOpF each. Because they 
are connected across the valve electrodes, any capacitance 
variations within the valve itself become negligible in 
comparison. The whole arrangement may be compared with 
a crystal oscillator, since as previously explained the crystal 
has an equivalent circuit consisting of a very high inductance 
in series with a small capacitance in one arm in parallel with 
a second arm comprising a relatively large capacitance. The 
inductive reactance of the first arm in combination with the 
capacitive reactance of the second arm then causes the 
circuit to oscillate in the parallel-resonant mode. In a Clapp 

Fig 6.30. Variation of frequency of an electron-coupled oscillator 
with electrode voltages. When the screen and anode voltages are 
varied simultaneously the effect on the frequency is very much less 

than that caused by varying either of them alone. 
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Fig 6.31. Fundamental circuit of the Gouriet-Clapp oscillator, 
from which its similarity to the Colpitts oscillator may be seen. 

oscillator the first arm of the resonant circuit consists of Li 
and Cl in series, while the second arm is the series combina¬ 
tions of C2 and C3. 

The tuning control is effected by the small variable 
capacitor Cl. Satisfactory performance can only be obtained 
over a frequency range of about 1-2:1 because the power 
output diminishes rapidly as the series capacitance is reduced. 
This range is, however, more than enough to cover any of 
the amateur bands. 

A practical circuit for use on the amateur bands is shown 
in Fig 6.32. The triode oscillator portion comprises the 
cathode, grid and screen of a pentode and the output is 
derived from the tuned circuit connected to the anode 
proper which is electron-coupled to the oscillator section. 
For the highest frequency stability, the valve selected for use 
in this circuit should have the largest possible ratio between 
mutual conductance and inter-electrode capacitance. 

The ratio of the normally equal capacitances Cl and C2 to 
C3 plus C4 should be as high as possible consistent with 
reliable oscillation. If oscillation is not maintained over the 
desired range. Cl and C2 must be reduced in value or the 
valve should be substituted by one of higher mutual conduc¬ 
tance : it may also help to increase the Q of the coil if possible. 

The oscillator can be adapted for frequency modulation 
by connecting a reactance valve to the cathode or across C3. 

Fig 6.32. A practical Gouriet-Clapp oscillator. For the V8MHz 
band, typical values are: C1,C2,2200pF; C3, tuning,50 pF; C4, bandset, 
80pF; C5, output tuning, 200pF; L1, 70mH ; L2, 11/xH. If the oscillator 
is required to operate in the 3 5MHz band, these values should be 
halved. Suitable valves are the EF91,6AU6 etc. The ht voltage must 

be stabilized. 

The Vackar Oscillator 

Whereas the Clapp oscillator is limited in use to a relatively 
small frequency range, the Vackar (Tesla) oscillator provides 
a fairly constant power output over a much wider range 
(about 2-5 : 1). It has similar good frequency stability and 
low harmonic content. 

The circuit adapted for amateur use is shown in Fig 6.33. 

Fig 6.33. Practical Vackar oscillator for frequencies in the range 
1 -5M Hz to 15M Hz. See Tables 6.4 and 6.5 for component details not 

given on the diagram. The ht voltage must be stabilized. 

TABLE 6.4 

Tuning range 

L1 

Swg 
enam 

T urns 
close 
wound 

C1 C2 C3 C4 

Amateur bands 
1-8- 2MHz 
3-5- 3-8MHz 
70- 71MHz 

14 -14 35MHz 

34 
28 
26 
24 

70 
45 
30 
15 

556pF 
SOOpF 
200pF 
100pF 

556pF 
300pF 
200pF 
100pF 

4700pF 
2700p F 
1800p F 
lOOOpF 

15-250pF 
10-100p F 
10-25pF 
1O-35pF 

Special 
Frequencies 
8MHz 
9MHz 
10MHz 
11MHz 

26 
26 
24 
24 

25 
20 
25 
20 

200pF 
200pF 
140pF 
140pF 

200pF 
200pF 
140pF 
140pF 

1800p F 
1800p F 
1800pF 
1000p F 

4-

All coils are wound on 4̂in diameter formers fitted with ferrite cores, the 
winding starting at the foot and progressing towards the top of the former. 
In the Special Frequencies section, no value is specified for the tuning 
capacitor C4 as this depends on the desired frequency coverage. A ¿in 
former may be substituted if the number of turns is increased by 10 per cent. 

TABLE 6.5 

Tuning range 
given by full 
excursion of 

core 
Swg 
enam 

1 
T urns 
close 
wound 

C1 C2 C3 C4 

1-5- 2-5MHz 
2 3- 3 3MHz 
3-2- 4-SMHz 
4-3- 6-3MHz 
6 1- 8 8MHz 
7 8-110MHz 
10S-150MHZ 

34 
34 
28 
28 
21 
26 
24 

70 
45 
45 
35 
30 
20 
20 

556pF 
556pF 
500pF 
300pF 
200pF 
200pF 
100pF 

556pF 
556pF 
400p c 

300pF 
200pF 
200pF 
100pF 

4700pF 
4700pF 
2700pF 
2700pF 
1800pF 
1800pF 
1000pF 

+
+
+
+
+
+
+
 

All coils are wound on ^in diameter formers fitted with dust iron cores. 
No value is quoted for C4 as this will depend on the frequency coverage 
required. Since adding capacitance at C4 will decrease the frequency, a coi I is 
chosen which covers the highest frequency required within the range of its 
core, and the circuit tuned in a low frequency direction by a suitable 
capacitor at C4. 
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Operation at the fundamental frequency on all the hf 
bands is practicable. In the simplest arrangement tuning is 
effected by the variable capacitor C4, but a greatly improved 
performance is achieved if a split-stator capacitor is used, 
the other section being connected across Cl. The capacitor 
C6 serves as a band-setting control. Typical coil and 
capacitor values are given in Tables 6.4 and 6.5. 

As in the Clapp oscillator, maximum frequency stability 
is obtained by the selection of a valve with the highest 
possible ratio of mutual conductance to inter-electrode 
capacitances. A reactance modulator may be added for 
narrow-band frequency modulation. Cathode keying is 
found to be satisfactory although screen keying is usually 
superior. 

The Franklin Oscillator 

Fig 6.34. Basic circuit to explain the operation of the 
Franklin oscillator. See text. 

The basic circuit principle of the Franklin oscillator is 
shown in Fig 6.34. Here two triodes VI and V2 are con¬ 
nected as a conventional resistance-capacitance coupled 
amplifier. A rise of potential applied at the grid of VI will 
appear on the grid of V2 as a fall in potential, and again at 
the anode of V2 as a rise in potential though now of course 
considerably greater than its original magnitude. If sufficient 
feedback is provided through CB to the grid of VI the whole 
amplifier will go into oscillation at a frequency determined 
by the natural time constant of the circuit, which will depend 
mainly on the values of the resistances and the capacitances 
CA and CB. This is called a multivibrator. 
To convert the arrangement into a constant-frequency 

oscillator of controllable frequency, some means must be 
provided whereby the feedback or the loop gain is insuffi¬ 
cient to maintain oscillation except at the desired frequency. 
This is done by inserting a parallel resonant circuit LC 
between the junction of Cl and C2 and earth in the feed¬ 
back path from V2 to VI : see Fig 6.35. This circuit has a 
low impedance except at its resonant frequency, and at any 
other frequency the feedback path is virtually short-circuited. 

If Cl and C2 are reduced to a minimum possible value for 
maintaining oscillation, the frequency of oscillation will 
depend almost entirely on the natural frequency of the LC 
circuit. In practice suitable values are found to be about 
IpF, thus giving a high degree of isolation of the tuned 
circuit from the remainder of the circuit. Variations in valve 
capacitance can only slightly affect the tuning; further, the 
Q of the tuned circuit can be maintained at a high value 
since the load presented to it by the valve is small. 

No tappings are required on the coil, and the tuned circuit 

Fig 6.35. A practical Franklin variable frequency oscillator. The 
tuned circuit is coupled to the valves by the capacitors C1 and C2, 
both of which have very small values, typically 1—5pF depending on 
frequency. For optimum stability, C1 and C2 should be the lowest 
values needed to maintain adequate oscillation. Although separate 
triodes are shown, twin triodes such as the 12AT7 and the 12AU7 

are satisfactory. The ht supply must be stabilized. 

is earthed at one end. Both of these features are of great 
constructional advantage. 

The circuit may be used also as a crystal-controlled oscil¬ 
lator by substituting a crystal for the LC circuit. Owing to 
the high amplification available, oscillation is easily obtained 
with relatively inactive crystals at the frequency of parallel 
resonance. 
The power output obtainable is quite low and extra 

amplification may be needed to provide adequate drive. 
Usually this type of oscillator will be found to have poor 
keying characteristics and the keying should therefore take 
place in one of the later stages. 

To achieve the maximum frequency stability the values 
of Cl and C2 should be reduced as far as possible consistent 
with stable oscillation. The two capacitors should be varied 
together so as to be always approximately equal. 

Mixer Oscillators 

In a mixer type of vfo the output voltage of a crystal 
oscillator is mixed with the output voltage of a variable¬ 
frequency oscillator of much lower frequency in a suitable 
valve mixer circuit. The sum or difference of these frequencies 
may be employed to control the transmitter frequency. The 
degree of frequency stability attainable by this method on 
any particular band is superior to that normally achieved 
by the use of the straightforward type of vfo, but the addi¬ 
tional complexity of the mixer arrangement has prevented 
it from becoming widely adopted. The principle of its 
operation is shown in block diagram form in Fig 6.36. 

The reason for the improved stability is explained by 

fl 
f2 
f1 + f2 3.5-3-8 MHz 

f2-fletc [Í2—fl] 

Fig 6.36. Block diagram of a mixer-type vfo. The frequencies shown 
would be suitable for producing an output in the 3 5MHz band. 
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Fig 6.37. Low-level mixing circuit for a vfo showing typical values 
for a 6SA7. The values of L1 and C1 are selected as for a normal 

tank circuit. 

considering the following example. Suppose that the crystal 
frequency (/2) is 4-OMHz and that the vfo tunes from 200 
to 500kHz (/¡). By extracting the difference frequency 

/J from the mixer by means of a frequency selector the 
output would cover the amateur band 3-5-3-8MHz. If the 
vfo is reasonably well designed its frequency should be 
constant within the limits of ± 6Hz at 300kHz, which is 
only one part in 25,000; at the output from the mixer, ie 
in the range 3-5-3-8MHz, this represents a stability of the 
order of one part in 300,000. For comparison, a typical 
vfo of straightforward design having an output in the 
same band would probably have a stability of about one 
part in 50,000. 

In the example given, the stability multiplication factor 
is 12. This figure could be increased by using an even lower 
frequency for the vfo but this would necessitate a crystal 
frequency nearer to the required output frequency, and a 
point is eventually reached at which it is difficult to separate 
them in the succeeding amplifier circuits. The best compro¬ 
mise must therefore be found. The figures given in the 
example should prove satisfactory for the 3-5MHz band: 
a crystal frequency of 7-8MHz in conjunction with a vfo 
operating over a range of 5OO-8OOkHz should be satisfactory 
for the 7MHz band. 

A low-level mixer circuit similar to that used in super¬ 
heterodyne receivers is recommended : either a triode-hexode 
arrangement or a heptode such as the 6SA7 shown in Fig 6.37 
is suitable. The anode circuit L1C1 is tuned to the centre of 
the required frequency band and is coupled to a tuned buffer 
amplifier. Any of the orthodox coupling methods may be 
used instead of the capacitive coupling indicated. 

In another mixing arrangement, the crystal-oscillator 
voltage is applied in the same phase to the screen grids of a 
push-pull mixer while the vfo voltage is applied in opposite 

phases to the control grids, as shown in Fig 6.38. Alterna¬ 
tively heptode or hexode mixer valves may be used with the 
vfo voltage applied in push-pull to the control grids and the 
crystal-oscillator voltage in parallel to the oscillator grids. 
The crystal-oscillator voltages are then balanced out in the 
output circuit, leaving only the vfo frequency and the sum 
and difference frequencies. These are relatively easy to 
separate in the tuned anode circuit and in the following 
buffer amplifiers. 

Fig 6.38. Push-pull mixing circuit for a vfo using screen injection 
of the crystal-oscillator voltage. The vfo voltage is applied in 
push-pull either through a suitably tapped transformer arrange¬ 
ment or from a push-pull oscillator direct. The crystal-oscillator 
voltage is balanced out in the centre-tapped output tank circuit. 

Suitable valves are 6AK5 and 6BH6. 

Ideal keying characteristics may be more easily obtained 
with this type of oscillator unit. Neither of the two frequen¬ 
cies initially generated falls within the amateur bands and 
thus the two oscillators may be left running continuously 
without fear of causing interference; it is only when mixing 
takes place that other frequencies are produced. If the 
mixer itself is suitably keyed, the output in the required band 
will be interrupted at a low power level and chirp can be 
avoided, provided of course that the effect of the changing 
load on the variable-frequency oscillator is negligible. 

Phase Locked VFO 

The phase locked vfo is relatively more complicated 
than those already described, but it has advantages in 
transmitters where the carrier frequency is high and large 
excursions in frequency are required. In the phase locked 
system, the basic arrangement of which is shown in block 
form in Fig 6.39, a low frequency oscillator directly governs 
the frequency of a high frequency variable oscillator in such 
a manner that the stability of the high frequency variable 

Fig 6.39. Block diagram of a phase 
locked vfo. As the frequency of the If 
oscillator is varied it affects the 
reactance valve which in turn tunes 
the hf oscillator. When the i.f. is equal 
to the If oscillator, the system is said to 
be locked ; under these conditions any 
change in the hf oscillator produces 
an output from the phase detector due 
to the difference between i.f. and 
the If oscillator frequencies which, 
via the reactance stage, automati¬ 

cally corrects the hf oscillator. 
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Fig 6.40. A phase detector suitable for use at 6 0MHz. It should be 
followed by a smoothing circuit and de amplifier. 

oscillator is equal to the stability of the low frequency 
oscillator. 

In many ways the control circuit of the phase locked vfo 
resembles the automatic frequency control system employed 
in some vhf receivers to overcome drift in the local oscillator. 
There are of course differences since, in a receiver, the 
object is to maintain the oscillator locked on to a particular 
frequency, while in the phase locked vfo the control system 
has to respond to intentional changes in the frequency of the 
carrier oscillator and then assume a new locked condition. 

In Fig 6.39, a relatively high frequency variable frequency 
(usually operating at half the carrier frequency) has its actual 
operating frequency controlled by a reactance valve, while its 
output, in addition to being fed to the transmitter, is also fed 
to a mixer. A frequency from a crystal controlled source 
is also fed to this mixer with the result that an intermediate 
frequency is produced, the frequency range of which will be 
either the sum or the difference between the upper and lower 
limits of the high frequency oscillator and the crystal 
oscillator. This i.f. is fed to a phase detector, as is the output 
from a low frequency oscillator covering the same range as 
the i.f. 

The basis of the system is the phase detector (Fig 6.40). 
Only when the two frequencies are precisely the same will 
their phase difference remain constant; under all other con¬ 
ditions there will be a changing phase difference. The voltages 
from the i.f. amplifier and the If oscillator are fed to the phase 
detector in such a manner that the output from the phase de¬ 
tector fed to the high frequency oscillator via a reactance 
stage adjusts the frequency of that oscillator until the output 
from the i.f. amplifier is exactly in phase with that of the low 
frequency oscillator, ie until the i.f. is of precisely the same 
frequency as that of the low frequency oscillator. Any drift 
in the high frequency oscillator will immediately reflect as a 
change in the intermediate frequency, and hence as a change 
in phase in the phase detector; this will in turn apply a 
correction signal to the reactance modulator to restore the 
hf oscillator frequency to that which produces an i.f. equal 
to the low frequency oscillator. Not only does the low fre¬ 
quency oscillator physically control the frequency of the high 
frequency oscillator, but in addition, the stability of the 
high frequency oscillator becomes that of the low frequency 
oscillator. 

At the moment of switching on, there is almost bound to 
be ii very considerable difference between the intermediate 
frequency and that of the low frequency vfo. In order to 
lock the frequency, the phase loop must have a wide band¬ 
width. Once the frequency is locked, however, a wide 
bandwidth is not needed. One way of overcoming the 

difficulties caused by the wide bandwidth is to arrange the 
circuit in such a manner than upon switching on the band¬ 
width is wide enough to ensure capture and lock, and then, 
after a predetermined time, for the circuit automatically to 
reduce its bandwidth. Modern integrated circuits and solid 
state techniques have made highly complex frequency 
synthesizers available to the amateur at reasonable cost. 

SOLID STATE OSCILLATORS 

Solid state oscillators possess some obvious advantages 
over their valve counterparts: smaller size, absence of 
heaters, good mechanical stability and long-term electrical 
stability. The transistor possesses certain characteristics, 
however, which must be taken into account when using it to 
maintain an oscillator circuit : 

(a) The low input and output impedances. 
(b) The gain characteristics are frequency dependent. 
(c) The gain characteristics are also temperature 

dependent. 
(<7) The crystal or tuned circuit may be excessively damped 

due to the low values of biasing resistors which are 
necessary. 

(e) The considerable spread in the characteristics of any 
given type of transistor makes individual bias adjust¬ 
ment advisable. 

(/) Because of the very low thermal capacity of the trans¬ 
istor, it is subject to relatively rapid changes in tem¬ 
perature and must therefore be provided with an 
adequate heat sink. 

(g) Transistors are electrically fragile and care must be 
taken not to exceed the maximum permitted voltages, 
currents, and temperatures. 

The criteria applied to the oscillatory circuit, described 
under valve circuits, apply equally to the solid state oscillator. 

Most of the well-known valve oscillator circuits may be 
adapted to transistors, taking into account the difference in 
the parameters of the two devices. Examples of such circuits 
are shown in Figs 6.41, 6.42 and 6.43. 

The circuit of a transistor bridge type vfo is shown 
in Fig 6.44. The attraction of this circuit is that external 
conditions do not affect the tuned circuit and, by carefully 
balancing the bridge, the effects of temperature and voltage 
changes on the transistors can be reduced to the point where 
they practically have no effect. Under such conditions, it is 
the reaction of the tuned circuit itself to temperature changes 
which will determine the ultimate stability. 

Fig 6.41. Hartley transistor oscillator. 
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Fig 6.42. High stability transistor high C Colpitts oscillator. 

Fig 6.43. Colpitts vfo for 30MHz. L1,4j turns of 16swg enam. wire 
close wound on {in diarn. former fitted with ferrite core. 

The resistors R3, in parallel with which is the series 
tuned circuit, R4, R5 and R6 form the bridge circuit which is 
connected between the input and output of a two stage 
amplifier. At the resonant frequency of the tuned circuit, R3 
is virtually shorted out, and the bridge changes from a 
negative feedback condition to a positive feedback circuit, 
and thus oscillation occurs at the resonant frequency of the 
series tuned circuit. The feedback level may be adjusted by 
changes in the value of R5 or R6. Increasing R5, or de¬ 
creasing R6, will result in a higher level of feedback. 

The “synthetic rock” circuit due to W3JHR (Fig 6.45) 
illustrates the principle of employing a capacitive divider 
network to match the transistor to the oscillatory circuit in 
order to prevent the low input impedance of the transistor 
damping the circuit excessively. 

Adequate buffering is essential in the transistor oscillator, 
as in its valve counterpart, but the transistor buffer stage is 
limited in its effectiveness by virtue of its essentially low 
input impedance and also by its “transparency”; that is, 
its input characteristics are effected by changes in output 
load. 

With the advent of the field effect transistor, all the 
advantages of a solid state device, combined with charac¬ 
teristics directly comparable with the valve are available. 
The fet is therefore the ideal device for oscillator applica¬ 
tions: it has high input impedance, it is much less trans¬ 
parent than the bipolar transistor and it may therefore 
replace valves in conventional oscillator circuits, taking 
account of the operating voltages. See Fig 6.46. For the 
same reasons fets make excellent buffer amplifiers. 

The fet, although exhibiting pentode drain/gate (anode/ 
grid) characteristics, does not have the effect of the screen 

Fig 6.44. Typical example of a bridge type transistor hf oscillator 
suitable for use as a vfo. 

Fig 6.45. The “synthetic rock” transistor vfo designed by W3JHR. 
The values shown are suitable for the 5MHz range. 

+7V 

Fig 6.46. Circuit diagram of a mosfet vfo. Values for the 3 5-4 OM Hz 
version are L1 17 turns 20BS. 16 tpi 1in dia; C1 100pF; C2 25pF; C3 
100pF silver mica; C4 390pF SM; C5 680pF SM C6 680pF SM. The 
transistor is a 3N 128 or equivalent, and the gate resistor is 22kQ. 

grid for input/output capacitive isolation and thus the drain/ 
gate (anode/grid) capacitance is comparable with that of a 
triode valve. In most straight amplifier applications the fet 
must be neutralized. 

The fet possesses a convenient square law relationship 
between gate voltage and drain current, thus giving the 
device a linear relationship between gate voltage and gm. 
This permits amplitude control of the oscillator by rectifying 
the output and feeding it back to control the gate bias 
voltage, thus allowing class A operation with increased 
stability due to reduction in the harmonic currents flowing 
in the device. It should be noted that an igfet cannot draw 
gate current corresponding to grid current in a valve. The 
gate voltage must be limited by a diode suitably connected 
between gate and source as shown in the above diagram. 
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INTERSTAGE COUPLING METHODS 

Correct coupling between two stages is obtained when the 
input impedance of the driven stage is equal to the output 
impedance of the driver stage, resulting in the maximum 
transfer of power. The required condition can be secured 
in several ways, each of which has its own special advantages 
that make it more suitable for particular applications. 

Capacitive Coupling 
Various arrangements of capacitive coupling are shown in 

Fig 6.47. In its simplest form, shown in (A), a capacitor C3 
is connected from the anode of the driver valve VI to the grid 
of the next stage V2 in order to transfer the rf voltage from 
the driver tank circuit LI Cl. The capacitor C4, shown dotted, 
represents the grid-to-earth capacitance of V2 while R2 
represents the equivalent resistance of the driven grid 
circuit. Both C4 and R2 are effectively in parallel with the 
driver tank circuit L1C1 through the rf bypass capacitor 
C2 across the ht supply, and if the coupling capacitor C3 
is made too great, VI may be incorrectly loaded. As the 
load is increased, the Q of the tank circuit falls and a point is 
eventually reached at which the efficiency of the driver is 
lowered; moreover harmonics are then produced and may 
give rise to interference. 

The effect of C4 is likewise to reduce the LC ratio in the 
anode tank circuit of VI and if it is large it must be allowed 
for in the design. A method of improving the LC ratio of the 
tank circuit is to tap the grid of V2 into the coil as shown in 
(B); the Q of the tank circuit is also increased and often 
the impedance matching between stages can be achieved 
more accurately with consequent greater power transfer. 
Besides adding to the mechanical complexity, however, the 
tapped-coil arrangement shows a tendency to generate 
parasitic oscillations. 
The resistor RI, which is the de grid return for V2, 

is in effect also in parallel with the tank circuit of VI and if 
it were not for the rf choke (RFC) in series with it this 
resistance would present an extra (though small) rf load. 
The rf choke reduces the power loss in the resistor by 
reducing the rf current flowing through it, while the de 
path remains unchanged. 
As shown in (C), a single-ended driver valve can be 

coupled to a push-pull stage V2 and V3. In this case, the 
tank coil of VI is centre-tapped and is tuned by the split¬ 
stator capacitor CL The rf voltages at the ends of the coil 
are equal in amplitude and 180 degrees out-of-phase and 
are therefore suitable for feeding directly to the grids of V2 
and V3. The rotor of the split-stator capacitor must be 
earthed by the shortest route possible, preferably direct on 
to the chassis. If this is not done, the inductance of the 
connection may be sufficiently great to prevent harmonics 
from being adequately bypassed to earth and interference 
through the inadvertent radiation of these harmonics may 
result. 

Inductive Coupling 

Inductive coupling between stages has several distinct 
advantages as compared with capacitive coupling. The basic 
circuit arrangement is shown in Fig 6.48. 

To understand these advantages, consider the two tuned 
circuits L1C1 (primary) and L2C2 (secondary), loosely 
coupled by a small degree of mutual induction between the 

Fig 6.47. (A) Simplest capacitance coupling method which usually 
results in a high degree of harmonic transfer from Vt to V2. With 
this circuit accurate matching between V1 and V2 is difficult to 
obtain. (B) Provided the impedance of the anode of V1 is higher 
than that of the grid of V2, tapping the coupling capacitor down 
L1 may permit an acceptable match to be secured. (C) The circuit 
of (A) re-arranged to drive valves in push-pull. This circuit has the 
same general characteristics as that shown in (A). To obtain equal 
drive, the capacitor C5 may be needed to balance the anode to earth 
capacitance of VI. The grid circuits of V2 and V3 are symbolic only, 

no biasing arrangements being shown. 

coils, and suppose that each of the circuits resonates separ¬ 
ately at a frequency f If an rf voltage of variable frequency 
is applied to the primary of this arrangement and the 
resulting output voltage across the secondary is measured, 
the variation of output voltage with the frequency of the 
applied voltage will be in the form shown in Fig 6.49, curve 
A: ie, the circuit would possess considerable selectivity 
with a single peak at the frequency f. If the coils are now 
brought closer together, thus increasing the coupling 
between windings, the curve obtained on repeating the 
measurement will become flatter and the output voltage at 
the peak will be slightly higher, as depicted in curve B. Fur¬ 
ther tightening of the coupling causes the response to become 
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still flatter until, after a certain critical value of the coupling 
has been reached (curve C), two peaks separated by equal 
amounts on opposite sides of the central frequency appear, 
with a pronounced dip at the centre (curve D). The value 
of coupling just below that which causes the appearance 
of the two peaks is known as the critical coupling. When 
the circuits are in this condition, it is found that the output 
voltage remains virtually constant over quite a wide fie-
quency range, often as much as 5 per cent of the central 
frequency, and also that on either side of the flat top of the 
curve the voltage falls away somewhat more rapidly than 
in the single-peaked curve obtained with looser coupling 
(such as curve A or curve B). A pair of resonant circuits 
having critical coupling, and therefore exhibiting a flat¬ 
topped characteristic, are referred to as a bandpass or 
wideband coupling. 

Fig 6.48. Inductive coupling. A band-pass effect can be 
obtained by suitably close coupling between L1 and L2. 
L1C1—anode tank circuit of driver stage; L2C2—grid 
tank circuit of driven stage; C3—rf by-pass capacitor. 

The bandwidth (ie the frequency range over which the 
output voltage remains within specified limits, usually 3dB) 
of such a critically coupled arrangement is about 1 -4 times 
that of a single tuned-circuit coupling. The overall band¬ 
width of a series of stages coupled by double-tuned circuits, 
as might be used as a drive unit, narrows much less rapidly 
as the number of stages is increased, compared with single 
tuned-circuit coupling. The same applies to double-tuned 
circuits irrespective of whether they are coupled by mutual 
inductance, common inductance or capacitance, or by link 
coupling as described in the following section. 

The practical advantage gained therefore by the use of 
a properly adjusted bandpass system is that after the initial 
setting up of the circuits, the drive to the final stage can be 
made to remain virtually constant over the width of an 
amateur band without the necessity of any tuning adjust¬ 
ments. 

The circuit shown in Fig 6.48 is a simple practical bandpass 
coupling arrangement. To avoid capacitive coupling effects 
which would modify the bandpass characteristic in an 
undesirable and unpredictable way, the grid end of the 
secondary winding should be situated at the opposite end 
from the anode end of the primary. It is quite a simple 
matter to measure the frequency-response characteristics 
(as typified by Fig 6.49) merely by using the vfo as the 
source of variable-frequency input voltage and observing 
the variations in the grid current of the driven stage. The 
voltage produced by the vfo (or by an untuned buffer 
stage following it) can be assumed to be reasonably constant 
over a limited frequency range. The correct degree of in¬ 
ductive coupling can then be found from a progressive series 
of measurements. If the bandwidth obtained with critical 
coupling is found to be too small, it is usually possible to 
broaden it by increasing the LC ratio of the tuned circuits. 

Fig 6.49. Variation of 
output voltage with 
frequency for the in¬ 
ductively coupled cir¬ 
cuits shown in Fig 
6.48. The curve C 
indicates the condi¬ 
tions known as “cri¬ 
tical coupling" the 
output voltage being 
constant over approxi¬ 
mately a 5 per cent 
variation in frequency. 

RF OUTPUT 
VOLTAGE 

Sometimes it can happen that at first only one voltage 
peak is observed, although in fact the over-coupled case 
shown in curve D is being obtained. The other peak may 
be lying outside the range of measurement. 

Bandpass Couplers 
The use of bandpass couplers in a transmitter not only 

reduces the possibility of radiating spurious signals, but 
brings about a worthwhile reduction in the number of 
controls required for the rf driver section. While such 
couplers have these advantages, their use does invariably 
require somewhat higher power to be developed in the 
driver stages than that needed in the case of single tuned 
circuits. This however is a small price to pay for the increase 
in operating convenience. 

The construction of a bandpass coupler is shown in Fig 
6.50 and winding details in Table 6.6. No additional capaci¬ 
tance is required across the windings except on 1-8 and 
3-5MHz. The capacitance provided by the valves is sufficient. 

The couplers are constructed on standard ft in diameter 
i f. former assemblies fitted with screening cans. To assist 
in the winding, a length of adhesive paper has fitted to it a 
narrower piece in such a manner that part of the length of 
the narrower strip is in contact with the adhesive of the 

CENTRE TO CENTRE 

HT+ GRIP 

S © 

Q_9 
ANODE EARTH 

BASE CONNECTIONS 

PRIMARY SECONDARY . 

Fig 6.50. General construction of wideband couplers for the amateur 
bands 1 8-28MHz. Standard ^in diameter formers are employed 
complete with screening cans. Both windings are in the same sense. 

Further details are given in Table 6.6. 

TABLE 6.6 

The primaries and secondaries of the three lower frequency ranges are 
layer wound. All wires are enamelled. Each winding is fitted with a dust 
iron core. 

Amateur 
Band 

Num 
Primary 

aer of 
Link 

T urns 
Secondary Wire 

Capaci¬ 
tance 

1-8MHZ 
3-5MHz 
7MHz 
14MHz 
21 MHz 
28MHz 

65 4- 60 4- 55 
33 + 32 + 31 
25 4- 25 
24 
18 
13 

16 
9 
5 
3 
1 
2 

60 4- 55 ; 50 
30 4- 29 4 28 
24 4- 22 
24 
18 
12 

40 swg 
32 swg 
32 swg 
32 swg 
28 swg 
28 swg 

10/15pF 
5pF 
Nil 
Nil 
Nil 
Nil 
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wider strip. The combined pieces are then wrapped round 
the former with the adhesive of the narrower piece in contact 
with the former, and the adhesive of the wider section 
exposed. The winding is then made over the exposed 
adhesive. On the three lower frequency bands the windings 
are layer wound. Once one layer has been completed, a 
layer of tape should be wound over it before starting the 
next layer. 

The actual winding should commence with the primary. 
When this is completed, the secondary should be started 
with the link over the primary first, and then progress on to 
the main secondary winding. Four 18swg tinned copper 
spills should be affixed, one to each terminal eyelet, and the 
windings terminated as indicated in the diagram. 

As it may be necessary to adjust the position of the link 
winding on the 28-30MHz coupler in order in achieve a level 
response, it should not be too tightly wound over the 
primary in the first instance. 

While these couplers are primarily intended for use with 
6BW6 valves, there is no reason why they should not be 
employed with similar types so long as the mutual conduct¬ 
ance and the grid anode capacitances of the substitute do 
not differ very greatly. 

In the actual alignment, the primary (lower) core should 
be adjusted to give the required drive at the lower end of the 
band, and the secondary (upper) core for the same value 
of drive at the high frequency end of the band. The adjust¬ 
ments will tend to interact to some extent, and it will be 
necessary to go back and forth to arrive at a condition where 
the drive is reasonably level from one end of the band to the 
other. If it is suspected that a particular winding cannot be 
tuned sufficiently in an hf direction a brass core can be in¬ 
serted in place of the iron core to confirm that there is ex¬ 
cessive inductance. In some cases, it may be found that the 
use of a brass core will provide the required tuning range, 
and that modification to the winding is not necessary. 
These couplers will provide more than adequate drive 

from a 6BW6 driver stage to a 6146 pa either single ended 
or push-pull. On the lower frequencies it may be necessary 
to fit a variable potentiometer in the screen supply of the 
driver valve in order to reduce the grid drive to the correct 
value. 

Link Coupling 

The practical disadvantage of simple bandpass inductive 
coupling between a pair of tuned circuits is that it may be 
difficult to arrange for the necessary mechanical adjustment. 
This can be overcome by using a variable link coupling 
between the two coils. 

A small coil having a very few turns of wire is coupled to 
the driver tank circuit, thus transforming the output from a 
high impedance to a low impedance. A flexible transmission 
line transfers the energy at this low impedance to another 
similar coil coupled to the tuned input circuit of the driven 
valve where it is again transformed to the high impedance 
value required by its grid: see Fig 6.51. The degree of coup¬ 
ling is adjusted by altering the position of either of the 
link coils or by altering the number of turns in them. 

The link coils should be situated at the “cold” or “earthy” 
ends (ie the ends having zero rf potential) of the tank coils 
since the capacitance coupling which exists between the 
link and the tuned circuits will otherwise result in spurious 
tuning effects and the transference of unwanted harmonics. 

Fig 6.51. Link coupling. The arrangement at (A) is used for coupling 
two single-ended stages, while (B) shows how a single-ended 
driver can be coupled to a push-pull amplifier. The link coils 
must always be placed at the “cold” end of the tuned-circuit induc¬ 
tances to avoid unwanted capacitive coupling. Suitable numbers of 
turns for the link coils are as follows: 

In certain circumstances it may be desirable to earth one side of the 
link line. 

It is also beneficial to earth one side of the link circuit 
because this eliminates the possibility of stray capacitive 
coupling between the tuned circuits through the link. 

The link line may in theory be of any length, but in 
practice unless it is limited to about 2ft the resulting 
reactance presented by the link may make adequate coupling 
difficult. However, if the line is initially adjusted to have 
a “flat” characteristic, this difficulty should not arise. The 
link reactance may also be tuned out by making the link 
circuit resonant; this is usually accomplished by the addition 
of capacitance in parallel or in series with one of the link 
coils. The method is not always satisfactory since the correct 
adjustment varies with the operating frequency and the 
losses in the line and the radiation from it are increased. 
A further advantage of link coupling is that it simplifies 
the problem of coupling a single-ended stage to a push-pull 
(or push-push) amplifier, as shown at (B) in Fig 6.51. 
Balanced low-impedance line, such as flat-twin cable of 
7542 impedance, is suitable for this purpose; coaxial 
cable (outer braid earthed) can also be used and may be 
desirable in order to reduce radiation from the line. 

Parallel Anode Feed 

If desired, the de anode voltage of the driver valve can 
be removed from the associated coupling components 
in any of the coupling arrangements so far described. The 
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Fig 6.52. Parallel anode feed in capacitance-coupled amplifiers. In 
these arrangements the resonant circuit LC is the anode load. In 
(A) the bias for V2 is applied through the grid choke RFC2 whereas 
in (B) it is applied in series with the tuned circuit. C1, isolating 
coupling capacitor (0 001-C 01mF); C2, inter-stage coupling capacitor 
(100pF); C3, bypass capacitor (0 001-0 01 mF); LC, tank circuit of 

driver stage V1. 

basic principles are shown in Figs 6.52 and 6.53. The choke 
RFC1 presents a high impedance over a reasonably wide 
range of frequencies including the operating frequencies, 
and the necessary rf voltage is developed across the tuned 
circuit to which it is coupled through the isolating capacitor 
Cl. 

Apart from the increased factor of safety achieved by 
removing the anode voltage from the tuned circuits, the 
peak voltage across the tuning capacitor is reduced and one 
of smaller voltage rating may therefore be used—a matter 
of some importance in high-power driver stages or power 
amplifiers. The capacitor Cl should be rated to withstand 
the de anode voltage plus the peak rf voltage and should 
preferably have a mica dielectric. 

RF Chokes 

As mentioned above, the rf choke must present a high 
impedance at the operating frequency. If the latter is 
variable over a very wide range as in a multi-band trans¬ 
mitter covering T8-29-7MHz appreciable losses may occur 
in the choke owing to the effects of self-capacitance and 
perhaps resonance. The difficulty may be partially overcome 
by the use of two or more different types of chokes connected 
in series. A good compromise for an all-band choke is one 
having an inductance in the region of 2-5mH, but its self¬ 
capacitance should be low. 

Where rf chokes are present in both the grid and the 
anode circuits of the valve amplifier, it is advisable to make 
them of different inductance values since otherwise there is 
a possibility of low-frequency parasitic oscillations being 

Fig 6.53. Parallel anode feed in an inductively-coupled amplifier. 
C L isolating capacitor (0 001-0 01pF); C2, bypass capacitor (0 001-

0 01mF); L1, L2, mutually coupled coils. 

generated by feedback in the tuned-anode/tuned-grid 
circuit thus formed. 

Interstage Pi-Network Coupler 

The pi-network coupler is often used for delivering power 
to an aerial or an aerial feeder but it is equally suitable for 
coupling together two intermediate stages as shown in 
Fig 6.54. The impedances of the two stages can be matched 
by adjusting the tuning capacitors Cl and C2. The properties 
of pi-nctwork couplers are further discussed on page 6.39 and 
the method of finding the coil and capacitor values is given. 
When used as a matching device between two class C stages 
the following values may be taken: 

Load required by driven stage 
Ä _ (0-57 X I-W 
1 p 

where = de anode voltage 
P = output power in watts (input power to driven 

stage). 
Input resistance of the driven stage 

R2 = 6 22 x P X 10s 
/ 2 J9 

where P = total power to grid circuit of the driven stage 
Ig = de grid current in milliamps. 

The total power P to the grid circuit depends upon the 
biasing arrangement used. For example, if the bias is derived 
by current through a grid resistor and this resistor is not 
isolated from the grid by an rf choke then it must be added 
in parallel with the resistance R2 derived above. In addition. 

BIAS 
Fig 6.54. Inter-stage pi-network coupler. By varying C1 and C2 the 
impedances of the two stages can be matched; see text for design 

data. The blocking capacitor may be 0 001-0 01 mF. 
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the value of P used in the formula is not only the driving 
power required for the valve alone since the driver has to 
supply power for the bias circuit itself. Where the bias is 
derived from the flow of grid current through a grid resistor 
the power loss in the circuit will be lg2R watts where Ig is 
the de current through the resistor and Rg the value of the 
resistor in ohms. If the grid resistor is isolated from the 
grid by an rf choke the shunting effect can be ignored but 
the bias power IglRg must still be included in P in the 
formula. 

In the case of fixed bias obtained from a source isolated 
from the grid by a choke or tuned circuit, the power loss in 
the bias circuit is IgFg where Ig is the de grid current and 
Vg the bias voltage. Again there is no shunting effect. 
The formula for Ry may be expressed in terms of anode 

supply voltage and anode current. If the efficiency is assumed 
to be 70 per cent when operating at the fundamental, 50 per 
cent when doubling and 30 per cent when tripling the 
expressions are: 

Fundamental 
(0 57 X 14,)2

(Vta X Ig) 
°'7 1000 

460 fi 
la 

Second Harmonic 
(0-57 x V„ty 

a-
°’5 1000 

650 
La 

Third Harmonic 
(0-57 X IW 

Wrn ■ Ig) 
J 1000 

1080 ~ O 
la 

The pi-network coupler also acts as a low-pass filter and 
therefore helps to prevent the transfer of undesirable har¬ 
monics from the driver to the following stages. In fact, the 
harmonic power output from a transmitter stage using such a 
coupler is less than that produced by a normal tank circuit 
of the same Q by a factor of 1 /n2 where n is the order of the 
harmonic. 

Transistor Interstage Coupling 

In coupling transistor stages to succeeding stages or to 
output loads attention must be paid to proper matching. 
Because they are relatively low voltage devices the current 
swings involved in generating power are large and this 
implies low resistance loads. Tuned circuits are normally 
employed in the coupling networks to tune out stray capaci¬ 
tance and to reduce harmonics. To be effective the loaded 
Q should not be less than 10 and this requires an equivalent 
parallel circuit resistance of not less than lOOOii with 
reasonable values of circuit components. For example at 
3-5MHz a parallel tuned circuit with a parallel load resis¬ 
tance of 1000Í7 has a Q of 10 when the tuning capacitance 
is 450pF. 

Reference to Fig 6.55 shows how the low input resistance 
of a power amplifier is transformed to a suitably high value 
to meet the driver tuned circuit Q requirements by link 
coupling. The low resistance required by the collector to 

Fig 6.55. Transistor interstage coupling. 

produce the specified power is achieved by tapping down the 
inductor. The output capacitance of a transistor varies 
considerably with voltage and the tapping arrangement 
described also minimizes the effect of these changes on the 
tuned circuit. Fig 6.56 shows capacitive transformation of the 
pa input resistance. 

The resistance (Rc) which must be presented to the collec¬ 
tor can be found if the power (P) required to drive the pa is 
known using the formula: 

The position of the inductor tap can be calculated easily 
from the formula N2 =—- where Rr is the tank circuit 

Re 
parallel loading resistance. The tap is made at a point 1/Mh 
of the total turns from the cold end. 

It is usually not easy to find the input resistance of the 
pa stage and some trial and error may be required with the 
link coupling or capacitance transformation arrangement. 

At vhf (say above 50MHz) the coupling coefficient in coils 
is poor and the coil tap position cannot be calculated. Trial 
and error is again necessary. 

There are a number of interstage networks which can be 
used at the higher frequencies to avoid the coupling co¬ 
efficient difficulty. Some of these are shown in Fig 6.57. 
The values of capacitance and inductance involved are such 
that compact circuits result at vhf. The R2 in the formula is 
the resistive part of the transistor input impedance and is 
sometimes described in manufacturers’ data sheets as rbb'-
The capacitance Co is the collector output capacitance and 
because it varies over the collector voltage swing an average 
value should be used in the formula which is twice the Cot 
value found in the manufacturers’ data. 

Fig 6.56. Transistor interstage coupling. 
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Fig 6.57. Interstage coupling networks. 

Formulae for Fig 6.57(a) 

For 7?i > R2
(1) = QLR2

(2) XCt = XCa

(3) 
+ 1 ) 

Qi 1 _ R<^Qï, 
\ X¿Ql 

Formulae for Fig 6.57(b) 

For R, 

(3) Xc, = QLR2

Formulae for Fig 6.57(c) 

For R, > R2

(1) 

FREQUENCY MULTIPLIERS 
A power output at a multiple of the generated frequency is 

often required in amateur transmitters to obtain, for 
example, multi-band operation or merely to gain the advan¬ 
tage of the higher frequency stability which results from 
operating the oscillator on a relatively low frequency. 

Frequency multiplication is made possible by the distor¬ 
tion of the anode-current rf waveform which occurs in a 
class C amplifier stage. As described on page 6.26, the current 
in such an amplifier flows only for a short time during the 
cycle in the form of pulses. It can be shown that such a 
series of pulses is composed of a number of sine waves of 
frequencies, f, 2f, 3f and so on (where/is the fundamental 
or input frequency), the amplitude of these harmonics as 
they are called gradually diminishing with increasing order. 
Their relative amplitudes depend upon the shape of the 
pulse, which is determined by the operating conditions of 
the valve. 

By inserting a parallel-tuned circuit in the anode circuit 
of the valve, resonant at the required harmonic frequency 
and therefore offering a high impedance at this frequency, 
the passage of the harmonic current produces a correspond¬ 
ing voltage-drop across the circuit. The tuned circuit in 
this way acts as a selector for the appropriate frequency. 

In order to increase the energy of the harmonic current 
contained within the pulse, and therefore the efficiency of 
the} valve as a frequency-multiplying device, it is desirable 
to reduce the angle of flow of current (defined on page 6.26) 
to values somewhat below the normal class C amplifier 
levels, eg 90 degrees or less. This is accomplished by increas¬ 
ing the grid bias to beyond normal class C operation and 
driving the valve with a high rf grid voltage. 
The maximum power output obtainable at various har¬ 

monic frequencies in a frequency-multiplier stage, relative 
to the output at the fundamental frequency are— 

Second harmonic . . 55 per cent 
Third harmonic .. 35 per cent 
Fourth harmonic .. 25 per cent 

Push-push Doubler 

To improve the efficiency of frequency multiplication at 
the even harmonic frequencies a push-push doubler is often 
used : see Fig 6.58. The anodes of the two valves are con¬ 
nected in parallel to the normal tank circuit, whereas the 
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Fig 6.58. A push-push frequency multiplier. Output from this cir¬ 
cuit is only obtained on even order harmonics, ie second, 

fourth, etc. 

grids are driven in push-pull. The tuned circuit thus receives 
pulses of current alternately from the two anodes and the 
harmonic energy supplied to the tuned circuit is thereby 
doubled. When operated as a doubler, such a stage is 
capable of giving efficiencies approaching that of a straight 
class C amplifier; at the higher even harmonics the output is 
correspondingly increased. 

Push-pull Frequency-Multipliers 

To increase the efficiency of a multiplier stage at odd 
harmonics a true push-pull circuit such as is shown in Fig 
6.59 may be used, both the grids and the anodes being 
connected in push-pull. In this case, the even harmonics are 
self-cancelling in the anode circuit and the odd harmonics 
are reinforced. 

POWER AMPLIFIERS 
As already explained, the generation of rf power must be 

at a low level to ensure complete stability. The power level 
is raised to the desired value by means of rf amplifiers. The 
amplification must take place without the introduction 
of any spurious or harmonic frequencies which if radiated 
might cause undue interference to other services. According 
to the terms of the Amateur (Sound) Licences the maximum 
de power input to the anode circuit of the final amplifier 
must be limited to certain specified values, depending on 
the frequency band in use and other factors, and therefore in 
order to radiate the greatest possible power for the limited 
input the anode-circuit efficiency of the amplifier (ie con¬ 
version of de power to rf power) must be as high as pos¬ 
sible. For this reason and also on the grounds of economy, 
the two classes of rf power amplifier in common use for cw 
and a.m. operation are the class B and class C types described 
below. 

Fig 6.59. A push-pull frequency multiplier. Output from this 
circuit is only obtained on odd order harmonics, ie, third, fifth, etc. 

Class C Operation 

In a class C amplifier the standing grid bias voltage is 
increased to approximately twice the value required to 
cut off the anode current in the absence of rf drive to the 
grid. The rf drive voltage must be of sufficient amplitude 
to swing the grid potential so far that it becomes positive 
with respect to the cathode during the positive half-cycle. 
The resultant anode current is thus in the form of a suc¬ 
cession of pulses, flowing only during a part of the rf 
drive cycle; the “angle of flow” (which measures its dura¬ 
tion) is usually about 120 electrical degrees in a class C 
amplifier, ie about one-third of a full cycle (360 degrees), 
whereas for comparison the angle of flow in a class B ampli¬ 
fier is 180 degrees. 

Fig 6.60. Class C operation. The valve is biased by a voltage which 
is not less than twice that required to give anode current cut-off 
under de conditions. The signal voltage applied to the grid must 
be of sufficient amplitude to swing the grid positive with respect 
to the cathode, causing grid current to flow. The resulting anode 
current flows in the form of a single pulse for each grid cycle. 

Fig 6.60 shows the conditions existing in a class C ampli¬ 
fier. The broken horizontal line AB at about one-third of the 
peak pulse height represents the mean anode current during 
one cycle, as would be indicated by a moving-coil milli¬ 
ammeter. 

Although the anode current flows in the form of pulses, 
the rf voltage developed across a resonant circuit connected 
to the anode is approximately sinusoidal. This is due to the 
“flywheel” action of the resonant circuit, ie its tendency 
to allow the oscillations to continue after the removal of 
the current pulse. 
As the angle of flow of anode current is reduced the 

efficiency increases. This is accomplished by increasing the 
negative grid bias and increasing the drive, which results 
in increased peak amplitude of the anode current pulses 
and increased peak anode current. Because the pulses 
are narrowed the power output will fall, but due to the 
increased efficiency it will fall proportionately less than the 
anode input power. The increase in efficiency achieved by 
narrowing the angle of flow to less than 120 degrees is small 
and is rarely worthwhile. Taking into consideration the 
increased drive and the higher peak current which the valve 
must provide, the efficiency to be expected at 120 degrees 
is about 75 percent. 
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Fig 6.61. Class B operation. The anode-current pulses are approxi¬ 
mately of half-cycle duration and appreciable grid current flows 

owing to the positive incursions of the grid drive voltage. 

Class B Operation 

In the class B amplifier, the anode-current pulses flow 
for approximately 180 degrees, ie half of the rf cycle as 
indicated in Fig 6.61. The negative grid bias is sufficient to 
reduce the anode current in the absence of drive only to 
the cut-off point, and the applied grid voltage swing drives 
the grid slightly positive once in each cycle, as represented 
by the shaded areas. 

Owing to the larger angle of flow the anode efficiency is 
less than in class C operation, but even so it may reach 
60-65 per cent for cw operation. The rf voltage in the 
output circuit is proportional to the rf grid excitation 
voltage; ie the power output is proportional to the square 
of the grid excitation voltage. This class of amplifier may 
therefore be used for the amplification of amplitude-modu¬ 
lated signals (including single sideband signals). Since 
the anode efficiency varies with the grid excitation level, the 
mean efficiency for the amplification of modulated signals 
is considerably less than the value of 60-65 per cent quoted 
above and is dependent on the nature of the amplified signal. 

Linear amplifiers operating in class B are considered in 
detail later in this chapter. 

Triode RF Amplifiers 

The fundamental circuit of an rf amplifier using a triode 
is shown in Fig 6.62. The grid is connected to a tuned 
circuit which is coupled to the oscillator or driver valve by 
any of the means previously suggested, while the output is 
derived from a resonant anode circuit, which is tuned to the 
same frequency as the grid. 

It will be noticed that this basic circuit corresponds to that 
of a tuned anode/tuned grid oscillator. Unless something 
is done to prevent it, the amplifier will oscillate at a frequency 
determined by the tuned circuits due to the feedback from 
anode to grid through the inter-electrode capacitance. Only 
in pentode or tetrode valves designed specifically for rf 
work will the anode/grid capacitance be small enough to 
prevent the occurrence of self-oscillation. An 807 for 
example has an anode/grid capacitance of about 0-25pF 

and will not generally oscillate on any amateur hf band 
unless the layout is poor. Poor layout can cause an increase 
in effective anode-grid capacitance due to wiring, use of 
poor quality valveholders, etc, or may permit sufficient 
inductive coupling to exist between anode and grid tank 
circuits to cause self-oscillation. 

While it is considered advisable to neutralize pentodes 
and tetrodes, all triodes, without exception, must be neu¬ 
tralized when employed as straight amplifiers in the 
grounded cathode mode as Fig 6.62. The subject of neu¬ 
tralization is dealt with in more detail later in this chapter. 

When adjusting a triode amplifier for the first time, the 
following is a guide to the procedure which should be 
adopted: 

(a) Connect the stage to a suitable dummy load. 
(6) Reduce the neutralizing feedback to minimum, ie 

set the capacitor NC to minimum or reduce inductive 
coupling to minimum as appropriate. 

(c) Without applying ht to this power stage, apply drive 
to the grid circuit and tune for maximum grid current. 
Reduce the drive coupling as necessary to maintain 
the grid current at the required value. 

(d) While observing the grid current tune the anode 
tuning capacitor over its full range: as it passes 
through resonance a sharp dip will be observed in 
the grid current. Increase the neutralization until 
this dip is just reduced to minimum. The stage is 
now neutralized. 

(e) Reduced ht may now be applied and the tuned 
circuits and the drive level readjusted. 

(f) If operation is satisfactory under reduced ht then 
full ht may be applied. 

(g) Check the stability of the stage by removing the 
drive (“key-up” in a cw transmitter) and noting that 
the anode current falls to the desired quiescent value 
and remains so for all settings of the anode tuning 
capacitor. 

It will be found that the rf power output increases as the 
drive is increased. The power output continues to rise to a 
point beyond which no further increase is achieved: the 
amplifier is then said to be saturated. The drive power 
should be set slightly higher than the level at which saturation 
commences; at this point, the anode current can be adjusted 
to the value corresponding to the required power input by 
increasing the load coupling. Slight readjustment of the 
tank tuning capacitor may then be required. Finally, the 
excitation should again be varied to ensure saturation. It is 
inadvisable to allow the grid excitation to rise much higher 
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than the value at which saturation occurs since not only is 
the grid dissipation thereby increased but the production 
of harmonics is enhanced and there is no significant increase 
in efficiency. 

Tetrode or Pentode RF Amplifiers 
In a tetrode or pentode amplifier the screen grid is held at 

a constant potential and it therefore reduces the capacitance 
between the control grid and the anode to an extremely 
low value. If suitable auxiliary external screening is pro¬ 
vided, the coupling between the input and output circuits 
can be reduced to a low value. At the same time the electric 
field of the anode is prevented from influencing the ability 
of the grid to control the current flowing through the valve, 
and consequently much less power is required to drive a 
tetrode or pentode than a triode; ie a greater power gain 
is available. 

Because the characteristics of a tetrode or pentode valve 
tend to make it operate like a constant-current device, very 
high voltages may occur in the anode tank circuit if it is 
tuned to resonance in the absence of an output load or if it 
is inadequately loaded. No attempt should be made there¬ 
fore to explore the anode-current dip with such valves 
except with greatly reduced power input. 

It is more satisfactory to supply the screen through a 
series voltage-dropping resistor from the anode supply 
than directly from a fixed source, since in this way the 
screen is protected from the danger of excessive current if 
the control grid should be overdriven. The series dropping 
resistor also protects the screen from excessive dissipation 
in the event of the load being removed from the anode 
circuit. Moreover, by feeding the screen from the anode 
ht supply the possibility of damage owing to the applica¬ 
tion of screen voltage without the normal anode voltage is 
diminished. 

If, however, it is considered that overdriving and under¬ 
loading are not likely to occur, it will be found easier to 
obtain full output from the valve when the screen voltage 
is fixed at its correct value by the use of a potential divider 
across the ht supply or a separate constant-voltage source. 
The high power-sensitivity of pentodes and tetrodes and 
the fact that neutralization is not always required are 
the main reasons for their popularity as rf amplifiers. 
The small drive requirements enable a complete multiband 
transmitter to be built within a single screened container, 
and the possibility of tvi resulting from the leakage of rf 
power is thus greatly reduced. 

Push-pull Operation 
A pair of identical valves in a push-pull circuit will 

produce double the power output obtainable from a single 
valve. Although this is also true of a pair of valves con¬ 
nected in parallel there are several theoretical advantages 
to be gained from the inherent balance which exists in the 
push-pull arrangement. If the valves are similar in charac¬ 
teristics the second harmonic and other even harmonics are 
balanced out in the common tank circuit. Similarly, the 
current set up by one valve in the common bypass circuits 
are cancelled by those of opposite phase set up by the other. 
Since these currents can become quite large, particularly at 
the higher frequencies, increased stability is attainable by 
the use of push-pull operation. In practice, however, it is 
unlikely that a perfect balance will be found to exist. 

Fig 6.63. Anode neut¬ 
ralization. In this 
arrangement the cen¬ 
tre tap of the tank coil 
is earthed through the 
rf bypass capacitor C. 
A typical value for the 
neutralizing capacitor 
NC is 3-30pF. When 
the circuit is correctly 
balanced, the peak 
voltage across NC is 
approximately the 
same as that present at 
the anode of the valve. 

A further advantage is that the LC ratio of the tank 
circuits may be made higher than with single-ended stages, 
since the capacitances of the valves are presented in series 
across the coils. This feature is likely to be of greater value 
at frequencies of 21 MHz and above where the desired LC 
ratio is difficult to achieve. 

Parallel Operation 
The output power obtainable from a push-pull or parallel 

arrangement is the same, provided that the correct impe¬ 
dances are presented to the anode and the grid circuits by 
use of correct LC ratios in the tank circuits. It may prove 
impossible to satisfy this condition when certain valves of 
high anode-to-earth capacitances are used in the parallel 
arrangement above about 21 MHz, but nevertheless this 
circuit is often considered preferable to the push-pull 
arrangement, owing to the simpler construction involved 
and in view of the fact that the theoretical advantages of 
the push-pull circuit mentioned earlier are not easily 
obtained in practice. The parallel circuit also lends itself 
more easily to use with a pi-section aerial coupling network. 

NEUTRALIZATION 
The anode-to-grid capacitance of a valve provides a path 

for the feedback of energy from the anode to grid; if this feed¬ 
back is of sufficient amplitude oscillation will occur. This can 
be overcome by deliberately feeding back a voltage of equal 
amplitude but opposite phase. This process is known as 
neutralization. 

Although it is often considered that pentodes and tetrodes 
do not require neutralizing for operation in the hf range (up 
to 30MHz), it is usually preferable to arrange for neutraliza¬ 
tion, even when good layouts are employed. A valve may 
appear to be stable under constant carrier conditions but 
when it is amplitude modulated the rise in feedback through 
the anode-to-grid capacitance may be sufficient to cause 
either momentary or continuous self-oscillation. The former 
is the more difficult to diagnose because the distortion of the 
signal may be confused with a fault in the modulator. It is 
even more difficult to find when self-oscillation occurs 
only on the peaks of modulation. 

Anode Neutralization 
In this method, a centre-tapped anode tank circuit is 

used in place of the simple inductor-and-capacitor so that an 
out-of-phase voltage is made available for neutralizing the 

6.28 



HF TRANSMITTERS 

Fig 6.64. Anode neut¬ 
ralization using a split¬ 
stator capacitor to 
provide the zero¬ 
potential centre tap in 
the tank circuit. The 
circuit also shows a 
capacitor C for balanc¬ 
ing the anode-to-earth 
capacitance of the 

valves. 

feedback from the anode. Fig 6.63 shows such an arrange¬ 
ment in which the anode tuning inductor is centre-tapped 
and is fed at this point from the ht line, thereby producing 
an rf voltage at the end of the coil opposite to the anode 
equal in value to the anode voltage but 180 degrees out-of-
phase with it. To neutralize the internal feedback due to the 
anode-to-grid capacitance (shown dotted), the neutralizing 
capacitor NC should therefore be equal in value to this 
inter-electrode capacitance; in most valves this is quite 
small—less than lOpF—but its effect is important and an 
accurate balance is required. 

With this circuit a certain amount of undesirable feedback 
is usually present when the operating frequency is higher 
than about 7MHz owing partly to the difficulty of tapping 
the coil at its exact radio-frequency centre and partly to the 
inevitable inductance of the leads connected to the neutral¬ 
izing capacitor. 

An improvement on this arrangement is shown in Fig 6.64. 
Here a split-stator capacitor is used to provide the zero¬ 
potential centre-tap in the tank circuit. The voltages to earth 
of the opposite ends of the coil are determined by the relative 
capacitance values of the two sections of the capacitor and an 
accurate balancing of the two voltages is thus more easily 
obtained. The balancing of the circuit may be further 
improved by the addition of the small variable capacitor C 
shown dotted in Fig 6.64. This serves to balance the anodc-
to-earth capacitance of the valve. It may be found especially 

beneficial whenever the neutralizing adjustment shows a 
tendency to vary from one band to another although with 
the split-stator circuit this does not normally occur. 

Grid Neutralization 

A less commonly used circuit is shown in Fig 6.65. This 
system is analogous to anode neutralization, the only 
important difference being that the voltage-phase reversal 
is achieved in the grid circuit. Its chief advantage is that it 
allows a normal anode tank circuit to be retained and the 
balanced circuit transferred to the grid where working vol¬ 
tages are lower and components smaller. 

Link Neutralization 

The required feedback voltage may be coupled from the 
anode tank circuit to the grid tank circuit by means of a link 
line connecting the two, as shown in Fig 6.66. The phase is 
determined by the polarization of the two coils, and if 
incorrect the connections to one or other of the coils should 
be reversed. The method is useful when a suitable neutral¬ 
izing capacitor is not available or cannot easily be fitted into 
the layout. It is also suitable for neutralizing a tetrode or 
pentode amplifier which has been built without provision for 
neutralization and subsequently has been found slightly 
unstable. 

As the method depends on magnetic coupling rather than 
capacitive feedback, it is only suitable for use on a single 
band unless separately positioned links are switched for each 
frequency range. 

Series-capacitance Neutralization 

Another neutralizing circuit using a capacitance potential 
divider is shown in Fig 6.67. A small capacitor NC is con¬ 
nected between the valve anode and a large capacitor in 
series with the grid tank circuit or the anode tank circuit of 
the preceding valve. The relative values of NC and C may be 
selected from the following expression: 

NC = C^ 
C Cm 

where Cga = anode-to-grid capacitance 
Cm = input capacitance of the valve plus stray 

capacitance across the input circuit. 
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Fig 6.67. Series-capacitance neutralization. The balancing voltage 
is derived from the potential divider comprising the capacitors NC 
and C. Typical values for an 807 are NC = 5pF and C = 1000pF. 

It is advisable not to use a value greater than 5pF for NC 
because this capacitance is effectively in parallel with the 
output of the valve and the LC ratio of the tank circuit may 
be reduced undesirably. 

Push-pull Neutralization 

In a push-pull amplifier, neutralization can be easily 
applied, as shown in Fig 6.68, since a centre-tapped coil is 
already an essential feature of the circuit. Perfect balance 
can be obtained; if the connecting leads are kept short 
and equal in length the neutralization setting remains the 
same over a wide range of frequency including perhaps 
several of the amateur bands. It is common practice to use 
split-stator capacitors in both the grid and the anode circuits 
and to earth the rotors, preferably by the shortest and 
thickest possible connections to ensure that harmonics are 
effectively bypassed. 

Neutralizing Capacitors 

Neutralizing capacitors are usually 20pF for triodes and 
lOpF for tetrodes and pentodes. They are subjected to high 
voltages and air spaced trimmers of high voltage rating are 
normally used. Tubular ptfe dielectric capacitors have a 
suitable voltage rating combined with small size. 

Methods of adjusting neutralizing circuits are described on 
page 6.42. 

RFC 2 

Fig 6.68. Neutralization of a push-pull rf amplifier. Due to the 
symmetry of the arrangement, excellent balance is usually easy to 
obtain: one setting of the neutralizing capacitor will hold over 
several amateur bands provided that the connecting leads are kept 

short. 

GRID BIASING METHODS 

There are three main methods by which the required grid 
bias voltage may be developed for a class C stage, and these 
are illustrated in Fig 6.69. Some methods offer a higher 
degree of protection to a valve than others, and for this 
reason, it is not unusual to find that a valve may be operated 
under conditions which employ more than one of the basic 
methods simultaneously. The methods are: 

(a) Fixed bias, applied directly to the grid through an rf 
choke from a battery or suitable power supply with 
the positive terminal earthed. 

(b) Cathode bias (sometimes known as automatic bias) 
obtained from the voltage drop across a resistor in the 
cathode lead. Since the voltage between the anode and 
cathode is reduced by an amount equal to that 
developed across the cathode bias resistor, the supply 
voltage has to be increased accordingly to arrive at the 
optimum operating conditions. This method is there¬ 
fore generally limited to valves requiring a low anode 
to cathode voltage. 

(c) Grid resistor or drive bias in which the cathode and 
grid of the valve function as a diode. The applied rf 

Fig 6.69. Methods of providing grid bias in a class C amplifier . 
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Fig 6.70 Basic arrangement: of a clamp valve to limit the anode 
current of the power amplifier to a safe level in the event of failure 

of the drive. 

voltage developed across the tuned circuit causes a de 
current to flow through a resistor between grid and 
ground, the voltage drop across which is equal to the 
desired bias. 

Clamp Valve 

If the grid bias is derived solely from the flow of rf current 
through the grid resistor, the valve will take excessive anode 
current when the drive is removed. To prevent this occurring 
in a tetrode or pentode amplifier, a clamp valve connected as 
shown in Fig 6.70 may be used. During normal operation 
the pa grid resistor or drive bias also provides bias for the 
clamp valve and thus renders it ineffective. On removal of 
the excitation, the bias on the grid of the clamp valve 
becomes zero and its anode/cathode resistance falls to a 
relatively low value. The resulting increased voltage-drop 
across the screen resistor R reduces the screen voltage of the 
pa stage sufficiently to limit the anode current to a safe 
value. 
The clamp valve chosen must, however, have a grid base 

sufficiently short to ensure cut-off under normal drive con¬ 
ditions, a requirement not difficult to meet with the 6BW6, 

EL84 or a similar type if the bias derived across the grid 
resistor is greater than about 25V. 

This method will not reduce the screen grid voltage to 
zero since, for current to flow through the clamp valve, there 
must always be a positive potential on its anode, and hence 
on the screen of the power amplifier. Successful operation 
largely depends on the slope and current capabilities of the 
clamp valve. In practice it is better to use a tetrode or 
pentode with its screen grid fed from a fixed source rather 
than a triode. 

It is worth mentioning that bipolar transistors have charac¬ 
teristics ideally suited to this requirement. Under saturated 
conditions the collector-emitter voltage is extremely low, 
usually not more than 1 or 2V even for relatively high 
power types. Transistors are now available with suitably 
high collector-emitter voltage ratings for many applications. 

The current which has to be passed by the clamp valve 
anode should be based on the total current which could flow 
through the screen resistor if it were shorted to earth. In the 
case of a QV06-20 or 6146 operated at 600V, the screen 
resistor is 50kß, and therefore the maximum current is 
12mA. To allow a generous margin, the clamp valve 
should be capable of passing three to four times this current 
and in this case a 6BW6 or EL84 valve would be suitable. 
Where a pentode or tetrode is used, it is essential to derive 
its screen grid voltage from a potential divider. Care should 
be taken to ensure that the screen dissipation of the valve is 
not exceeded when the anode voltage falls to a value which is 
well below that of the screen grid. If the supply to the screen 
grid of the clamp valve is from a potential divider connected 
across a high voltage source, the series resistor will usually 
ensure sufficient limiting action. 
A clamp valve can be used as a convenient method of 

controlling the power developed in a power amplifier stage. 
Since the anode current, and hence the output power, of a 

tetrode or pentode is directly related to the value of the 
screen grid voltage there will be a corresponding variation 
in the power output if it is varied. Where a clamp valve 
is employed to protect the power amplifier, such a facility 
can be arranged with very little change in the circuitry. A 
suitable circuit arrangement is shown in Fig 6.71. Instead of 

Fig 6.71. Clamp circuit modified to 
provide control of the de input to the 
power amplifier. Possible overdrive 
to the grid of the amplifier is dis¬ 

cussed in the text. 
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being connected direct to the grid of the pa stage, the grid 
of the clamp valve V2 is connected to the slider of VR1 which 
functions as the power input control. To avoid affecting RI, 
the total value of R3 and VRI is substantially higher. VR1 
permits the bias on V2 to be varied from zero to about 
— 35V so that, when the bias on V2 is maximum, the 
valve is cut off and the screen of VI is at its normal operating 
voltage. As the value of the bias on V2 is reduced by means 
of VRI, the increased current flow through R4 lowers the 
voltage on VI and hence the input. 

With this arrangement it is possible for the grid of VI to 
be driven too heavily under reduced anode input conditions. 
In such a case, the power reduction must be limited or the 
grid drive reduced. The clamp valve can form the basis of a 
simple amplitude modulation system so that the minimum 
of additional circuitry is required to add a modulation 
capability to a clamp valve controlled cw transmitter. 
Details of such a system are contained on page 9.4. 

Fixed Bias 

The simplest method for the provision of fixed bias is a 
battery. For two reasons, however, its use may be found 
unsatisfactory: 

(a) As the battery ages its resistance increases and an 
additional bias gradually develops owing to the grid 
current flowing through the battery. 

(b) Grid current, which flows in a direction opposite to 
the normal discharge from a battery, tends to charge 
up the battery the voltage of which may be caused to 
rise well above the nominal value. 

These drawbacks can be avoided by using a small mains-
operated power unit incorporating the usual rectifier and 
ripple filter. The chief requirement in such a supply is that 
the output resistance must be low enough to prevent exces¬ 
sive auxiliary bias being developed across it by the flow of 
grid current. One method of ensuring this is to place a low-
value bleeder resistor across the output terminals, in which 
case the power supply must be designed to supply a con¬ 
siderably larger current than is necessary for the actual 
biasing purposes. The difficulty is best met by the use of a 
voltage-stabilizing Zener diode or valve which will maintain 
the output voltage constant irrespective of grid-current 
changes. The output from this voltage stabilizer must then 
be applied directly to the valve without the inclusion of an 
external resistor or a potential-divider network. In practice 
the minimum bias voltage obtainable by the use of voltage 
regulator valves will be 60-80V but Zener diodes are 
available for a wide range of voltages. 

A most important advantage of fixed bias is that the valve 
will be fully protected in the event of a failure of the rf drive. 
This is quite likely to occur during tuning operations, and 
some form of fixed bias is therefore always advisable par¬ 
ticularly in high-power stages. 

Cathode Bias 
Cathode bias is normally used in conjunction with fixed or 

drive (grid resistor) bias for a class C stage because of the 
high value of bias which such a stage requires. The voltage¬ 
drop across the cathode resistor must be subtracted from the 
ht supply in calculating the effective anode-cathode voltage, 
and it may be uneconomical to derive the whole of the 

required bias from the voltage-drop across the cathode 
resistor. The most valuable feature of cathode bias is that it 
automatically protects the valve by preventing the flow of 
excessive anode current if the auxiliary sources of bias fail. 
The cathode resistor, which must be bypassed by rf, is 
generally chosen so that, without auxiliary grid bias, sufficient 
voltage is developed across it to limit the anode dissipation 
to within the maximum ratings. The method of calculation 
follows from Ohm’s law (R = E/I): 

Cathode resistor (ohms) 
Bias voltage (F) X 1000 
Cathode current (mA) 

In the case of a tetrode or a pentode, the cathode current is 
equal to the sum of the screen and anode currents. Where 
it is not possible to determine the screen current at a given 
anode current, due to the wide difference in screen and anode 
currents in such valves, it is permissible to base the calcula¬ 
tion on the required anode current limit alone and to dis¬ 
regard the screen current. This will result in a somewhat 
higher value resistor, providing a higher level of actual bias 
and an anode current below the maximum level fixed. 
For example, consider a tetrode in which the anode 

current is to be limited to 70mA, and which at this anode 
current has a screen current of 10mA. Assume that the 
characteristic curves show that a bias of 10V is required 
to the applied ht voltage to produce these currents, then: 

I (total current in mA) X R (bias resistor) E ( volts) — 1000 

80 -^ = 11-2V 
1000 

10 X 1000 
Cathode bias resistor (ohms) = —— = 125Í2 

Disregarding the screen current: 
_ , , .. . . , . 10 X 1000 Cathode bias resistor (ohms) =-—-

= 140Í2 (approximately) 
The actual bias developed across the resistor calculated by 

disregarding the screen current will be: 

This will be seen to be within the 20 per cent tolerance 
likely to be encountered due to variations between the 
marked and actual value of the resistor fitted where the 
calculation included the screen current. 

The power dissipated in the cathode resistor is given by 
PR, where 1 is the total current in amps; thus— 

Power = (OO8)2 X 125 = 0-8W 
Since this resistor is designed to protect the valve, its rated 
wattage should be appreciably higher than its working 
wattage: twice the working wattage is adequate and in the 
example given the resistor would be rated at 2W. 

When a drive voltage is applied, the cathode current is 
augmented by the current flowing in the grid circuit but since 
this is relatively small it can safely be ignored in these 
calculations. 

Drive or Grid Resistor Bias 
In class C operation the rf grid drive is large enough to 

cause the grid potential to become positive at peak values, 
with the result that a rectified current flows in the grid circuit. 
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If a resistor is inserted into the grid return lead the voltage 
drop across this resistor due to the grid current causes the 
grid to be biased more negatively. This provides an auto¬ 
matic biasing action, the amount of bias varying with the 
drive power and thus to some extent adjusting the actual 
peak drive voltage to the operating requirements of the valve. 

Since failure of the drive would result in the loss of the 
whole of the bias if this were derived solely from a grid 
resistor, it is recommended that grid resistor bias should only 
be used in conjunction with sufficient fixed or cathode bias 
to limit the anode dissipation to a safe value should the drive 
fail. To illustrate the method of choosing the relative pro¬ 
portion of fixed, cathode and grid resistor bias, the following 
example is given. 
Example: An 807 is to be operated under maximum power 

input conditions (ICAS rating) with a combination of grid¬ 
resistor bias and fixed bias. It is required to calculate the 
value of the grid and the fixed bias voltage. 

The relevant operating conditions obtained by reference 
to the published resistor data for the valve are: 

Anode voltage .. 750V 
Anode current .. 100mA 
Anode dissipation .. 30W 
Grid bias .. .. —45 V 
Grid current .. 4mA 
Driving power .. 0-3W 

First it is necessary to calculate the minimum bias required 
to limit the anode current to a safe value in the absence of 
rf drive. At 750V the maximum current permissible for a 
dissipation of 30W would be 40mA. By referring to the 
characteristic curve, the bias needed is found to be approxi¬ 
mately — 20V. With the rf drive applied an additional bias 
of 25V is therefore required to raise it to the specified —45V. 
However, if the fixed bias is to be obtained from a mains-
driven power unit having an internal resistance of, say, 
1000Í2, there will be an extra voltage developed due to the 
flow of grid current through this internal resistance: since 
the grid current is expected to be 4mA, this extra voltage 
drop will be 1000 X 0 004 = 4V. The fixed bias supply unit 
(nominally supplying 20V) will therefore develop an effective 
bias, under drive conditions, of 24V. This means that the 
series grid resistor which is to be relied upon to provide 
the additional bias to bring the total up to 45V need only 
contribute 21V. For a grid current of 4mA, a resistor of 
21/0 004 = 525014 would thus be required. 

If the fixed bias were to be obtained from a 20V battery 
(the internal resistance of which is negligibly small), the extra 
bias to be contributed by the series grid resistor would be 
25V and its value would have to be increased to 25/0 004 = 
6250Q. 

In either case the total resistance in the grid circuit is 
6250Q and the total resistive voltage drop amounts to 25V. 

In practice the amplifier may be tested initially with battery 
bias in order to find the grid current. The value of the grid 
resistor can then be calculated from the following formula 
and the battery replaced by it : 

~ , Grid bias voltage X 1000 Grid resistor m ohms =-i-
Grid current (mA) 

In the case of a 6146 valve with an anode voltage of 600 
and a screen voltage of 150, the grid current and grid bias 
voltages are 2-8mA and 58V negative respectively. Thus 

Fig 6.72. The anode 
efficiency of a class C 
power amplifier initi¬ 
ally rises rapidly with 
a small increase of grid 
current up to about 65 
per cent, after which 
the increase of effi¬ 
ciency with drive be¬ 
comes relatively slight. 

where the bias is derived solely from the grid resistor, this 
resistor will need to have a value of : 

58 X 1000 
2-8 20kQ (approximately) 

Valve manufacturers specify a driving power for valves 
operated under class B or class C conditions but this power 
takes no account of circuit losses, and is simply that needed 
by the valve itself. Working on the assumption that the 
transfer efficiency between the driver and the power amplifier 
will be no worse than 33J per cent the driver should be 
capable of delivering three times the power needed by the 
driven valve. In the case of the 6146, the drive power required 
is 0-2W and the driver should be capable of delivering at 
least 0-6W. 

Grid-drive Requirements 

Grid Current. In normal class C operation the rectified 
grid current is sufficiently small to cause only a moderate rise 
in the temperature of the grid, but if the valve is over-driven 
the temperature rise may become great enough to produce 
grid emission and possibly cause permanent physical damage 
to the grid itself. Where the valve is a pentode or tetrode 
over-driving may also result in excessive screen dissipation. 
Another danger is the production of undesirable harmonics. 

A curve drawn to show the relation between grid current 
and the anode efficiency of a class C pa stage will have the 
form shown in Fig 6.72. The efficiency initially rises quickly 
for a small increase of grid current from zero after which it 
remains substantially constant over quite a wide range. 

No advantage accrues from increasing grid current beyond 
point A for cw work. Greater drive (eg point B) is required 
if the stage is to be amplitude modulated. 

Drive Power. The drive power required is made up of: 
(a) the power required to drive the grid current against 

the bias voltage, 
(b) the power dissipated in the grid of the valve and, 
(c) the loss in the coupling arrangement. 
The power in the bias source is the product of the grid 

current times the total bias voltage from all sources and is 
the same no matter how the bias voltage is obtained. The 
power dissipated in the grid of the valve is approximately 
equal to the product of grid current times the peak positive 
grid excursion which is often about the same as the power 
in the bias source. The loss in the coupling components will 
depend on the quality of the components used and on the 
layout and this is usually at least as great as the total drive 
power specified for the valve. The drive power available 
should be at least five times the power lost in the bias sources. 
Valves in parallel or push-pull require twice as much drive 
as a single valve of the same type. 
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Fig 6.73. Grid tank circuit 
arrangements. The values of 
C and L can be obtained from 

Fig 6.74. 

In an amplitude modulated output stage the drive power 
and bias must be large enough to accommodate modulation 
peaks during which the anode voltage may rise to twice its 
normal maximum value in the unmodulated condition and 
the drive power requirement correspondingly increased. 

Grid Tank Circuits 

A grid tank circuit should be designed to have a Q value 
of about 12, for reasons which are outlined later in the dis¬ 
cussion on Anode Tank Circuits. The required Q value is 
obtained by adjusting the LC ratio of the tank circuit, 
although the relative values of L and C are also dependent 
on the type of circuit in use. Fig 6.73 shows a selection of 
the more popular arrangements. 

The optimum value of capacitance for a grid tank circuit 
in any of these arrangements can be found directly from the 
abac in Fig 6.74. To use this abac the data required are 

(a) the operating frequency, 
(b) the grid-drive power and 
(c) the grid current. 
In the case of push-pull circuits, the grid-drive power and 

the grid current will be double the value for a single-ended 
circuit. 
Example: A single QV06-20/6146 valve is to be operated 

on the 3-5MHz band under class C conditions. The driving 
power required is 0-2IV, and grid current 2-5mA. Find the 
grid circuit tank capacitance and the inductance of the assoc¬ 
iated coil. 

Using Fig 6.74 join the values 2-5mA on the grid current 
scale and 0-2W on the grid driving power scale by a straight¬ 
edge. This intersects the XelXi. scale at 1-5 X 103il Join 
this value to the 3-5MHz marker on the frequency scale. 
The tank circuit capacitance may now be read off the scale 
marked C—in this case 30pF. 

The capacitance found is that of the total across the coil. 

and therefore includes the stray capacitances of the circuit 
and the input capacitance of the valve. As these are likely to 
range between lOpF and 15pF, the net value to be provided is 
30pF — 15pF = 15pF. In practice a 25pF variable capacitor 
would be fitted, to provide sufficient variation to compensate 
for all usual values of stray capacitance while still giving the 
total of 30pF required. 

Once the capacitance has been determined, the inductance 
may be calculated from: 

, _ Xl (ohms) H 

2» X 3-5 M

Which in the example corresponds to: 
= 1-5 X 103 = 71 H 

27T x 3 5 

When applying these calculations to push-pull circuits it 
should be borne in mind that the capacitance value arrived at 
will be the total capacitance across the complete coil, and 
therefore the capacitance on each side of centre will be of 
twice the calculated value; the value of inductance calcu¬ 
lated by use of the formula assumes that the coil is tuned by 
the total capacitance. 

As the operating frequency is raised it will be found that 
the optimum value of C derived from the abac in Fig 6.74 
becomes smaller, and it may easily happen that it is less than 
the input capacitance of the valve. In such circumstances, 
the circuit will have to be allowed to operate with more than 
the optimum capacitance (ie a lower LC ratio): the only 
serious disadvantage will be a lowering of the efficiency of 
power transfer from the driver to the grid circuit of the pa 
stage. To offset this there will be the advantage of a reduc¬ 
tion in the harmonic content of the grid-voltage waveform 
and a reduced likelihood of interference due to harmonic 
radiation. 
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Anode Tank Circuits 

The correct design of an anode tank 
circuit must fulfil the three following 
conditions: 

(«) The anode circuit of the valve must 
be presented with the proper resist¬ 
ance in relation to its operating 
conditions to ensure efficient gener¬ 
ation of power. 

(b) This power must be transferred to 
the output load without appreciable 
loss. 

(c) Owing to the nature of the anode¬ 
current pulses, the Q of the circuit 
when it is loaded by the output load 
must be sufficiently high to maintain a 
good “flywheel” action and produce 
a close approximation to a sinusoidal 
rf voltage waveform. 

Maximum power is generated in the valve 
anode circuit when it is presented with a 
load appropriate to its operating conditions. 
The optimum anode load resistance (R) for 
class C operation is: 

« = 460 — 
la 

where Vm is anode supply voltage and [„ is 
anode current in milliamps. 

The efficiency of the tank circuit depends 
on the ratio of its dynamic resistance when 
unloaded to its value when loaded. Because 
the dynamic resistance is proportional to Q, 
the efficiency depends on the ratio of the 
unloaded Q to the loaded Q. 

For a given Q value the dynamic resis¬ 
tance can be raised or lowered by 
changing the reactance of the coil or 
capacitor, ie by altering the LC ratio. In a 
good tank circuit the unloaded Q is likely 
to be of the order of 100-300, while the 
loaded Q will be much lower. Reducing the 
loaded Q will reduce the circulating currents 
in the tank circuit, and because of the dimin¬ 
ishing heating effect it will be practicable 
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- 15 14 MHZ 

10 -
9 
8 
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6 

5 -
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3 -

1*8MHz 2 ~ “ 

1.5 --

1.0--
0-9 --
0-8 --

0-7 --

0-6 --

0-5 --

Pg C Xc or X L

Grid Tank 
Driving Circuit 
Power Capacitance (Ohms) 
(Watts) (pF) 

ig 
Grid 

Current 

0-3 1 —50 
Fig 6.74. Abac for determining grid tank circuit capacitance for a Q value of 12 in the 
circuit arrangements shown in Fig 6.73. For push-pull and parallel connections, the 
appropriate values of grid current and power are those for the two valves taken 

together. 

to use smaller components. However, if the Q of the tank 
circuit under load is reduced too severely the “flywheel” 
effect becomes too small, and the harmonic content of the 
output increases as a consequence of the non-sinusoidal 
waveform. A compromise between the two requirements 
which has been genera'ly accepted for use in amateur trans¬ 
mitters is represented by a loaded Q value of 12. 

A slight increase of Q above 12 will in fact slightly lower 
the efficiency, but at higher Q values two other factors 
become significant. First, distortion can occur if the stage is 
modulated or if it is amplifying a modulated carrier (under 
class AB or B conditions) owing to the reduction in the 
impedance of the tank circuit at the sideband frequencies 
relative to the carrier frequency, but the Q would have to be 
greater than 200 to cause sideband clipping at l-8MHz. The 
effect is to give an apparent lack of modulating power at the 
higher audio frequencies. Secondly, the frequency band over 
which substantially constant power output can be obtained 
without re-tuning the tank circuit will become narrower, and 

Key to Fig 6.74. Join the 
selected values of Pg and Ig 
by a line PQR. Note the 
point Q on the Xc/Xj, scale. 
Join the point Q to the 
appropriate frequency T on 
the extreme lefthand scale. 
The required value of C is 
given at the point S. The 
corresponding value of L is 
given by the reactance value 
Xl at the point Q divided by 
6 28 X frequency in MHz. 

the serviceable band width then obtainable may be much less 
than is required for normal frequency changes within the 
permitted frequency band. The second effect will be much 
more significant than the first since the modulating fre¬ 
quencies are low in comparison with the carrier frequency. 

The correct operating Q value can be obtained by adjust¬ 
ing the LC ratio or the loading but it must be remembered 
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Fig 6.75. Anode tank-circuit 
arrangements. The values of 
C and L corresponding to a 
loaded Q of 12 can be obtained 

from Fig 6.76. 

that the optimum proportions of L and C also depend on the 
particular form of anode tank circuit which is used. Several 
popular arrangements are shown in Fig 6.75. 

An abac for the direct estimation of capacitance for any 
given operating frequency will be found in Fig 6.76: the 
only other data required are the operating anode voltage K, 
and the anode current la-

Example: Find the anode tank capacitance and inductance 
required at 7MHz for a pair of 5763 valves connected in 
parallel in a class C output stage: the anode current for a 
single valve is 50tnA and the ht supply is 300 V. 

Using Fig 6.75, join the values 100mA and 300V on the 
anode-current and anode-voltage scales respectively by a 
straight-edge. This line intersects the XLIXC scale at the 
reference point of 1200. Join this point to the 7MHz-band 
marker on the frequency scale. The optimum tank-circuit 
capacitance is then read off as 180pF. The anode-to-earth 
capacitance of the two valves (plus stray capacitances) is 
about 15pF, leaving about 165pF to be provided by the 
actual tank capacitor. In practice, a 200pF unit would be 
used. 

The inductance is given by 

I = — H 
2rrf (MHz) M

120 „ 
= - = 2-75uH 

6-28 X 7 

As in the grid circuit, the desired LC ratio cannot always 
be achieved in practice with some valve types at the higher 
frequencies and a lower LC ratio must then be accepted with 
some loss of efficiency. 

PARASITIC OSCILLATION 

Under certain conditions, the amplification of an rf drive 
voltage may be accompanied by the production of oscilla¬ 
tions within the amplifying stage itself. The frequency of 
these parasitic oscillations is usually quite unrelated to the 
normal carrier frequency, and therefore interference may be 
caused to other services outside the amateur bands. They 

may be found to occur at a relatively low frequency or at a 
very high frequency. 

Low-frequency Parasitics 

Low-frequency parasitics are likely to be generated when 
the rf chokes in the grid and anode circuits happen to 
resonate at approximately the same frequency. The use of 
two similar chokes in these positions should be avoided. 
It is better to use a grid resistor in place of one of the chokes. 
The frequency of oscillation is normally below about 
l-2MHz and the reactance of the tank coils to such low 
frequencies is therefore very small except on the lower-
frequency bands. 

When drive (grid resistor) bias is employed, it is usually 
possible to dispense with the rf choke in the grid circuit 
and to connect the grid resistor directly to the tank circuit 
or grid, although this may mean increasing the loading on 
the driver to make up for the higher losses. When the grid 
circuit is tuned by a split-stator capacitor, direct connection 
of the grid resistor to the tap on the coil usually produces no 
measurable effect. However, if a clamp valve is used in 
conjunction with a push-pull input circuit, or if split-stator 
tuning of the grid circuit is used for neutralizing purposes, a 
grid choke must be employed. In such cases different types 
of choke may be used in the grid and anode circuits or the 
chokes may be damped by series or parallel resistors. 

A general coverage receiver with a short aerial may be 
employed to detect low frequency parasitic oscillations. 
Alternatively, a sensitive wavemeter can be coupled to the 
suspected parts of the circuit. There will be no mistaking a 
parasitic w hen it is found : they arc invariably highly unstable 
and any change in frequency is usually unrelated to vfo 
tuning or crystal frequency. 

The most difficult type of parasitic oscillation to trace is 
one that occurs only as the applied voltage reaches its peak 
during amplitude modulation. The effect on the signal is to 
make it sound rough. As this is similar to the effect produced 
by a slightly regenerative stage it is not possible to tell 
whether it is due to regeneration or to parasitic oscillation. 
The only approach is to neutralize the stage and then to 
look for parasitic oscillation if distortion persists. 
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Key to Fig 6.76. Join th* 
selected values of Va and la 
by a line PQR. Note the 
point Q on the Xc/Xi. scale. 
Join the point Q to the 
appropriate frequency T on 
the extreme left-hand scale. 
The required value of C is 
given at the point S. The 
corresponding value of L is 
given by the reactance value 
X at the point Q divided by 
6 28 X frequency (in MHz). 
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- - - 500 
- 400 

- - 3 

- - 5 

- 20 

- 15 

-100 
- 90 
80 

- 70 

60 

cathode connection. This capacitor must be fitted between 
the screen grid and the cathode: to connect it from screen 
grid to earth would not prevent parasitic oscillation. A 
similar bypass capacitor should be fitted from the ht end of 
the anode tank circuit to earth with the shortest possible 
leads. 

One of the most effective vhf parasitic stoppers is a vhf 
choke in series with the anode lead to the valve: a low value 

bearing on its ability to oscillate: the lead should therefore 
be made as short as possible. If the lead must be long, or has 
included in it a bypassed resistor for biasing, a vhf bypass 
capacitor should be fitted with minimal leads from the 
cathode terminal on the valveholder to an earth point as 
near to it as possible. This capacitor should have a value of 
470pF and should be a type designed for bypassing purposes. 
Unfortunately, the addition of a larger capacitor in parallel 
in order to obtain sufficient decoupling at the working fre¬ 
quency defeats the object of the 470pF capacitor unless the 
resulting parasitic circuit is damped by a low value (47Q) 
resistor close to the valveholder. 

The screen grid requires special attention and it should be 
the rule to connect a 470pF capacitor with minimal leads 
between the screen terminal of the valveholder and the 

Fig 6.76. Abac for determining anode tank-circuit capacitance for a loaded Q of 12 
in the circuit arrangements shown in Fig 6.75. For push-pull and parallel connections, 
the appropriate value of anode current is that for the two valves taken together. 

C 
Tank 

Capacitance 
(pF) 

Xc or X L 

(Ohms) 

r 20,000 
- - 15,000 

VHF Parasitics 

The causes of vhf parasitic oscillation 
are somewhat more subtle than those of the 
If parasitics and is not at first obvious how 
they can be produced. They are more 
common in tetrode and pentode amplifiers 
where the valve has a relatively high mutual 
conductance; often valves such as the 807, 
TT21 and 6146 are viewed with suspicion 
for this reason but the prevention of 
parasitic oscillation is quite simple provided 
that the cause is understood and the proper 
precautions are taken. 

A tuned circuit is formed by both the grid 
and anode circuits as shown by the heavy 
lines in Fig 6.77 and is likely to have a 
resonant frequency in the range 100-200 
MHz. At these frequencies the bypass and 
other capacitors and their connecting leads 
act as inductive reactances. The capacitance 
which resonates with them is that of the 
grid and anode circuits and other stray 
capacitances. If the resonant frequencies of 
the grid and anode circuits are not greatly 
different from each other, oscillation may 
occur. Similar conditions apply if the lead to 
the screen grid is resonant. By reducing the 
stage gain at the frequencies concerned, 
or alternatively by separating the vhf 
resonance frequencies of the grid and anode 
circuits, oscillation can be prevented. By 
making connections to the tank circuits 
with short leads, preferably of dissimilar 
wire or copper strip, the inductance of the 
wiring may be reduced sufficiently to 
increase the resonant frequency to a value 
so high thattheamplification afforded by the 
valve is insufficient to maintain oscillation. 

A frequent cause of parasitic oscillation 
is the reactance at vhf of bypass capacitors 
intended for use at hf. For example, if the 
ht line in Fig 6.77 were decoupled at vhf at 
the point where the anode tank circuit joins 
it, in addition to being decoupled in the 
usual way for hf, the vhf resonant circuit 
would be limited to ABC instead of 
ABCDE. 

The length of the cathode lead of a valve 

— 8 
-9 
-10 

-5 
- 4 

-- 3 

-200 
- - 150 

-5000 
-4000 

-3000 
- - 2500 
-2000 

-- 1500 

- -1000 
-- 1500 
-2000 

-70 
-60 
-90 

-100 

Frequency 
(MHz) 

30 

-- 1.5 
- - 2 

- - 100 

-- 150 
- - 200 

- 1000 
-- 900 
-- 800 

- 700 

- - 10 

-- 15 
- - 20 

25 -

21 MHz 

14MHz 

10 -
9 
8 

7 MHz 

5 -

3.5 MHz4 

3 -

1.8MHz 2 _

1.5 -

1.0 -
0.9 -
0-8 -

0-7 -

0.6 -

0*5 -

0.4 

0-3 -
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Fig 6.77. Typical power-amplifier circuit showing how vhf parasitic 
oscillations may be generated. The heavy lines indicate the respec¬ 
tive vhf grid and anode circuits, the inductance being constituted 
by the connecting leads. A neon lamp can be used to indicate the 
presence of such oscillation; if it is moved, for example, from A, 
round the path ABCD to earth, the intensity of the glow will be 

found to diminish progressively. 

(5-10Q) wire wound resistor functions well as a vhf choke 
for this purpose. This choke must be positioned directly 
on the anode terminal with no leads. If this is not effective, 
the screen grid lead should be removed and fitted with a 
ferrite bead, the lead reconnected and the bead positioned 
as close to the screen grid connection as possible. If oscilla¬ 
tion persists, the anode choke should be removed, and a 
carbon resistor with a value of between I0-47Q fitted 
directly to the grid pin with minimal leads, the other end 
being connected to the grid circuit. The lowest value resistor 
needed to stop the oscillation should be used because it 
will introduce a power loss into the grid circuit. The positions 
for parasitic stoppers, the nature of the stopper, and the 
order in which they should be tried is shown in Fig 6.78. 

Small vhf chokes can be constructed by taking approxi¬ 
mately a quarter of a wavelength of wire at the parasitic 
frequency, and winding it on a low loss former so that it has 
a length which is at least three times as great as its diameter. 
If it is possible to make the choke self-supporting it will be 
measurably more efficient. For parasitic oscillations in the 
range 100-200MHz the wire length to be wound should be 
18in, and for the 2OO-3OOMHz range 9in. 

Identification of Parasitics 

The presence of either type of parasitic oscillation will 
render the tuning characteristics of the amplifier erratic and 
will reduce the efficiency at the operating frequency. In some 
cases, the valve is overloaded owing to the parasitic oscilla¬ 
tion and may be damaged as a result. Apart from the possi¬ 
bility of interference by unwanted radiation, these parasitics 
should therefore be eliminated to allow the full efficiency to 
be obtained. Before checking for parasitic oscillation it is 
desirable to carry out “cold” neutralization of the stage 
first by observing the grid current as the anode circuit is 
tuned through resonance with the ht switched off. 

The tendency of the pa stage to oscillate can be investi¬ 
gated in the following way. The rf drive to the amplifier 
should be removed and the grid bias adjusted so that the 
anode current does not exceed the safe maximum value. If 
self-oscillation at a frequency corresponding to the actual 
tuning circuits is taking place, owing to lack of screening or 
neutralization, an adjustment of either the grid or anode 

tuning capacitors will alter the frequency (which will be heard 
on a receiver possibly as a rough unstable note): the anode 
current will also vary with the tuning adjustment. Such self¬ 
oscillation must first be eliminated by improving the screen¬ 
ing arrangements and by ensuring that the amplifier is 
properly neutralized. 

If the parasitic oscillation is of the low frequency type, the 
tuning capacitors will have very little effect on its frequency; 
a neon lamp held near the anode circuit will glow with a 
darkish red colour at any part of it, including the apparently 
“earthy” end. In the case of vhf parasitics, the neon lamp 
will glow with a reddish-purple colour when held near 
the anode, but the intensity of the glow will diminish as the 
neon is moved round the “parasitic” anode circuit (abcde 
in Fig 6.77). Sometimes parasitics are more readily gener¬ 
ated when the tank capacitors are at their maximum values, 
and the capacitors should therefore be varied throughout 
their full ranges to ensure all possible conditions are ex¬ 
amined. A sharp upward “flick” of the anode current 
while this is being done indicates that the stage requires 
neutralizing. 

Fig 6.78. Positions for vhf para¬ 
sitic stoppers, the nature of the 
stopper, and the order in which 

they should be tried. 

In clearing parasitic troubles, it often helps to recognize 
that the spurious oscillation adopts a different mode of 
operation from that at the operating frequency. For example, 
in a push-pull stage a low frequency oscillation caused by 
the rf chokes could .well occur due to the valves operating 
in parallel in the spurious mode. Similarly, when the valves 
are connected in parallel, a vhf parasitic could occur in a 
push-pull mode. Suppressing devices which affect the parasitic 
but do not affect normal operation can sometimes be 
devised. 

OUTPUT COUPLING CIRCUITS 

The output coupling circuit of the tank circuit of a trans¬ 
mitter is as important as the output circuit itself. There is no 
point in having potential energy available if it cannot be 
used. 

Link Coupling 

A quite commonly used method of transferring the 
power available in the anode circuit is by means of a link 
winding. This consists of a few turns of wire, usually of the 
same gauge as the winding on the coil, placed adjacent to the 
earthy end of the coil and coaxial with it. In practice, 
and to allow the position of the link winding to be moved 
relative to the tank coil, it may be wound fractionally larger 
so allowing it to slide up and down the coil former. 
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PA TANK 
CAPACITOR 

Fig 6.79. Untuned link output circuit. 

Before winding the link, it is necessary to know the 
impedance into which the link will feed. The turns on the 
link and the turns on the tank coil constitute an impedance 
transformer. Just as it is necessary to match the anode 
tank circuit to the pa impedance for optimum power, so it 
is necessary to match the link to the impedance it has to feed 
if the most efficient transfer is to take place between the tank 
circuit and the link. 

The load resistance which is placed across the link coil is 
transformed into the primary circuit to produce the load 
resistance for the valve or transistor. 

The usual practice is to feed the power from the pa by 
means of a link connected to a coaxial cable which feeds 
an aerial array with an impedance which matches that of the 
coaxial line or an aerial matching device. The arrangement 
is illustrated in Fig 6.79. 

The ideal conditions ar e not always easy to meet in practice. 
If the link is accurately matched to the line, it is frequently 
found that as it is coupled to the pa tank coil, the leakage 
inductance of the link detunes the pa circuit. In order to 
restore the pa current to its loaded value, the tuning capaci¬ 
tor needs to be adjusted to compensate for this leakage 
inductance. As the coupling between the link and the pa 
coil is increased (as they are moved physically closer) the 
detuning becomes more pronounced. However, the effect 
is usually more irritating than serious. 

Tuned Link Coupling 

As an alternative to the simple link, a tuned link system 
can be employed, and in many instances this can show 
distinct advantages. The arrangement is shown in Fig 6.80. 

Provided that the far end of the coaxial cable is correctly 
terminated, the input impedance will be substantially 
resistive and equal in value to the impedance of the cable. 
By the use of a series tuned circuit this impedance can be 
matched. While the Q will be low, this is no particular dis¬ 
advantage, for if the Q were high, the tuning of the link 
would require adjusting with excursions in frequency. 

Table 6.7 gives the value of capacitance which, in associa¬ 
tion with a suitable coil, will produce a link circuit with a Q 
of two. The link should be wound so that when it is lightly 

Fig 6.80. Tuned link output circuit. The link L2 together with the 
capacitor forms a series tuned circuit resonant at the operating 
frequency. The link capacitor should tune through the value given 

in Table 6.7. 

TABLE 6.7 

Values of the link tuning capacitor in Fig 6.80 with which the link L2 
must be made to resonate at the operating frequency. The values 
given should not be exceeded at resonance, but a value of capaci¬ 
tor should be fitted which is somewhat higher than the maximum 

figure given. 

Amateur Band 

1-8MHZ 
3-5MHz 
7MHz 
14MHz 
21 MHz 
28MHz 

Impedance of Coaxial Cable 
5252 7552 

900pF 
450pF 
230pF 
115pF 
80pF 
60pF 

600pF 
300pF 
l50pF 
75pF 
50pF 
40pF 

coupled to the pa tank circuit, the anode current of the pa 
rises as the link tuning capacitor is tuned through the value 
specified in the table. Once the coil has been adjusted to 
produce this condition, the link capacitor should be left 
at the value which produces the peak in the anode current of 
the pa. The link coil should be moved towards the tank 
coil until the desired degree of loading is obtained. It is 
probable that the coaxial line, even if correctly terminated, 
will exhibit some reactive element. As the frequency is 
changed, the link tuning capacitor may therefore require 
slight adjustment. The degree of trimming that this capacitor 
will require will depend on the extent of the reactive compo¬ 
nent. 

Due to the low Q of the tuned link, fairly tight coupling 
between the link and the tuned circuit will be required. How¬ 
ever, as it is resonant, and any reactance can be tuned out, 
the tank capacitor will show less deviation from the un¬ 
loaded dip position as the coupling is increased compared 
to the untuned link method. This is to be expected in a double 
tuned circuit using mutual inductance. Any change experi¬ 
enced is usually due to increases in stray capacitive coupling 
as they approach each other. 

Pi-Network Coupler 

The pi-network is a circuit used to couple the pa anode to 
the output load in a manner which transfers the load 
resistance into the anode circuit with a value which is opti¬ 
mum for efficient power generation. It uses comparatively 
few components. 

The commonly used pi-network arrangement is shown in 
Fig 6.81. The resistance Kj is the valve anode and is the 
input resistance of the network when properly adjusted. 

Fig 6.81. Basic pi-network for feeding an unbalanced load. The 
resistance presented to the valve anode is Ri (see text). The choke 
RFC2 is added to prevent high de voltage appearing at the output 

terminals in the event of an insulation breakdown in C3. 
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R, Xl XC, XC, 

300 
400 
500 
600 
700 
800 
900 
1000 
1200 
1400 
1600 
1800 
2000 
2200 
2400 
2600 
2800 
3000 
3500 
4000 
4500 
5000 
5500 
6000 

37 25 13 
47 33 15 
57 42 16 
67 50 18 
76 58 20 
86 67 21 
95 75 23 
104 83 24 
123 100 26 
141 117 29 
159 133 31 
177 150 33 
195 167 36 
212 183 38 
230 300 40 
247 217 42 
265 233 44 
282 250 46 
325 292 52 
367 333 57 
409 375 63 
451 417 69 
493 458 76 
534 500 83 

(a) Rl = 75Q 

R, Xl. XC, XC, 

300 35 25 10 
400 45 33 12 
500 54 42 14 
600 63 50 15 
700 73 58 16 
800 82 67 18 
900 91 75 19 
1000 100 83 20 
1200 118 100 22 
1400 136 117 24 
1600 153 133 27 
1800 171 150 29 
2000 188 167 31 
2200 205 183 33 
2400 222 200 35 
2600 239 217 37 
2800 256 233 40 
3000 273 250 42 
3500 315 292 48 
4000 356 333 55 
4500 397 375 64 
5000 437 417 75 
5500 477 458 89 
6000 515 500 110 

(b) Rl = 50n 

Fig 6.82. Reactance tables for pi-network couplers. 

It is usual to design the network to have a loaded Q of 12 
which is a compromise between the need to suppress har¬ 
monics for which a high loaded Q is required and the circuit 
efficiency which requires a high ratio of unloaded Q to 
loaded Q. 
To meet these requirements the capacitors Cl and C2 and 

the inductance L should have the reactance values derived 
from the following formulae: 

.. .(1) 

. . .(2) 

v QR, + (R, RJXCJ ,,, 

when Q is the loaded Q of the circuit and R,. is the output 
load resistance. 

For any particular frequency the value of C and L may be 
obtained using the reactance formulae: 

XL = 2-nfL ... (4) 

where /is MHz, C is pF and L is mH. 
Reactance tables derived from equations (1), (2) and (3) 

for load resistances of 500 and 750 and a loaded Q of 12 
are shown in Fig 6.82. 
The value of R¡ representing the required anode load 

resistance can be calculated by assuming that the peak rf 
voltage swing at the anode is about 80 per cent of the de 
supply voltage Vnt. It will then be given by— 

... (6) 

where P is the power output in watts. It is much simpler, 
however, to measure the power input and if an assumption is 
made with regard to the anode efficiency the expression can 

be converted into a more useful form. Thus if the stage is 
assumed to be 70 per cent efficient the expression becomes 

A, = 460 X Q ... (7) 
la 

where Ia is the anode current in milliamps. Either of the 
expressions (6) or (7) may be calculated from the operating 
data given in the valve manufacturer’s catalogue. 
Example: A single ended QV06-20[6146 is to be operated on 
3 5 MHz at an ht of 500 V and an anode current of 100mA. 
Find the constants of a pi-network with a Q of 12 for a load 
impedance of 750. 

From equation (7) 
500 

R, = 460 'A—= 23000 
100 

Referring to Fig 6.82(a) and interpolating between R, = 
2200 and 2400Q the value of XCx is 1910, XC, is 390 and 
Xl is 2210. Using formulae (4) and (5) gives L = lO^H, 
Cl = 238pF and C2 = 1166pF. 

The capacitors Cl and C2 are variable units with maxi¬ 
mum values 25 to 50 per cent greater than those calculated. 
It is also a common practice to use a fixed capacitor in parallel 
with C2 to reduce the value of the required variable capaci¬ 
tor. In this example a suitable fixed value would be 500pF 
with l.OOOpF variable. Additional charts for the design of 
pi-network tank circuits are given in the Radio Data Refer¬ 
ence Book (RSGB). 

The pi-network coupler has one important advantage over 
the parallel tank circuit. As it functions as a low pass filter, 
it shows a high degree of attenuation to harmonics of the 
frequency to which it is tuned, but to secure the maximum 
degree of suppression, the components have to be carefully 
placed. The capacitors Cl and C2 should be mounted 
directly on the chassis with Cl as close to the pa valve as 
possible. The outer braiding of the coaxial cable should be 
connected to the same point as the earthing of the rotor of 
C2, and the inner connector should be shielded right up to 
the point where it is connected to C2. 

The earth connection through the chassis between Cl, L 
and C2 should be of good conductivity. Since the chassis 
will carry the circulating current care must be taken that 
stray coupling to earlier stages does not exist. An excellent 
arrangement would be to connect the capacitors together with 
copper strip and connect them to earth at one point only. 

In operation the pi-network offers the particular attraction 
that any reactance on the coaxial feed line can usually be 
tuned out. 

The amount of capacitance used at positions Cl and C2 
will be modified by the stray circuit capacitances, but because 
these are normally small when compared to the values of Cl 
and C2, and since it is usual to provide a somewhat higher 
variable capacitor than that of the calculated value, stray 
capacitances can usually be ignored within the frequency 
range l -8-3OMHz. 

As the values of Cl and C2 decrease as the frequency 
increases, multiband operation can sometimes be arranged 
by designing the coupler for the lowest frequency band, and 
providing the coil with a number of suitable tapping points. 

This will not give as high efficiency as that attainable with 
individual coils for each band, for as the tapping points are 
bridged the working part of the coil will “see” a number of 
shorted turns, and these will reduce the efficiency. Alterna¬ 
tively a variable inductance can be used and Cl switched for 
each band. 
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PA Choke Considerations 

Owing to the tendency of an rf choke to resonate at 
various frequencies, depending on its design, some caution 
is necessary when using a parallel-fed tank circuit. A choke 
suitable for an all-band high-power parallel-fed pa stage is 
illustrated in Fig 6.83. This has been designed so that no 
resonances are present within the amateur bands; neverthe¬ 
less the possibility of an unexpected resonance should be 
borne in mind since a metal chassis or a screening partition 
in the vicinity of the windings can alter the characteristics 
appreciably. Resonance will be noted by a loss in efficiency 
and by overheating of the choke windings. The choke 
former should be made from a material with good electrical 
properties and capable of withstanding without softening 
the temperature which it may acquire by being mounted 
close to the pa valve. A suitable material is Tufnol, or 
ptfe. 

Fig 6.83. Construction of an all-band rf choke suitable for a parallel-
fed pa stage. The former may be made of Tufnol or ptfe. The wire 

used is 30 swg dsc. 

Pi-networks in Push-pull 

It is practical to apply the advantages of a pi-network to 
valves operating in push-pull and this is shown in Fig 6.84. 

In this the calculations are made for one half of the circuit 
according to the values given on the diagram, and similar 
components fitted to each half. 

Pi-output Safety Precautions 

If the blocking capacitor shown as C3 in Fig 6.81 develops 
a short circuit, there would be a possibility of the load 
assuming a dangerously high potential if it had no de 
return. To prevent such a situation, the rf choke RFC2 
should always be fitted, and the ht supply to the pa valve 
correctly fused. With certain aerial systems, this choke will 
provide a path for electrostatic voltages built up on the 
aerial. To avoid the transmitter enclosure assuming a 
dangerous potential under electrical storm conditions, it 
should always be connected to an efficient earth. 

Pi-network Neutralization 

Pa stages employing pi-networks may be neutralized by 
means of the arrangements illustrated in Figs 6.65 and 6.67. 
Cross-over neutralization may be used with push-pull 
pi-network stages. Contrary to popular opinion on the 
subject it is always best to neutralize pa stages using modern 
valves. 

Adjusting the Pi-network Coupler 

To tune a pi-network coupling the following procedure 
will be found satisfactory. First, with a dummy load con¬ 
nected, set the "loading” capacitor (C2 with Fig 6.81) to 

maximum capacitance and tune the anode capacitor (Cl in 
Fig 6.81) for minimum pa anode current, with a low power 
input to avoid possible damage to the valve. Next connect 
the aerial load or its equivalent and decrease the capacitance 
of C2 slightly from its maximum value; this capacitor C2 
can conveniently be regarded as a “loading” control. 
Then Cl should be readjusted for minimum anode current. 
The procedure is then repeated until a value of C2 is found 
at which the output into the load is a maximum and at the 
same time a dip in anode current of 10-15 per cent can still 
be obtained by varying Cl, the dip being coincident with 
maximum output. 

An alternative, and possibly more satisfactory, method is 
to monitor the output voltage or current and adjust the 
pi-network for the required output with normal input. 

If the pa loading is found to increase as the value of C2 
is increased, the ratio between the impedances RI and R2 is 
too great to allow correct matching to take place. In this 
event, it is preferable to modify the load impedance R2, 
usually by connecting a capacitance in series; its optimum 
value will best be determined by experiment. This capacitor 
should be suitably designed to carry the relatively heavy 
output-load current and one having a good mica dielectric 
should prove satisfactory. 

Fig6.84. Twin pi-nstwork for a push-pull output stage. If preferred 
the pairs of capacitors C1, C1, and C2, C2 can be replaced by single 
capacitors, the earthed centre connections then being ignored. 

ADJUSTING POWER AMPLIFIERS 

To avoid possible damage to the valve in a pa stage it is 
desirable to make the preliminary tuning adjustments with 
the anode and screen voltages removed. If a grid dip oscilla¬ 
tor is available, it is a simple matter to tune the anode and 
grid circuits to the frequency of operation before any power 
is applied. 

If a grid dip oscillator is not employed, normal bias should 
be applied to the valve. If link coupling is used, both 
links should be adjusted to give rather less than maximum 
coupling. A milliammeter in the grid circuit of the pa 
stage, Fig 6.85, will indicate when optimum coupling 
has been obtained. The procedure is to tune the drive anode 
tank circuit to give minimum anode current in the driver, 
and, with the links set as above, the pa grid circuit is tuned 
to give maximum drive as indicated by the grid milliammeter. 
The link coils may then be readjusted to give tighter coupling, 
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Fig 6.85. Grid current meter positions. 
The use of a grid current meter is 
essential during the tuning>up of a pa 
and should preferably be a permanent 

feature in any transmitter. 

followed by further slight retuning of the driver anode and 
pa tank circuits, if necessary, to give maximum grid current. 
The latter should have a value 30-40 per cent greater than 
the specified value for the valve since it will fall by approxi¬ 
mately this amount when the anode voltage is applied later. 
The frequency to which the grid circuit is tuned should be 
checked with an absorption wavemeter. 

Neutralization 
The stage must now be neutralized. Variation of the 

anode tuning capacitor through resonance should have no 
influence on the grid current, provided that the stage is 
correctly neutralized. Neutralization should be carried out 
at the highest frequency on which the amplifier is to operate. 

There are two main methods of neutralizing an amplifier: 
with the ht removed from the anode and screen of the valve 
(“cold” neutralization) and with the ht applied (“hot” 
neutralization). Cold neutralization is to be preferred on 
the grounds of safety. 

The procedure for neutralizing an amplifier is as follows: 

Cold Method 
(a) Disconnect the ht from the anode and screen of the 

valve. 
(b) Disconnect any output load from the valve. 
(c) Set the neutralizing capacitorto minimum capacitance. 
(d) Set the anode tuning capacitor to the point at which it 

influences the grid current. 
(e) Increase the neutralizing capacitor slightly. 
(/) Vary the anode tuning capacitor to determine whether 

neutralization has been achieved. 
(g) If not, repeat steps (6), (c) and (d) until the stage is 

correctly neutralized. 
An alternative method of cold neutralization is to feed a 

signal to the anode of the valve and adjust the neutralizing 
capacitor for minimum indication on a valve voltmeter 
connected to the grid circuit. 

Sometimes it is not possible to eliminate entirely inter¬ 
action between the two circuits but this does not necessarily 
mean that the circuit will not function properly. However, 
the greatest care should always be taken to achieve the 
lowest possible degree of interaction. 

In a push-pull amplifier the two neutralizing capacitors 
should be varied together (ie with similar values) so that an 
approximate balance is maintained during the process. The 
final correct balance may be found to occur with slightly 
different settings of the two capacitors but if the values are 
greatly different the balance may be upset when the operating 

frequency is changed to a different band. A well designed 
and constructed amplifier, when correctly neutralized, 
should remain so over the full range of frequencies 1-8-30 
MHz. 

Hot Method 
This is carried out in a similar manner to that described 
for cold neutralization with the same object : to achieve the 
lowest possible interaction between the anode and grid 
circuits of the amplifier. As it is performed with anode and 
screen voltages applied to the valve, the greatest possible 
care must be taken to avoid coming into contact with the 
high voltage supplies. It is a good rule to keep one hand in 
your pocket while carrying out this type of adjustment. 
Before making any adjustment, the power should be 
switched off and the capacitors allowed to discharge: the 
ht line should then be shorted to earth. (See Chapter 
19 for further advice on safety precautions.) 

A final check of the neutralization should be made by 
applying a low anode voltage, removing the grid drive, and 
adjusting the bias so that it produces a standing anode 
current corresponding to about half the maximum per¬ 
missible anode dissipation. If the neutralizing setting is 
incorrect, self-oscillation is almost certain to occur. This can 
be detected in various ways, eg by the glow in a neon lamp 
held near the “hot” parts of the anode circuit, by the 
lighting of a flash-lamp bulb connected to a loop of wire 
when coupled to the tank coil, or by an absorption wave¬ 
meter. Anode-current variations will also be observed 
when the grid or anode tank capacitor is tuned through 
resonance. 

If it appears impossible to achieve proper neutralization 
the cause of the difficulty may lie in the presence of parasitic 
oscillation. Methods for suppressing such oscillations are 
described on page 6.36. 

When the amplifier has been neutralized, a suitable load 
should be coupled to the anode tank coil; the grid drive 
may then be applied though still with reduced anode and 
screen voltages. This load may consist of an ordinary 
domestic electric lamp of suitable power rating or preferably 
a carbon resistor of suitable rating to dissipate the power 
output (the Electrosil type H39, for example). 
When ht is applied to the pa the anode tuning capacitor 

should be quickly tuned for maximum dip in the anode 
current to avoid damaging the valve. It can be assumed that 
the circuit is correctly loaded if the dip in anode current 
when the tank circuit is tuned through resonance is 10-15 
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per cent. If a lamp is used as the load it should be connected 
to the coil by the shortest practicable leads, the wires being 
soldered directly to the lamp-cap contacts. 

After the amplifier has been tuned at reduced power, 
full power may be applied. A rough estimate of the power 
output may be made by observing the brilliance of the lamp. 
Finally the anode efficiency and dissipation should be cal¬ 
culated to ensure that the valve is being operated within its 
ratings. 

If it is found that varying the anode tank capacitor about 
the resonance position causes the grid current to change 
sharply at any point, it is a sign that feedback is taking 
place and closer attention should be paid to the screening 
or to the neutralizing adjustments. Besides being trouble¬ 
some in other ways such feedback can cause intermittent 
spurious emissions in phone operation and produce effects 
similar to those of over-modulation. 

Sometimes the tuning adjustment that produces the 
maximum output from the power amplifier does not coincide 
with the tuning adjustment for minimum anode current. 
This can be due to faulty neutralization but it can sometimes 
be traced to a variation in the screen voltage as the circuit is 
tuned through resonance, and in this event the remedy is to 
stabilize the screen voltage. 

TRANSISTOR POWER AMPLIFIERS 

Transistors which are suitable for low and medium power 
pa stages are now more readily available at prices attractive 
to the amateur. 
They have the advantage of considerable longer life 

expectancy than their valve counterparts although care is 
necessary to ensure that the quoted maximum voltages are 
not exceeded even under transient conditions and they are 
not very tolerant of the overloads which may occur during 
adjustment. 

Detailed and specific information on devices and their 
recommended circuitry is generally available from the 
manufacturers in the form of application reports and circuit 
manuals. This literature can be of great value to the serious 
experimenter. 

Output Matching 
The problem of matching the output load resistance which 

is normally of the order of 50S1 to the collector of the pa 
transistor is very similar to that of interstage coupling. In 
general however the required collector load is of a lower 
value than the output load which is the opposite state of 
affairs to the interstage case. 

Fig 6.86 shows coupling circuits employing a tap on the 
collector coil. The design procedure is straightforward and 
uses well known circuit techniques. The peak value of the 
collector rf voltage is approximately equal to the supply 
voltage Fee since the collector can be assumed to bottom at 
the negative peaks. The rms value of collector voltage is 

Kc then —— and the power (F») developed in the collector load 

Fer2resistance (7?r) is Knowing the power which is 

to be produced the collector resistance may be found from 
Fc? Rc = ■57^ As discussed under Transistor Interstage Coupling Lr o 

Fig 6.86. Transistor output coupling circuits. 

Formulae for Fig 6.86(a) 

Formulae for Fig 6.86(b) 

(3) XCl

(4) X01

Rt _ A-X 
Ql Ql 

RtQl i Rl 
(ßz+ D [ ~ Q'-Xc, 

(page 6.24) a collector tank circuit parallel loading resist¬ 
ance (Rt) of 1000Í1 is reasonable and this enables the posi¬ 
tion of the coil tap to be established using the formula 

where N is the ratio of total turns to turns from 
the tap to the earthy end. 

It is usual to design for a loaded Q of 1Ü as a compromise 
between circuit efficiency and harmonic suppression and by 
using the formula QL = u>CtRt the circuit total tuning 
capacitance Ct may be found. The inductance is derived from 
L -¿7-

(0 Cy 
The next step in the design is to devise a circuit which 

will make the load resistance RL appear like a resistance R 
in parallel with the collector tank circuit. 
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Fig 6.87. Series to parallel RC circuit transformation. 

Formulae for Fig 6.87 

1 1 

2nfC, 2nfC,, 

Ä? + X2 R2 + X* 
R„ —-1 X„ —--

R. X, 

The matching circuit of Fig 6.86(a) makes use of a series 
to parallel transformation by connecting a capacitor C2 in 
series with the load so that the equivalent parallel circuit 
has a resistance RT. The capacitance of the equivalent para¬ 
llel circuit requires to be subtracted from the total tuning 
capacitance calculated above in order to find the value of 
the tuning capacitance Cl. 

Fig 6.87 shows the method of calculating the component 
values of the equivalent parallel circuit. The formulae shown 
in Fig 6.86 give the same answers as the step by step method 
outlined above. The diagram in Fig 6.86(b) and the accom¬ 
panying formulae show a capacitance transformation of the 
output load. 

As with interstage coupling the tapped inductor ceases to 
be effective at vhf and other networks should be used. 

Some suitable networks are shown in Figs 6.88, 6.89 and 
6.90. When adjusting these circuits the variable capacitor C2 
may be regarded as a loading control and Cl as the tuning 
capacitor. Final adjustments are carried out by varying C2 
slightly in a direction which increases the power output and 
then re-tuning with CI. 

Biasing 

In class B operation no standing bias is provided. Unless a 
transistor has a forward bias current applied between its 
emitter and base, no current will flow through it until such a 
bias is provided. Thus a transistor can be used in class B 
simply by connecting it so that there is no forward bias 
applied. 

Fig 6.91 is the circuit of a typical transistor power 
amplifier in which the drive is applied to the base, and the 
base matched to the preceding stage by a link winding. 
While one end of the link winding is bypassed for rf, the 
de return is via a resistor R to earth; the emitter is also 
earthed. Under static conditions, ie without drive applied, 
the transistor rests in the class B condition, and the only 
collector current which flows is that due to leakage through 
the transistor. When drive is applied progressively, the tran¬ 
sistor conducts on alternate half cycles. As the level of the 
drive is increased, diode rectifying action takes place between 
the base and emitter, and a biasing voltage is developed, the 
level of which will be in proportion to the drive power and 

Fig 6.88. Output matching (1). 

Formulae for Fig 6.88 

(1) 

(2) 

(3) 

Xc. 

Rl (4) XLt = QlR< QlXc, 

X„t = Q,Rr

RdQ\ + 
V RcQÏ 

QiR' 

QiR* , 

Formulae for Fig 6.89 

(I) 
R, 

QlXFo

(3) X,„ 

the value of R. Thus by varying the drive power, the tran¬ 
sistor can be moved progressively from class B to class C 
operation. 

As it is not usual to find that manufacturers specify 
precise conditions for transmitter service, except for semi¬ 
conductor devices specifically produced for this purpose, a 
certain amount of work may be needed in designing a 
transmitter employing general purpose transistors. So far 
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Fig 6.90. Output matching (3). The unmarked coil is L2. 

Voltage Ratings 

The collector voltage of a grounded emitter transistor 
class C pa stage reaches a value approximately twice the 
supply line voltage at the peak of the rf cycle. Under condi¬ 
tions of 100 per cent amplitude modulation it is obvious 
that the maximum collector voltage becomes approximately 
four times the supply rail voltage. To allow an adequate 
margin of safety the transistor chosen for operation under 
these conditions should have a quoted maximum permissible 
collector to emitter breakdown voltage of say five times the 
supply rail. 

Formulae for Fig 6.90 

as the bias level is concerned, it is important to ensure that 
the base-emitter voltage specification is not exceeded, 
particularly the reverse voltage rating, and this should be 
continuously monitored as the drive is increased. Over¬ 
driving will quickly ruin a transistor. 

Bypass Capacitors 

Due to the lower impedances encountered in transistor 
circuits compared with those in valve circuits, any residual 
impedance in bypass capacitors must be correspondingly 
lower. It will be found therefore that the bypass capacitors 
employed in transistor transmitter circuits are larger relative 
to frequency than those in similar valve circuits. It is 
essential that the type of capacitor is selected with care, since 
increasing the value of the capacitance may be accompanied 
by an increase in reactance in some cases. This is of par¬ 
ticular importance so far as the capacitor across R in Fig 
6.91 is concerned, for if this shows reactance at the operating 
frequency it will either upset the matching of the link to the 
previous stage, or necessitate an increase in the drive to the 
pa transistor, or both. 

Fig 6.91. Representative common-emitter connected transistor 
pa stage. 

Transistor Neutralization 

Like valves, transistors have internal capacitances, and 
for the same reasons, these may have to be neutralized 
depending on their magnitude and the frequency of opera¬ 
tion. Transistors also have internal conductance which 
sometimes requires neutralization. If the neutralizing of a 
transistor is incorrect, there may be a loss of gain (degenera¬ 
tion) at one frequency setting of the output circuit while at 
another it may be highly regenerative. 

The neutralizing system which appears to be the easiest to 
adjust is illustrated in Fig 6.92. It was originally designed 
for use with triode valve amplifiers and was later used in 
cascode rf amplifiers. 

In the circuit of Fig 6.92, the inductance is arranged to 
resonate with the collector-to-base capacitance of the 
transistor at the operating frequency. At resonance, since 
Xc = XL, the internal capacitance of the transistor will be 
neutralized. 

Fig 6.92. Neutralizing circuit 
for a transistor pa. 

Transistor Heat Dissipation 

The manufacturer’s data on a particular transistor usually 
shows the maximum junction temperature which is permis¬ 
sible and the designer must take steps to ensure that this is 
not exceeded. The design of the cooling arrangement is 
based on the concept of thermal resistance. When heat flows 
in a heat conducting medium a difference in temperature is 
created between two points in the medium, and the thermal 
resistance between the two points is the temperature differ¬ 
ence in degrees C divided by the heat flow in watts. 

This is analogous to current flow producing a voltage drop 
in an electrically conducting medium. 

Adequate cooling is normally achieved by mounting the 
transistor on an appropriate heat sink—three heat con¬ 
ducting paths in series are then connected between the 
transistor junction and the ambient air. The total thermal 
resistance is the sum of the thermal resistances from junction 
to case, case to sink and sink to air or expressed symbolically 

Ûj-A = Qj-C + ^C-S + ^S-A 

The temperature difference between the junction and the 
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Junction Case Heatsink Ambient air 

Fig 6.93. Thermal equivalent circuit. 

ambient air can be found by multiplying the total thermal 
resistance by the power dissipated ie: 

Tj-a = Pß^A
Thermal resistances of heat sinks to free air are available 

from the manufacturers. The case to heat sink thermal 
resistance Bc-S can be made low by the use of mica washers 
and silicone grease and often it can be neglected in calcula¬ 
tions. The transistor data sheets usually quote the junction-
to-case thermal resistance Bj-c. 

Fig 6.93 shows the thermal equivalent circuit of a tran¬ 
sistor mounted on a heat sink and Table 6.8 shows the ther¬ 
mal resistance of some transistor cases to free air. The table 
allows an assessment to be made of the dissipation possible 
without the use of a heat sink. 

TABLE 6.8 

Case 0c-.< (C/W) 

TO-18 
TO-46 
T0-5 
TO-39 
TO-8 
TO-66 
T0-60 
TO-3 
TO-36 

300 
300 
150 
150 
75 
60 
70 
30 
25 

As an example of the power dissipation calculation 
consider a 2N3055 transistor mounted on a heat sink which 
has a thermal resistance of 2-5°C/W. According to the 
manufacturer’s specification the junction-to-case thermal 
resistance is 1-5 C/W and the washer mounting arrange¬ 
ment may be assumed to have a thermal resistance of 
0-5°C/W. The total series thermal resistance is: 

Bj-a = 1-5 4-0-5 +2-5 
= 4-5°C/W. 

The maximum junction temperature of the 
2N3O55 given in the data sheet is 200°C so for an ambient 
temperature of say 50°C the maximum power which may be 
dissipated is: 

p _ Tj(max) T. 
c max--

Bj—A 

200 - 50 
” IT“ 

33-3W 

It is a wise precaution to design for a heat sink which 
will enable the total de power input to a transistor pa to 
be dissipated although during normal operation it is required 
to dissipate only the difference between de power input and 
rf power output. 

Heat sinks may be constructed from plates of copper or 
aluminium and often the equipment chassis itself may be 
used for this purpose. The thermal resistance of such arrange¬ 
ments depends primarily on surface area and to a lesser 

Fig’6.94. »Thermal resistance as a fraction of heat>sink dimensions, 
(from Electronic Design, 16 August 1961) 

degree on plate thickness and mounting arrangement (ie 
horizontal or vertical). The nomograph of Fig 6.94 enables 
the thermal resistance of plates of area 1 to 80 square inches 
to be determined by laying a straight edge horizontally across 
the chart at the required area and reading off the thermal 
resistance under the appropriate Thickness and mounting 
position column for the metal in question. 

Adjusting Transistor Power Amplifiers 

It is essential to load the output circuit of a transistor 
power amplifier during the tuning procedure. Unless this is 
done, the peak collector voltage may exceed the collector¬ 
base rating and destroy the transistor. A suitable [low 
power dummy load is shown in Fig 6.95 although it is of 
course quite possible to use a high wattage carbon resistor of 
the type used as a dummy load for valve transmitters. 
An indication of output power can conveniently be 

obtained by using a reflectometer in the feedline to the load 
as a forward power meter. Suitable indicators of this sort are 
described in Chapter 18—Measurements. Initial testing 
should be carried out with low supply voltage and with no 
drive. Some designs incorporate easy means of controlling 
the drive. For example in the transmitter on page 6.51 the 
potentiometer RV2 permits a smooth control of the drive 
to be made in the cw mode. 

Under the zero drive condition there should be no signs 
of instability, such as may be shown by a reading on the 
reflectometer or a tendency for the pa collector current 
to change as a hand is brought near the transistor or its 
associated tuned circuits. In the absence of such parasitic 
oscillations the drive should be slowly increased and the 
interstage networks and output coupling adjusted for maxi¬ 
mum output power. By this process maximum supply 
voltage can be applied eventually and the design power 
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FIT CO-AXIAL PLUG ON j 
SHORTEST POSSIBLE LEAD 

COMMENCE BY FITTING RESISTORS TO BUS-BARS 
WHILST FLAT AND THEN FOLD ROUND 

A1 AND A2, Bl AND B2 TOGETHER 

STRIP BACK CC-AX AS SHOWN MAKING 
LENGTHS 'C' EQUAL. SLIDE IN THROUGH 
APERTURE IN FRONT RING AND 
TERMINATE SO THAT CENTRE 
CONDUCTOR IS HELD FIRMLY. 

REAR TERMINATION TO 
WHICH CENTRE OF CO-kX 
LEAD IS JOINED 

Fig 6.95. A 75i2 dummy load. For 1OW dissipation, 11 x 82Oí2, 1W, 
10 per cent carbon resistors should be fitted to form the “cage”; 

for 50W, 25 1800£2, 2W, 10 per cent carbon resistors. 

output safety achieved. The tuning up process should result 
in a smooth increase in power at each stage and any abrupt 
changes may be indicative of instability. 

POWER RATINGS OF RF AMPLIFIERS 

The maximum permissible ratings at which a valve may 
be operated are specified in the valve manufacturers’ pub¬ 
lished data. In the case of some USA valves, the manufac¬ 
turers specify two different ratings: (i) the CCS or Con¬ 
tinuous Commercial Service rating, in which long life and 
consistent performance are the chief requirements, and 
(ii) the ICAS or Intermittent Commercial and Amateur 
Service rating in which high output from the valve is a more 
important consideration than long life. The term “inter¬ 
mittent” applies to on periods (key down) not exceeding 
five minutes followed by off periods (key up) of the same 
or greater duration. This must be remembered if it becomes 
necessary, as for instance, while testing to keep the key 
closed so that the valve is then in continuous operation. 

Forward 

Fig 6.96. Typical set-up for tx alignment. Resistor R is chosen to 
limit the current to a safe value during alignment and may then be 

removed. 

The following are the main features to be borne in mind 
when considering the power-handling capabilities of a valve. 

Power Input 

The power input to the valve is the de power Pi fed to 
the anode circuit from the ht supply. It is given by— 

Pt = 
la X Vht 

1000 w 
where h — anode current (mA) 

= anode voltage (V) 

Power Output and Anode Efficiency 
Not all of the ht power supplied to the valve is converted 

into rf energy; part is expended in heating the anode. 
The power-handling capacity of the valve is limited by the 
maximum permissible dissipation of heat by the anode 
through radiation and conduction. The anode efficiency 
is given by— 

p 
Efficiency =-y- X 100 per cent 

where Pa = rf power output 
Pi = de power input to the anode circuit 

The maximum rf power output obtainable from a valve 
may be predicted from a knowledge of the anode dissipation. 
For example, consider a valve with a maximum permissible 
anode dissipation of 12W, operating in class C, the efficiency 
being about 70 per cent. Of the de power input, 70 per 
cent will appear as rf energy and 30 per cent as heat which 
must be dissipated by the valve anode. This amount of heat 
is limited by the valve rating to 12W. Thus— 

30 Maximum dissipation = 12W X de input power 

Therefore— 
100 Maximum power input = 12 X—r-- = 40W 

provided the maker’s ratings are not exceeded. 
For two such valves operating under the same conditions, 

either in parallel or in push-pull, the maximum power 
input would be 80W. If the anode efficiency is less than 
70 per cent, the maximum power output would be corres¬ 
pondingly lower. 

In a frequency multiplier, the anode efficiency will be 
substantially lower, and the maximum permitted de input 
will be correspondingly reduced. In a frequency doubler, the 
efficiency is likely to be 50 per cent, leaving 50 per cent to be 
dissipated in the anode. In a tripler, as the output efficiency 
is likely to be 30 per cent, the anode power loss will be 70 per 
cent. 
To arrive at the maximum permitted de input for a 

frequency multiplier, the equation above should be modified 
so that the power loss figure is substituted as follows: 

100 
Maximum de input = Anode dissipation (W) X 3— Api 

where Avi is the percentage anode dissipation, ie doubler 
50 per cent, tripler 70 per cent. 

Screen Dissipation 
All the de power supplied to the screen circuit is expended 

in heating the screen. Since the screen is constructed of 
relatively thin wire mesh, the valve may be permanently 
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damaged if the permissible dissipation is exceeded even for 
a relatively short period. 

When the screen grid is fed with ht from a separate supply 
provision must be made for it to be removed mmediately if 
the anode supply fails. If screen grid voltage is applied in the 
absence of anode voltage, the screen will be burnt out. 

Screen Voltage Supply 

There are three common methods of supplying the screen 
grid voltage for a tetrode or pentode valve: 

(a) by a voltage dropping resistor in series with the anode 
supply; 

(6) from a potential divider connected across the anode 
supply. 

(c) from a separate supply. 
In the case of the series resistor, the voltage regulation of 

the screen grid is relatively poor due to variations in the 
anode supply voltage with variations in the valve loading, 
and consequential variations in the screen grid current. The 
advantage of a series resistor method is that since the 
value of the series resistor is normally high, this limits the 
maximum current of the screen grid, and so gives some 
degree of automatic protection. Some valves, however, will 
draw negative screen current; in such cases a series resistor 
alone is useless. 

In the case of a supply derived from a potential divider 
across the ht supply, the current through the network is 
substantially higher than that taken by the screen grid, and 
this provides a measure of voltage regulation. 

Methods (i) and (ii) are illustrated in Fig 6.97(a) and (b). 
If the screen voltage is applied through a series dropping 

resistor, as shown in Fig 6.97(a) the calculation of the 
correct resistor value is very simple. Consider, for example, 
the requirements for a typical pa valve: 

Screen voltage = 250V 
Screen current = 6mA 
Supply line voltage = 750V 

The series resistor must drop 750 — 250V (ie 500V) for a 
current of 6mA. Therefore its resistance must be— 

RI 
750 - 250 

0 006 
83,00012 

Under these conditions the power dissipated in the resistor 
will be (750-250) V X 6mA = 3W. 

Fig 6.97(b) shows the voltage supply to the screen grid 
derived from a potential divider. The design procedure is 
best explained by taking the same example. The resistor RI 
in this case carries the screen grid current and the current 
through R2. Assume that the total current through RI is 
three times the screen grid current (ie 18mA). Then RI can 
be calculated: 

RI 
750 - 250 

18 
27'8k£2 

The resistor R2 carries the total current minus the screen 
grid current (ie 12mA). So R2 can be calculated : 

250 R2 = -^-= 20-8kQ 

The power dissipated in each resistor is easily calculated 
V2

using the formula P . 

Power dissipated in RI = * = 9W 

(250)2
Power dissipated in R2 = = 3W 

ZUoUO 

Resistors of the nearest preferred value should be chosen 
with wattage ratings of double the above calculated power 
dissipations. The higher current consumption of the poten¬ 
tial divider method is the price paid for improved regulation. 
Fig 6.97(c) shows a cathode follower circuit which 

provides a variable screen grid voltage with very good regula¬ 
tion. The output resistance of a cathode follower is low, being 
approximately \/gm so current variations affect the voltage 
output only slightly. The output voltage can be easily 
adjusted by varying the control grid voltage of the cathode 
follower. Most of the common triodes and pentodes may 
be used, though it should be remembered that the valve 
selected must be capable of carrying more than the pa screen 
current. A separate heater supply should be provided for 
the cathode follower with the cathode connected to one side 
of the heater through a lOOkii resistor. This eliminates 
the danger of breakdown of the heater to cathode insulation. 

The cathode follower circuit may be modified to perform 
a number of other functions; see, for example the series 
gate modulator in Chapter 9—Modulation. 

Capacitor Ratings 

A fixed capacitor which is used in rf circuits where any 
loss of power must be avoided should have a mica or ceramic 
dielectric. These types have the required low dielectric 
loss, low inductance values and high insulation resistance. 
Low inductance is a particularly important requirement 
of decoupling and other bypass capacitors since they should 
have negligible reactance over the entire working frequency 
range (and above). It is recommended that feed-through 
or other disc types be used for low-power circuits where the 
ht supply does not exceed about 500V. For normal hf 
transmitter use, the values of decoupling, de blocking 
and rf coupling capacitors lie within the range lOOOpF 
to 0 01 mF. 
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Fig 6.98. Grid-tank capaci¬ 
tor voltage ratings. The 
peak voltage, V, across 
each section is equal to 
the bias voltage plus 25 per 
cent of the applied de 

anode voltage. 

The inductance of capacitors and hence their resonant 
frequency can be modified by mounting them so that their 
leads enclose as small an area as possible. With tubular 
types, mounting them in earthed tubes will reduce the 
inductance. If a capacitor is series resonant with its leads at 
or near to the operating frequency, it is ideal for bypassing 
the screen grid and cathode, particularly at vhf. 

The self-resonant frequencies of a number of British fixed 
capacitors commonly used in amateur transmitters are 
given in Table 6.9. 

TABLE 6.9 
Self-resonant frequencies of capacitors commonly used in amateur 

transmitters. 

Capacitor Type Maker 
Lead 

Length Frequency 

0-1pF 350 volts paper foil (4732A) 
0-1pF metalizeJ paper (W?9) 
0 01pF ceramic disc (PZ) 
2200pF polystyrene 
0-001 pF metalized paper (W99) 
0-001 pF ceramic disc (NY) 

Dubilier 
Hunts 
Erie 
GEC 
Hunts 
Erie 

Jin 
jin 
t>n 
fm 
fin 
tin 

3-4MHZ 
5-95MHz 
17-8MHz 
30MHz 
43-6MHz 
53MHz 

To allow a margin of safety, the voltage rating of a capaci¬ 
tor should be at least 50 per cent greater than the peak 
voltage which is likely to occur across it, and its size should 
be adequate to carry the rf current without overheating. 

Grid Coupling Capacitors. The peak applied voltage is 
approximately the sum of the grid bias voltage of the driven 
stage and the de anode voltage of the driver stage; the 
voltage rating of a grid coupling capacitor should therefore 
be about 50 per cent higher than this peak value. Since 

some portion of the circulating current passes through the 
capacitor the current rating must be adequate. 

Grid Tuning Capacitors. The peak voltage across the grid 
tank capacitor depends on the circuit arrangement and is 
indicated in Fig 6.98. In some cases the grid bias voltage 
must be added to the drive voltage. 

Screen Bypass Capacitors. The voltage rating should be 
1-5 times the anode voltage, or 2-5-3 times this value when 
anode-and-screen modulation is used. The current rating 
must also be considered because some or all of the circuit 
current can flow through the bypass capacitor and Co-bo in 
series. 

Neutralizing Capacitors. The neutralizing capacitor is 
subjected to peak voltages equal to the sum of the peak 
grid voltage and the peak anode voltage, amounting in 
the case of an unmodulated amplifier to about two to three 
times the de anode voltage, and for a modulated amplifier 
about twice this value. 

Anode Decoupling and Blocking Capacitors. In cw trans¬ 
mitters the peak voltage across the anode decoupling 
and blocking capacitors is equal to the de anode voltage; 
in telephony operation it rises to at least twice this value 
on modulation. 

Anode Tank Capacitors (including Pi-networks). The peak 
voltage across an anode tank capacitor depends on the 
arrangement of the circuit, eg single-ended, split-stator 
or push-pull. The values given in Fig 6.99 assume that the 
amplifier is correctly loaded. In circuits where the de 
supply voltage also exists across the capacitor, as at (C) 
and (F), twice the rating is required, and it is therefore an 
advantage in high-power stages to remove this voltage from 

Fig 6.99. Anode-tank capacitor 
voltage ratings. The peak voltage 
may be taken as 80-90 per cent of 

the ht supply voltage. 
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Fig 6.100. Breakdown 
voltage of air-spaced 

capacitors. 

the capacitor by the use of parallel feed or other suitable 
arrangements. The application of 100 per cent modulation 
doubles the peak voltages occurring in any of the above 
circuits. 

Although the necessary plate-spacing of an air-spaced 
capacitor for a given peak voltage rating depends to some 
extent upon constructional features such as the shape of 
the plates and the rounding of their edges, a useful guide 
to the voltage at which break-down occurs for different 
values of spacing will be found in Fig 6.100. 

Pi-network Output (Loading) Capacitors. The peak voltage 
E occurring across a pi-network output capacitor is given 
by— 

£ = V 2P„R2 V 
where Po = power output of the amplifier (W) 

R2 = resistive component of the load or aerial 
impedance. 

With a low-impedance load (eg a coaxial line not exceed¬ 
ing 100Í2) the peak voltage is not likely to be higher than 
about 300V, even in a 150W modulated transmitter, and a 
receiving-type variable capacitor should be quite satisfac¬ 
tory. In many cases it may be convenient to use a good¬ 
quality three or four gang receiving-type capacitor to obtain 
a maximum capacitance of 1500-2000pF, which may be 
necessary on l-8MHz and 3-5MHz. The sections may be 
switched out progressively on changing to operation on the 
higher-frequency bands. 
Example. A 150W phone transmitter is operating into 
a 75Í1 line through a pi-network coupler. What is the peak 
voltage across the output capacitor ? 
Since the peak power input occurring on modulation 

peaks is 4 X 150 = 600W, and if the anode efficiency of 
the pa stage is assumed to be 70 per cent, the peak power 

Fig 6.101. Meter switching circuit measuring the anode and grid 
currents in a low power pa stage. The switch S1 should be arranged 
to have a spare earthed position between the two ranges to avoid 
arcing and damage to the meter. In medium and high power trans¬ 
mitters it is advisable to meter the cathode current of a pa rather 

than the anode current. 

output will not exceed 420W. The peak voltage occurring 
across the pi-network output capacitor would therefore be— 

£■ = V 2 X 420 X 75 
= 250V 

Pi-tank Tuning Capacitor 

The tuning capacitor of a pi-tank circuit in a cw or ssb 
transmitter must be rated at not less than 1-25 times 
the de voltage of the anode, and for a.m., at not less than 
2-5 times the de anode voltage. 

METERING 

Although it is necessary to meter the current and/or the 
voltage at several different parts of a transmitter to ensure 
that all the various stages are operating correctly, an 
economy of instruments is made possible by the fact that one 
single reading (of the anode current in the pa stage, for 
example) is usually all that is required for noting quickly 
whether the transmitter is operating normally. The simplest 
arrangement—to measure grid and anode current—is 
illustrated in Fig 6.101. 
A single instrument of about 1mA fsd in conjunction 

with a multi-way switch to allow connection to the appro¬ 
priate points is therefore often found most suitable. Such an 
arrangement is shown in Fig 6.102. 

Fig 6.102. A simple switching system enabling one meter to be 
used for measuring three different currents and three different 
voltages. The switches S1 and S2 can be of the gar.ged-wafer type. 
The resistors R1, R2, R3 (current range shunts) and R4, R5, R6 
(voltage-range series resistors) are selected according to the required 

ranges and the full-scale current of the meter. 

The resistors RI, R2 and R3 in Fig 6.102 are the shunt 
resistors necessary to give a convenient range-multiplication 
factor for the current to be measured. They are left perma¬ 
nently in the circuit to be monitored but owing to their low 
resistance values, the operation of the circuit is not affected. 
On the voltage ranges, the series resistors R4, R5 and R6 will 
likewise be selected to give a convenient full-scale deflection 
for the meter. The actual values are calculated as suggested 
in Chapter 18—Measurements. 

The selector switch should be of the wafer type, with 
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ceramic insulation for the higher voltage circuits; the 
contacts should be of the break-before-make type to avoid 
a short-circuit when changing from one circuit to the next. 
For voltages above about 300V it may be necessary to 
use double spacing between adjacent contacts to prevent 
flash-over, and the circuit should be arranged, where possible, 
so that adjacent contacts are at approximately similar 
potentials. 

As an alternative to switching, closed-circuit jacks are 
sometimes used. These are jacks which keep the circuit 
closed except when the plug is inserted. The advantage 
of the method is that an independent external meter may 
be used but this advantage is outweighed by the simplicity 
and convenience of the switched meter arrangement. 
It must be remembered that spurious radiation is reduced 
when the meter and the associated wiring are completely 
contained within the transmitter enclosure. 

TRANSMITTER DESIGN SUMMARY 

The following summary is intended to help in the design 
and construction of amateur transmitters for use on the hf 
(1-8-28MHZ) bands: 

(1) If the transmitter is to be vfo controlled, the vfo 
should be constructed as a separate unit and sub¬ 
sequently fitted to the main transmitter assembly. 

(2) A vfo must operate satisfactorily and be thoroughly 
checked before it is fitted to the transmitter. Final 
testing should be carried out in the complete trans¬ 
mitter. 

(3) Only the highest quality components, rigidly moun¬ 
ted, and positioned for minimum temperature excur¬ 
sions should be used in the construction of a vfo. 

(4) Where temperature compensation is needed, the 
adjustments should be made after the complete trans¬ 
mitter has reached its current operating temperature. 

(5) A vfo must be followed by a suitable buffer amplifier. 
(6) Frequency multiplier stages and driver amplifiers 

should be operated at a power level which is just 
sufficient to provide the required drive to the follow¬ 
ing stage. 

(7) In the interests of reducing the radiation of unwanted 
harmonics of the vfo or crystal oscillator, capacitance 
coupling between the driver and the pa should be 
avoided. 

(8) In high power designs, bandpass couplers between 
the stages significantly reduce the level of the har¬ 
monic output. While this is also true of low power 
transmitters, such couplers may not be needed to 
reduce harmonic radiation to an acceptable level in 
view of the lower power. 

(9) A pi-network tank circuit tends to limit harmonic 
radiation. 

(10) In certain areas where the television signals are weak 
an aerial coupler should be employed as an aid to 
harmonic reduction whatever type of pa tank circuit 
is employed. 

(11) Provision for neutralizing should be included in all 
pa stages. 

(12) Power amplifiers should be thoroughly checked for 
low frequency or high frequency parasitic oscillation. 

(13) In power amplifiers employing grid-leak bias, some 
form of safety bias should always be included. 

(14) It is preferable to construct the transmitter as a single 
unit in the interests of reducing stray radiation, but 
care must be taken to provide sufficient ventilation. 

(15) If the transmitter is constructed as two units, one of 
which is the power supply, all leads leaving the trans¬ 
mitter enclosure must be fully decoupled at the point 
at which they leave the cabinet. 

(16) The physical layout should be as near to a straight 
line as possible to ensure maximum separation 
between the master oscillator and the power amplifier. 

( 17) Both the vfo and the pa should be thoroughly screened. 
All power supply leads, including heater circuits, 
to the vfo should be decoupled at the point where 
they enter the vfo box. This will help to prevent 
feedback from the power amplifier. 

(18) Tuned circuits should be positioned so that they do 
not exhibit mutual coupling one to the other, unless 
this is intended. 

(19) Always ensure that the ht supplies are properly 
fused. 

(20) In the interests of personal safety, never make adjust¬ 
ments to the transmitter, and especially the power 
amplifier, while ht is applied. 

TRANSMITTER CONSTRUCTION 

The circuits given in this section are representative of 
current amateur constructional practice and provide a 
broad indication of present trends in the design of high 
frequency amateur transmitters. While layout plans are not 
given for all the projects described, no particular difficulties 
should be encountered provided the layout follows a logical 
sequence. 

Some of the circuit techniques used may also be of interest 
to the more advanced constructor who is designing his own 
equipment. Care should be taken when using sections of 
circuits in this way to ensure that voltage levels and im¬ 
pedances match the rest of the circuit. 

A SOLID STATE MULTIMODE TRANSMITTER FOR 1'8MHz 

This transmitter provides facilities for cw and either 
amplitude or double sideband with suppressed carrier 
modulation (dsb) and has given reliable service with good 
reports since it was built some two years ago. The quiescent 
current being less than 200mA at 12V makes it suitable for 
portable operation with, if necessary, no more than a pair of 
6V “lantern” dry batteries for power supply. 

Eyebrows may be raised at mention of dsb modulation, 
bearing in mind the theoretical requirement that the receiver 
must supply the missing carrier in correct phase when receiv¬ 
ing this mode, but experience has shown that for fully 95 per 
cent of the contacts the distant operator has assumed, until 
told, that it was normal ssb, while the remainder—with less 
selective receivers?—have commented on the unusual form 
of modulation. 

fhe reasons for the adoption of dsb rather than ssb were 
less complexity and cost, in as much as no expensive filter was 
required. Clearly, without synchronous demodulation dsb 
can only operate at 50 per cent of the efficiency of ssb, which 
would result in a 3d B loss of signal, ie about half an S-point. 
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Fig 6.103. Circuit diagram of the transmitter. The 10pF trimmer shown connected in parallel with one of the diodes in the balanced modulator 
should be placed across the diode having the least capacitance. 

The Circuit 

From the circuit diagram Fig 6.103 it will be seen that the 
Colpitts vfo, comprising TRI. with TR2as a directly coupled 
emitter follower, drives the buffer amplifier TR3 in the 
collector circuit of which is the primary winding of Tl. The 
secondary of this transformer is connected to a diode 
balanced modulator which eliminates the carrier. The 
following stage is the driver for the push-pull output pair of 
transistors TR5 and TR6. In the absence of modulation the 
pa standing current should lie between 50 and 100mA and is 
adjusted to a minimum by RV1. The necessary bias to 
provide a carrier for cw or a.m. operation is controlled by 
RV2 so that on cw the driver and pa stages pass a maximum 
current of 800mA. On a.m. RV2 is set so that the rf output, 
as indicated on a swr bridge, is half that obtained on cw. 
Only half the audio input from the modulator is required 
on a.m. as opposed to that necessary for dsb. 

The two positive voltage terminals may be “commoned” 
if the power supply has sufficiently good regulation to with¬ 
stand the fluctuating current drawn by the pa stage without 
seriously varying the voltage on the vfo and buffer amplifier 
stages. Otherwise the low current required by these may be 
obtained from a battery or other suitable source. 

The circuit of the four-transistor modulator will be found 
in Fig 6.104. The resistance/capacitor network between the 
second and third stages is designed to tailor the audio 
frequency response of the unit so that output is 3dB down at 
300 and 2,000Hz as compared with mid-frequency. 

Construction 

The transmitter itself was built on a tinplate chassis 81in 
long by 3Jin wide with a Jin turn-up all round to add 
rigidity. The layout of the main components is indicated in 
Fig 6.105. LI, Tl, T2 and T3 were mounted in cut-down i.f. 
cans salvaged from an old television receiver. Winding 
details, together with those for T4, are set out in Table 6.10 
and in Fig 6.106 respectively. 

Primary 66 turns (33+33) of 22 swg wire tapped at 2 turns in 
positions shown 

Secondary 8 turns (4+4) of 22 swg wire wound over primary 

Fig 6.106. Constructional details of pa tank circuit, T4. 

TABLE 6.10 

L1 60 turns of No 34 swg enam. close wound. 
T1 (primary) 40 turns of No 34 swg enam. close wound and 

tapped at the tenth turn from the “cold” end. 
T1 (secondary) 6 4-6 turns of No 34 swg enam. bifi lar wound over 

centre of primary winding. 
T2 (primary) 30 turns of No 34 swg enam. close wound. 
T2 (secondary) 8 turns of No 34 swg enam. close wound over 

“cold” end of primary winding. 
T3 (primary) 40 turns of No 34 swg enam. close wound, tapped 

at tenth turn from the "cold” end. 
T3 (secondary) 8 turns of No 34 swg enam. centre tapped, wound 

over centre of primary winding. 
All above coils are wound on standard 8mm diameter formers with 
iron dust cores and all in Jin by Jin aluminium screening cans. A 
singler layer of pvc or Sellotape separates the primary from the 
secondary winding in the three transformers. 
T4 (see Fig 6.106) On former 1in diameter by 2|in long. Primary, in 

two sections each of 33 turns of No 22 swg enam. 
with {in space between sections and each tapped 
2 turns from the centre tap. Secondary, two sec¬ 
tions each of 4 turns of No 22 swg enam. wound 
over centre of each section of primary winding to 
make an 8-turn coil. A single layer of pvc or 
Sellotape separates primary and secondary 
windings. 

CH1 30 turns of No 22 swg enam. on length of ferrite 
aerial rod, mounted in aluminium can 1 in diameter 
by 1 iin high. 
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Fig 6.104. Circuit diagram of 
the modulator. 

Fig 6.105. Plan view and right-hand elevation of the transmitter chassis showing the positions of the main components. 

Fig 6.107. Layout of the modulator section. 
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All components requiring insulation from the chassis were 
mounted on R.S. Components lead-through insulated pins. 
The output transistors (TR5 and TR6) were mounted 
underneath the chassis at the points indicated and insulated 
therefrom by means of mica washers. 

The modulator was constructed on a piece of R.S. Compo¬ 
nents perforated sheet with a 0-25in grid, with small turret 
tags from the same source fitted in the required positions 
to which the various components were secured. This board 
measured 4|in by 2|in and was mounted separately from 
the transmitter unit. Fig 6.107 indicates the layout employed. 

Although it is sometimes found that transistorized trans¬ 
mitters are prone to cause tvi, there has been no difficulty in 
making the present design perfectly clean in this respect by 
attention to screening, the employment of a low-pass filter in 
the aerial feeder and the decoupling of all external leads. 

VFO CONTROLLED VALVE TRANSMITTER FOR 1’8-lMHi 

This 10W transmitter has a built-in vfo covering 1-8-
2MHz and provision for high level anode and screen 
modulation. Cw operation is also possible. 
Although an ht supply of 250V is suggested, the trans¬ 

mitter may be used on any voltage between 250 and 300 
provided the screen dropping resistor is correctly chosen. 
The measured efficiency of the pa is 70 per cent. 

The circuit of the transmitter is shown in Fig 6.108. 
VI (EF91/6AM6) functions as a Tesla-Vackar type vfo 
(see Fig 6.33) and is followed by a class A buffer stage V2. 
The grid circuit of this stage is purely resistive, R4 being 
provided to permit the connection of an external meter to 
check the grid current. The anode circuit of V2 is tuned to 
the operating frequency by L2 Cl3. If this circuit is reson¬ 
ated at l-9MHz it will be found that drive to the pa will 
remain substantially constant between 1-8 and 2MHz. C13 
may therefore be a pre-set trimmer. R7 provides a test point 
for checking the anode current during the alignment pro¬ 
cedure. 

The pa V3 (6BW6) is conventional. Drive to the grid is 
via C14 and to improve the efficiency a 2-5MHz rf choke is 
connected in series with the grid resistor R9. The anode 
tank is a simple parallel tuned circuit Cl9 L3, the output of 
which is taken by a link, L3a, proportioned to match 75Í2 
coaxial cable. A l-5MHz rf choke is used in the anode 
circuit to prevent rf feeding into the metering circuit or 
into the modulator. 

Ml, a 0-5mA meter, switched by S4, is used to measure 
grid and anode currents. To avoid damage to the meter when 
switching, there is an unused position between the two 

TABLE 6.11 

Inductor details for Fig 6.108 

L1 70 turns 34 swg enam. close wound on |in former fitted 
ferrite core. 

L2 90 turns 34 swg enam. close wound on jin former. 
L3 26 swg enam. wire close wound for a distance of 1 |in on a 

1 |in diam. former. Over one end bind two layers of pvc 
tape. This is the “cold” end of the pa coil, the anode being 
connected to the other end. 

L3a Starting at the end of L3, wind 8 turns 26 swg over the 
pvc band on L3. 

T1 Centre tapped output transformer. Primary 8kQ to 
10kí2 centre tapped, rated at 50mA de. Secondary not 
used. 
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TO VFO 

Fig 6.109. Substituting a relay for S1 in Fig 6.108. If there is arcing 
across the main contacts of the relay, a0 001—0 01/iF capacitor should 
be fitted at Cy. The smallest satisfactory value should be used. A 
manual override switch SW may be fitted to permit the transmitter 

to be switched on independently of the receiver. 

current readings. When switched to read anode current, the 
meter is connected across a shunt permanently wired into 
the anode circuit which modifies the range to read 100mA 
full scale. The leads to S4 should be screened to reduce the 
possibility of stray coupling. 
The modulator valve V4 is also a 6BW6 and is coupled to 

the pa by Tl, a standard centre tapped output transformer 
which is used as a 1:1 modulation transformer. As the 
impedance of the pa is almost equal to the recommended 
load for the modulator valve, a good match is obtained. 
Tl may be relatively small provided that the winding can 
carry the currents drawn by the pa and modulator valves. 

V4 is driven by a two-stage speech amplifier, with the gain 
control between V5a and V5b. Ferrite beads are fitted to 
grids of V4 and V5 to prevent any stray rf picked up on the 
modulator leads being fed to these stages. 

The transmitter is controlled by three switches; the main 
send/receive switch SI controls power to the vfo, rf and 
modulator sections, S2 allows the vfo to be switched on 
for netting and switching from a.m. to cw is provided byS3. 
In the cw position the modulator is disabled and a short 
circuit is placed across the modulation transformer to 
protect it from de surges. 

Many modern receivers incorporate a send-receive switch 

Fig 6.110. Layout of the top of the chassis of the vfo controlled 
10W transmitter. 

intended to control both receiver and transmitter. A suitable 
control circuit for use with such a switch is shown in Fig 
6.109. 

Construction 

The transmitter should be laid out in a straight line with 
vertical screens between each section and the coils in each 
section arranged so that they are at right angles to those in 
the adjacent sections. A screen is placed around the under¬ 
chassis rf circuits so that, with the bottom plate in place, 
they are effectively within a screened box. The layout is 
shown in Fig 6.110. 

The vfo should be constructed as a separate unit. Most 
of the pa components are on top of the chassis, C49, L3 and 
RFC3 being contained in a screened compartment to the 
rear of which is fitted the coaxial output socket CS2. 
To avoid earth loops which might give rise to hum or 

instability, the screened cable which runs from the micro¬ 
phone socket CS1 to the grid of V5a should have its outer 
screening earthed only at the socket, the screening at the 
grid end being left disconnected. The grid resistor R22 
should be mounted directly on the grid pin of V5a and 
earthed by the shortest route. 

Alignment 

After the vfo has been constructed, it should be tested 
as a separate unit. When it has been fitted to the chassis and 
the wiring checked, V2, V3 and V4 are fitted, S3 set to the 
cw position and S4 to read pa grid current. Ht to the pa 
is disconnected by removing the connection from Tl. 
Power is then applied by closing SI. C13 is tuned to produce 
maximum grid current (approximately 3mA) and the 
frequency l-8-2MHz) checked with an absorption wave¬ 
meter. 

With the drive to V4 still applied, C19 should be tuned 
through its range to see whether the pa grid current varies. 
If it does, the stage must be neutralized or the decoupling 
and screening improved. The power supply may now be 
switched off and the ht reconnected to the pa. When this 
has been done, S4 should be set to read the anode current to 
V4. C19 should be at maximum capacitance. The power 
supply may now be switched on again and C19 quickly 
tuned for maximum dip in anode current. Next open SI. 
Lightly couple an absorption wavemeter to L3, close SI and 
confirm that the frequency is in the 1 -8-2MHz range. Open 
SI again. A 75Í2 dummy load should now be connected 
to the rf output socket CS2, SI closed and Cl9 tuned for 
maximum dip. 

To avoid exceeding a de input of 10W, the anode current 
must not exceed the following values under loaded 
conditions: 
at 250V ht the current should be between 35-40mA, 
at 275V between 32-36mA and 
at 300V between 29-33mA. 
If the anode current exceeds these values, L3a should be 

moved away from L3 to reduce the coupling. 
V5 may now be fitted and a high impedance microphone 

connected to CSL VR1 should be at minimum gain. Si 
may then be closed and the gain control advanced about 
half way. Speaking into the microphone should produce a 
marked increase in the brilliance of a flashlamp bulb loosely 
coupled to L3 by a three turn coil. The microphone should 
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be kept away from the pa tank circuit to avoid rf pickup 
which might cause feedback. 

The transmitter is now ready for connection to a suitable 
aerial through an aerial tuning unit. 

A TT21 (7623) TRANSMITTER FOR 14, 21 AND 2SMHz 

The transmitter illustrated below employs a TT21 in the 
pa stage and is capable of 60W peak input on a.m. and 80W 
input when using narrow band frequency modulation or cw. 
A.m. is provided by series gate screen modulation of the pa. 

In the interests of tvi prevention, the rf circuits of the 
transmitter are completely screened without reliance on a 
cabinet so that the unit can be used either as a table top 
transmitter or installed in a rack with other equipment 
without any significant increase in unwanted radiation. 
The more complicated units are completely removable from 
the main chassis so that construction and servicing are 
simplified. 

The circuit of the complete transmitter, including the 
built-in power supply, is shown in Fig 6.111. 
The vfo employs a screened rf pentode VI (EF80/Z719/ 

6BX6) operating as a high C Colpitts electron coupled 
oscillator covering 3-5-3-65MHz. Provision for frequency 
modulation of the oscillator is made by use of a silicon 
voltage variable diode CR1 across part of the tuned circuit, 
a potentiometer providing the required bias so that a 
suitable linear portion of the diode operating curve can be 
selected. In this case the bias is set to + 10 to + 1-25V 
which will give approximately equal capacitance change for 
both sidebands. 

The second stage, V2 (Z77/EF91/6AM6), acts either as a 
buffer stage or as a crystal oscillator, selected by SI. The 
anode circuit of this stage is tuned to 3-5MHz and coupled 
to the next stage by a wideband coupler. 

Valve V3 is a straightforward frequency doubler and feeds 
the next stage via a 7MHz wideband coupler. The final stage 
of the exciter V4 is operated as a doubler from 7 to 14MHz, 
as a trebler from 7 to 21 MHz and as a quadrupler from 7 to 
28MHz. The valve chosen (a type N78) gives somewhat 
better performance than the more usual 5763, due to its 
higher slope and lower drive requirement. Coupling between 
this stage and the pa is by means of a pi-network which 
provides harmonic attenuation while keeping the impedance 
of the grid circuit of the power amplifier relatively low, so 
helping to maintain the stability of the pa valve. The circuit 
is adjusted by tuning for maximum grid current to V5. When 
netting to a frequency, ht to the screens of this stage and of 
'he power amplifier is switched off by S6. For cw operation, 
the cathodes of V2 and V3 are keyed. 

The whole of the exciter is built as a unit so that it can be 
removed from the main chassis by removing four fixing 
screws and unsoldering the interconnections to the main 
chassis. 

The final stage V5 uses a type TT21 (7623) tetrode, which 
is operated at 60W peak input on a.m. and at 80W input on 
cw and nbfm. The anode circuit is a pi-network with the 
inductance tapped at suitable points for three bands by 
S3. Across the output are connected a tv Band 1 series 
tuned trap circuit and an rf voltmeter which is a useful 
means of correctly tuning the output circuit, the power out¬ 
put being arbitrarily indicated on the meter on the righthand 
side of the front panel. By means of the switch S4, this meter 

also reads the grid current to V3, V4 and V5. The current 
input to the pa is indicated on Ml connected in the cathode 
circuit of the TT21. The valve is normally operated with 
600V ht on its anode. 

The whole of the power amplifier is built at the lefthand 
end of the main chassis and is completely screened. The 
grid circuit for the valve is below the chassis and also 
screened. 
The speech amplifier comprises V6 (Z729/EF86/6267/ 

6F22) as a microphone amplifier with a voltage gain of 
about 120 followed by a second stage V7 (also a EF86 but 
triode connected) having a voltage gain of about 25. V7 
feeds the double triode clipper V8 (ECC82/I2AU7) in the 
anode circuit of which a simple low pass af filter is fitted. 
Suitable adjustments of the two gain controls enable a con¬ 
siderable amount of clipping to be applied which is desirable 
when using nbfm. 

The speech amplifier/clipper is built into an Eddystone 
4jin X 3Jin X 2in die-cast box (Fig 6.112) which is 
attached to the top of the main chassis at the front right 
hand corner. The output from this unit is switched by S5 
either to the series gate screen modulator valve, V9 (12BH7), 
or to the reactance modulator CRI (EW76 or SX761). When 
the switch is in either the cw or fm positions V9 operates 
as a clamp valve for the pa stage (see Fig 6.113). 

An alternative series gate clamp circuit to provide for 
adjustable carrier level when using nbfm is shown in Fig 
6.114. 

The power supply is conventional and is provided by a 
650V ht transformer and separate heater transformers. 
The main rectifiers, VI3 and VI4, are indirectly heated type 
CV4044/6443 half-wave valves, the pair providing the 
total current of about 225mA. Smoothing of the supply is 
by a single 5H choke and a 16/zF paper capacitor (two 
8/xF units in parallel). The pa is fed directly but all other 
stages receive ht from the main potentiometer made up of a 
fixed resistance in series with three gas stabilizer tubes V10 
(SI30) and VI1 and VI2 (both type QS150/45). The striking 
electrodes are connected to suitable points to provide quick 
ignition. 
To avoid breakdown between the heater and cathode of 

the screen modulator valve V9, a separate transformer is 
used. The heater must not be earthed. A small bias supply 
using a 0-125V transformer (T4) is provided for the series 
gate modulator. 

Construction 

The complete transmitter is built on a 17in X 13in X 3in 
chassis to which a standard 19in X 8}in front panel is 
rigidly fixed by panel brackets. The layout is shown in 
Fig 6.115. 

After the holes for fixing the chassis to the front panel have 
been drilled the hole for the vfo-exciter unit should be 
made. This is probably most readily done with a tension file. 
The mounting of the pa screening box and the principal 
components on the main chassis is quite straightforward 
and should not present any difficulty. Some care is necessary 
in placing the fixing holes for the pa so that they are not 
fouled by operating shafts. 

The vfo and exciter unit is built on to a loin X 5Jin 
plate of |in thick aluminium. A screening box is fitted on 
the underside of this plate while the vfo tuned circuit is 
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built into an Eddystone die-cast box 
measuring 4|in X 3Jin x 2in and 
attached to the top near the front end by 
its long side with the removable plate at 
the rear. 

The speech amplifier/chpper is built 
into a similar die-cast box and mounted 
upside down so that the valves and other 
components are on the bottom of the 
box which is attached to the main chassis 
by its normal four fixing screws. The lid 
is not used. Considerable care is 
necessary to position the microphone 
socket (a Belling and Lee type L722/S) 
so that it 

(a) is as close as possible to the corner 
of the box but with sufficient 
clearance for attachment on the 
front panel. 

(b) does not foul the handle on the 
front panel. 

Both of these units are electrically 
connected to the rest of the transmitter 
by soldered connections on the distri¬ 
bution terminal strip in the main chassis 
and are readily movable for servicing 
and testing. 

Details of the coils are given in 
Table 6.12. 

The primary and secondary windings 
of the 3-5 and 7MHz wideband couplers 
arc wound in the same sense, the other 
ends of the coils being connected to 
anode (top) and grid (bottom) with the 
earthy ends of the two coils at the centre. 
Coupling between the two windings is 
as follows: 

3-5 MHz Top coupled through a lOpF 
capacitor. 
1MHz Extra turns of the primary are 
wound over the earthy end of the 
secondary winding. This method was 
found to give more output than top 
capacitor coupling. 
So that both the anode and grid 

circuits of these units can be adjusted 
from the top of the chassis a small 
trimmer is connected across each of the 
secondaries in addition to the core. The 
anode coil has a dust iron slug. 

The driver anode coils are wound on 
the same type of former as those used for 
the transformer couplings. The 14 and 
21 MHz coils are wound on the top half 
of the former. The inside diameter of the 
28MHz coil is about ¿in. All the coils 
and couplers are individually screened 
in cans. 

Adjustment and Operation 

After completion of the constructional 
work, the two smaller units should be 
adjusted before being fixed on to the 
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TABLE 6.12 
Inductor Details for the TT21 Transmitter 

L1 (vfo) 12| turns 16swg enam. close wound on ¿in diam. 
ceramic former with dust iron core. Tuned by 1OOpF and 
15pF trimmer. 

L2 (14MHz), 20 turns 20swg enam. close wound on Jin diam. 
former with dust iron core (wound at top of ift former from 
type 373 unit). 

L3 (21 MHz), 15 turns 18swg enam. close wound on ¿in diam. 
former with dust iron core (as for L2). 

L4 (28MHz), 14 turns 16swg close wound ¿in diam. (self support¬ 
ing inside ift can from type 373 unit). 
(pa), 11 turns 14swg enam. spaced two wire formers 1|in 
diam. self supporting, tapped from anode end at 8 turns for 
21 MHz and at 4 turns for 28MHz. 

L6 (parasitic suppressor), 4 turns 16swg enam. spaced one wire 
diameter, -¿in inside diam. self supporting. 

L7 (Band 1 trap), 7 turns 18 swg spaced one wire diameter |in 
inside diam. self supporting and tuned by 50pF. 

Wideband Couplers 

3-5MHz—primary and secondary both 45 turns 30swg enam. close 
wound on |in diam. former (ift former from type 373 unit), 
both tuned by 100pF, dust iron core in primary and brass 
core in secondary, coupling 10pF. 

7MHz—primary and secondary both 34 turns 26swg enam. close 
wound on |in diam. former (ift former from type 373 unit), 
primary tuned by 22pF, secondary tuned by 30pF, dust 
iron core in primary, brass core in secondary, coupling 3 
turns extra on primary wound over earthy end of secondary 
(see text). 

main chassis. It is desirable that an alternative power supply 
giving about 300V at 60mA and heater voltage should be 
employed while adjusting the vfo exciter unit rather than 
the much more dangerous 650V ht source. 

First, the vfo should be set up and its tuning range 
adjusted, preferably with the help of a receiver switched to 
the 10m band. With the components specified the vfo 
covers only l-2MHz (28-29-2MHz) of this band as it was 
felt that the more open tuning for 15m and 20m was worth 
the sacrifice of the higher frequency band. If preferred a 
larger tuning capacitor could be used so that the whole 
band is covered but this might result in some loss of drive 
at the band edges. 

The stability of the vfo is reasonably good. Provided, 
however, that the main tuning capacitor and the fixed capaci¬ 
tors are of good quality it should be satisfactory. Having 
adjusted the vfo range, SI should be set to select one of 
the crystals and the operation of the crystal oscillator 
checked. Next, with V3 in position and using its grid current 
at point A on Fig 6.111 as an indication on M2, adjust the 
tuning of the primary and secondary of the 3-5MHz band¬ 
pass coupler until a satisfactory frequency response is 
obtained. The procedure should be repeated with V4 in 
position, using the grid current indicated at point B. Check 
that there is no instability in these stages before proceeding 

TABLE 6.13 

♦When the transmitter is wired so that S5 permits the carrier level to 
be adjusted on both series gate a.m. and on nbfm. 

Mode 
Audio 
Gain 

Control 
Clipper 
Control 

Reactance 
Diode Bias 

PA Anode 
Current 

AM 
(Series 
Gate) 

NBFM ♦ 

CW 

Half to 
maximum 

Half to 
maximum 

Maximum 

Quarter to 
half 

+ 1 to +1-25V 

40-50mA (no sig.) 
110-120mA 

(max. sig.) 
110-120mA 

150-160mA 
_ 

Fig 6.112. Layout of the speech amplifier and clipper unit for the 
TT21 transmitter. 

PA SCREEN 

Fig 6.113. Details of connections to S5. 

Fig 6.114. Alternative series gate clamp circuit providing adjustable 
carrier level when using narrow band frequency modulation. 
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CT FUSE 

HT CAPACITORS 

14 Mc/s 

0 0 
PA REC¬ 

HT INSULATOR 1— 

CR2 TRANSFORMER 

BAND I TRAP 

COIL 
TUNING 

n 
IO 15 20 

PA BAND SWITCH 

M2 

3 

AUDIO 
INPUT 

OUTPUT 
SOCKET 

AERIAL 
TUNING 

REACTANCE 
BIAS 

OUTPUT LEAD 
TO REAR OF — 

CHASSIS 

VFO TUNED CIRCUIT 
TRIMMER 

0LI 

HT BYPASS CAPACITOR 
T0-0025uF-

2-5 KV "" 

HT BLOCKING 
CAPACITOR 
0-0025uF 
2.5KV 

Fig 6.115. Layout of the front pane! and chassis. 

to adjust the anode circuits of V4. The total anode and 
screen input to the first three stages should be between 40 
and 55mA at 300V. 

If, as recommended, this preliminary tuning is carried out 
with an external power supply, some form of temporary 
rf voltmeter will be required to check the output from V4. 

When adjustment of the exciter stages is complete, the 
unit may be connected to the main power supply and the 
complete transmitter tested. 

3 he pa anode circuit is adjusted in the usual manner for 
a pi-network: tune for maximum dip as indicated on Ml 
and then increase the loading until V5 is drawing 120mA. 
Final adjustment should be made by adjusting the pa tuning 
controls for maximum output as indicated on M2 when 
switched to position D. 

Satisfactory speech quality and modulation depth or 
deviation is obtained with the settings of the audio controls 
shown in Table 6.13. 
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THE WIRRAL SIX-TEN NFD TRANSMITTER 

This collates a number of systems which produce an 
extremely stable transmitter with full break-in facilities. 

No doubt part of the circuitry, particularly the vfo/co, 
could have been simplified but it was wished to have 
good bandspread and with an open dial on all bands from 
160 to 10m. 
A glance at Fig 6.116 shows that only five valves are 

used, all of them readily obtainable in the UK. 

VFO CO 
A 12AT7 operates as a crystal oscillator in one half and 

as a variable frequency oscillator in the other—the sum or 
difference of their frequencies providing output in the 
160 to 10m amateur bands. In order to allow each band to 
occupy all or most of the dial, the vfo has three switched 
tuned circuits. If constructors are not concerned over the 
problem of good bandspread then one tuned circuit will 
suffice as is common practice with many transmitters. 

Mixer 
Mixing takes place in the anode of the mixer valve, a 

6BA7, and it is in this stage that keying takes place. The 
vfo/co runs continuously thus avoiding the risk of chirp. 
Drive on the amateur bands is only produced when the 
mixer is conducting which allows listening through under key 
up conditions. In the event that leakage does take place 
then the cathode of the crystal oscillator can be keyed 
simultaneously, though in practice this was not found 
necessary. 

Buffer 
The buffer valve is a 6CH6 which gives ample drive to the 

pa. Indeed, drive is embarrassing on the bands between 
160m and 20m. Despite the fact that a screen was erected 
across the base of the 6CH6, such that its anode could not 
“see” its grid, this stage was unstable and had to be 
neutralized. 

PA 
The power amplifier is a 2E26 which has an anode dissi¬ 

pation greater than that required to run a genuine 10W 
de input. With 250V on the anode, however, it can be 
kept within the limit using the constants shown. This valve 
was chosen since it has such excellent characteristics on the 
hf bands and has a top cap anode. A TT11 would have been 
quite suitable but its performance on 15m and 10m is not 
as good. 

TR Switch 
An EF80, triode-connected, acts as a transmit-receive 

switch and receiver muting. Under key up conditions the 
valve conducts and couples the pa pi-network to the input 
of the receiver. It is so effective that signals can only be heard 
in the receiver when the pa pi-network is resonant. Under 
key down conditions the valve is cut off by the rectification of 
a little rf taken from the pa. A potentiometer adjusts this 
bias such that it is possible to monitor the note of the trans¬ 
mitter in the receiver—this being absolutely essential during 
fast operating. The bias available lies between — 10V and 
zero volts dependent on the potentiometer setting. This bias 
is fed to the avc system of the receiver and experience has 

shown that fast avc is necessary in order to achieve full 
break-in working. 

Circuitry 
The circuit is self-explanatory though some details require 

a little comment. As has been already mentioned, the vfo 
has three switched tuned circuits in its grid in order to achieve 
an open dial. Some constructors may not trust the stability 
of the switched vfo but it has not given any trouble and all 
reports have been T9. The designer used various surplus crystals 
of HC6/U mounting and adjusted the vfo frequencies to suit 
them. All crystals were not available on the surplus market 
and some had to be bought at retail prices. The frequencies 
of crystals and vfo tuned circuits are shown below, but it is 
realized that constructors may use crystals available to them 
with suitable modifications to the vfo in order to bring the 
resultant mixing in the amateur bands. 

TABLE 6.14 

Amateur band 
1 8-2MHz 
3-5-4MHz 
70-7-2MHz 
14-0-14-350MHz 
21 0-21-450MHz 
28-O-28-5MHz 

Crystal Freq 
6978kHz 
9000kHz 
1994kHz 
9000kHz 

15,940kHz 
23,OOOkHz 

VFO Swing 
4978-5178kHz 
5000-5510kHz 
4978-5178kHz 
5OOO-551OkHz 
5OOO-551OkHz 
5OOO-55OOkHz 

The coils in the mixer anode are wound on Aladdin 
formers, rescued from old television receivers. Each former 
carries two coils, one at either end. Thus only three formers 
are used, resulting in a saving in space and short leads. The 
If bands (160, 80, 40m) coils were wound at the top of the 
formers and the hf bands (20, 15, 10m) wound at the bottom. 

Ideally coils not in use should be shorted out but in 
practice this was not found necessary. The only capacitance 
used to bring these coils to resonance was that resulting from 
self capacitance of the coils, inter-electrode capacitance of 
the 6BA7 and circuit strays. By this means tuning is reason¬ 
ably flat such that output is fairly constant over the full width 
of the amateur bands. 

A similar arrangement is used in the driver stage though 
the coils are brought to resonance by a 5 to 50pF variable 
capacitor in the grid circuit of the pa. A 50kil potentiometer 
in the screen of the 6CH6 controls the drive available on the 
pa grid. 

The pa is quite conventional except for the plug-in coils 
in the pi-network. Coil changing is timewasting and con¬ 
structors may wonder why they were used in a contest 
type of transmitter. Several members of the Wirral club 
had often expressed some doubt about the efficiency of 
shorted coils in a pa pi-tank and felt that plug-in coils would 
be preferable for a low power transmitter. Further it is not 
always desirable to terminate at 8011 impedance, particu¬ 
larly for end fed aerials on the If bands. By using plug-in 
coils, inductances and capacitances of the correct value could 
be used in order to feed the aerials direct from the pi-tank, 
thus eliminating the use of a tuning unit. Television inter¬ 
ference is not usually a problem on NFD. 

The function of the transmit-receive switch and receiver 
muting arrangement has already been dealt with and all 
components are standard except for the transformer in the 
cathode circuit of the EF80. This is wound on a slab of 
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Fig 6.116. Circuit diagram of the transmitter. Terminal C should be 
connected directly to the 100k< > variable resistor via the diode, and 
the EF80 cathode bias network to the primary of the transformer 

only, not as shown. 

Fig 6.117. Mains psu for N FD 
transmitter. 
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Above: Plan view showing the layout. On 

Above: Underside view of the transmitter. The screening 
between sections can be seen with the vfo and co com¬ 
partment on the lower right. Immediately above is the 
mixer stage and the top screen passes across the base of 
the 6CH6 driver stage effectively screening the grid 
circuit from the anode components. On the top left is the 
pa and tr switch. The rear apron contains (from left to 
right) aerial socket, avc mute socket, mute gain, services 
socket, pa bias potentiometer, relay socket and key jack. 

Photo by R. E. Foster 
the right hand side can be seen the vfo three-
gang tuning capacitor and behind this the 
six cans containing the coils for the mixer 
and driver stages. On the left hand side is 
the 2E26 pa and the EF80 TR switch. 

Photo by R. E. Foster 

Right: This shows the construc¬ 
tion of the plug-in coils. They 
are made from Perspex tubing 
of 2in od and 3Jin long, with a wall 
thickness of ¿in. The base of the 
coil former is also made from 
Perspex, 3|in long, Jin wide and 
¿in thick. Four plugs on the coil 
enable extra capacitance to be 
placed across the loading capacitor 
and series capacitance inserted to 
the tuning capacitor in order to 
attain ease of resonance on the hf 

bands. 
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swg 

26 clcse wound 
26 close wound 
25 close wound 
40 enam. close wound 
38 enam. close wound 
34 enam. close wound 
26 close wound 
26 close wound 
26 close wound 
40 enam. close wound 
38 enam. close wound 
34 enam. close wound 
26 close wound 
26 close wound 
16 enam. close wound 
14 enam. close wound 
14 spaced 2in 
14 spaced 2in 
14 spaced 2in 
14 spaced 2in 

TABLE 6.15 
Coil Table 

? c he cathode circuit of TR «witth EF80 consists of a slab of ferrite 2in long, Jin wide and {in thick. Fill the slab with bifilar wound 26 swg 
raSkW |(h i “S' of wlr' ,nt° » single pair. Wind on from one end so that the pair lie side by side, fill the slab completely and then 
™ J ? pol ûr'tha9e- Wh®n dry secure the whole to a suitable tagboard and earth one end of each wire. Other ends of wire are connected« shown 
one to the cathode circuit and the other to the receiver aerial input terminal. ». ...own, 

Coil 
Number Function Inductance Coil Former Dia. 

No. of 
Turns 

L1 
L2 
L3 
L4 
L5 
L6 
L7 
L8 
L9 

L10 
L11 
L12 
L13 
L14 
L16 
L17 
L18 
L19 
L20 
L21 

vfo 1-8/70 MHz 
vfo 3-5/14/21 MHz 
vfo 28MHz 
mixer 1 -8MHz 
mixer 3-5MHz 
mixer 7-OMHz 
mixer 14-OMHz 
mixer 21 -0MHz 
mixer 28-OMHz 
Driver 1-8MHz 
Driver 3-5MHz 
Driver 7-OMHz 
Driver 14-OMHz 
Driver 21 -0MHz 
PA 1-8MHz 
PA 3-5MHZ 
PA 7-OMHz 
PA 14-OMHz 
PA 21 -0MHz 
PA 28-OMHz 

4-5mH 
6-4mH 
6-6mH 

105/xH 
37mH 
14-4mH 
4-4mH 
1-9mH 
1-42mH 

130mH 
36mH 
9-3mH 
3-0mH 
1 -65MH 

48m H 
26m H 
10-4mH 
3-45mH 
1 -37mH 
1 -07mH 

Cambion L55 series 
Cambion L55 series 
Cambion L55 series 
Aladdin type former 
Aladdin type former 
Aladdin type former 
Aladdin type former 
Aladdin type former 
Aladdin type former 
Aladdin type former 
Aladdin type former 
Aladdin type former 
Aladdin type former 
Aladdin type former 
Perspex tube x 3|in 
Perspex tube x 3|in 
Perspex tube x 3Jin 
Perspex tube x 3|in 
Perspex tube x 3|in 
Perspex tube x 3|in 

0-375 in 
0-375in 
O-375in 
0-3in 
0-3in 
0-3in 
0-3in 
0-3in 
0-3in 
0-3in 
0-3in 
0-3in 
0-3in 
0-3in 
2in 
2in 
2in 
2in 
2in 
2in 

21 
30 
30 
«in 

À in 
28 
13 
6 

1 in 
Ä'n 

24 
7 
40 
30 
17 
9 
5 
4 

ferrite as used in small domestic transistor receivers. Details 
of the coils appear in Table 6.15. 

Since the designer was not certain how the break-in facili¬ 
ties would work in practice a net/send/receive switch was 
fitted and provision for an aerial changeover relay. In fact 
these were found unnecessary and constructors are advised to 
arrange for netting simply by switching on all stages except 
the pa. 

Only the pa is metered by means of a two pole four position 
switch as follows: 

1 Grid current 0-5mA 
2 Anode current 0-50mA 
3 Anode voltage 0-500V 
4 RF 

The rf reading is simply an indication of the feed to the aerial 
and consists of the rectification of a small amount picked 
up by means of a capacitor consisting of two insulated wires 
twisted together a few turns. 

Complete constructional details are not given in this section 
since it is felt that few clubs will wish to take the trouble 
to build a pair of transmitters for NFD. In the event that 
some may do so the layout of components can be easily seen 
from the photographs. A cord drive was used for the vfo 
in order to keep costs down and the dial was home-made for 
the same reason. The size of chassis and front panel will 
depend largely upon what is to hand, but in the instance of 
the Wirral transmitter, the cabinet, panel and chassis were 
purpose made by the designer and his colleagues. No attempt 
was made to produce a transmitter of small physical dimen¬ 
sions simply for the sake of miniaturization. Rather was the 
size and layout suitable for available components. 

Coils 

Coil data for the transmitter is shown in the accompanying 
table. Polyurethane varnish is used to keep windings in 
place and here mention should be made of the method that 
was used to wind coils on Aladdin type formers. 

The former is secured in the chuck of a wheel-brace by 
means of a length of OBA studding and the wheel-brace 

clamped horizontally in a vice. One end of the coil is secured 
to one of the spill holes at the base of the former and the 
coil wound on neatly by rotating the former. The free end 
of the wire is then tied to the paxolin spill holder at the top 
of the former and the coil then coated with clear polyure¬ 
thane varnish. Allow 24 hours for the varnish to dry and 
harden and then peel off excess turns and secure ends of the 
wire to the 18swg spills. The same method is used when 
winding two coils on one former. If different gauges of wire 
are used then join the wires temporarily at the centre of the 
former, varnish and make up as previously. 

Power Supplies 

Power supplies for the transmitter are quite modest and 
Fig 6.117 shows the required information. Needless to say 
they are constructed on a separate chassis and are connected 
to the transmitter by a five core cable. 

SINGLE SIDEBAND TRANSMISSION 

Single sideband suppressed carrier telephony transmission 
(commonly called ssb) is a specialized form of amplitude 
modulated telephony and a brief examination of basic a.m. 
theory is therefore an essential preliminary to any description 
of the more advanced system. 

A.M. Carrier and Sideband Relationships 

The carrier of an a.m. transmission does not vary in 
amplitude; it is at all times of constant strength. The modula¬ 
tion introduced at the transmitter heterodynes the carrier 
and produces sum and difference frequencies. These are 
symmetrically disposed either side of the original carrier 
frequency and constitute two bands of side frequencies— 
those below the carrier form the lower sideband and those 
above the carrier form the upper sideband. The carrier by 
itself does not convey any intelligence; the intelligence is 
conveyed solely by the sideband frequencies. 

Consider what happens when a carrier of 1000kHz is 
modulated 100 per cent by a pure audio tone of 2kHz. The 
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energy propagated from the aerial would be three entirely 
separate and individual rf outputs on 998, 1000 and 1002 
kHz (Fig 6.118). These three channels of rf energy would 
travel quite separately through the ionosphere and would 
eventually arrive at the receiving aerial and would then be 
accepted by the receiver, heterodyned by the local oscillator 
and converted to the final intermediate frequency of the 
receiver. If the i.f. passband was centred on 460kHz the 
i.f. amplifier would present three separate frequencies— 
462, 460 and 458kHz—to the detector. The combined effect 
of these three frequencies at the detector would in turn 
produce the modulation envelope. The way in which the 
modulation envelope is produced can be shown very simply 
by means of vector diagrams. 

LSB 
998 
kHz 

C 
1000kHz 

USB 
1002 
kHz 

Fig 6.118. Amplitude fre¬ 
quency relationship of a.m. 
signal modulated with single 

tone of 2kHz. 

The carrier vector is actually rotating at 460,000Hz with 
one sideband vector rotating at 458,000Hz and the other 
sideband vector rotating at 462,000Hz. Relative to the carrier, 
one sideband vector is rotating 2000Hz slower (lagging) 
and the other sideband vector 2000Hz faster (leading). 
If then the carrier is assumed to be stationary and is drawn 
as a vertical line whose length denotes the carrier voltage— 
let this be one unit in length—each sideband vector would 
be 0-5 unit in length (the power in one sideband is equal to 
0-25 of the power in the carrier and as power is equal to 
E2/R, the voltage is equal to 0-5 that of the carrier) and would 
be shown rotating round the carrier vector in opposite 
directions at the frequency of the modulation (Fig 6.119(a)). 
At some moment of time, the two sidebands will be in phase 
with each other and in phase with the carrier and the result¬ 
ant vector length will be two units—the modulation crest. 
At 180° of rotation later they will again be in phase with 
each other but opposite in phase to the carrier and the 
resultant vector length will be zero—the modulation trough. 
(Fig 6.119(c)). At all other degrees of angular rotation the 
resultant voltage will be some in-between value. The modu¬ 
lation envelope recovered at the detector is shown in Fig 
6.120 and to the same scale, the audio output in Fig 6.121. 

If, therefore, the resultant rf voltage output from a 100 
per cent sine wave modulated transmitter is examined by 
means of an oscilloscope, the display will show the modula¬ 
tion envelope of the classical textbooks. The important 
point to understand is that the oscilloscope is not showing 
the true relationship of the carrier and the sidebands at all. 

Peak Envelope i^PEV=0 
Voltage = 2 

b c 
Fig 6.119. Vector presentation showing how the two sideband 
voltages combine with the carrier voltage to form the modulation 

envelope. 

Fig 6.120. Modulation envelope Fig 6.121. Resultant audio out-
recovered at the detector. put voltage. 

It cannot separate them and show each individual compo¬ 
nent. The display seen is the resultant effect in terms of volt¬ 
age—in fact, the oscilloscope is showing a continuous 
panorama of voltage vector diagrams. 

When the single tone modulating signal is replaced by the 
output of a speech amplifier, the picture grows more com¬ 
plex. It may, however, still be analysed into the original 
carrier, unchanged in amplitude and frequency, about which 
are displaced symmetrically the upper and lower sidebands. 
The sidebands will, of course, undergo continuous change 
in amplitude and frequency as the voice changes in inflexion 
and intensity, but they may never exceed half the amplitude 
of the carrier if over-modulation is to be avoided. Their 
maximum excursion in frequency is limited by the highest 
frequency component of the voice; for practical communi¬ 
cations purposes this may be taken as 3kHz. 

Fig 6.122 illustrates in diagrammatic form the relationship 
of the carrier and its sidebands under speech modulation; 
it is this representation, rather than that of Fig 6.119, which 
forms the foundation stone on which to build a solid under¬ 
standing of ssb. There is, however, one noteworthy point 
which is more immediately evident from Fig 6.119 than from 
the alternative presentation. At the modulation crest the 
carrier and sideband voltages are in phase and add together; 
the voltages at the anode and screen of the modulated stage 
will also rise to twice the applied de potentials, so the com¬ 
ponents in these circuits must be appropriately rated to 
avoid breakdown. As the transmitter peak envelope voltage 
(pev) at the crest of modulation is double that of the un¬ 
modulated carrier, and as output power is proportional 
to voltage squared, the peak envelope power (p e p.) will be 
increased four times. Assuming that the modulated stage is 
being operated under the usual amateur conditions of 150W 
de input with an overall efficiency of 66 per cent, the 
unmodulated carrier output will be 100W and the peak 
envelope power output 400W. 

Single Sideband Transmission 

If the transmitter of Fig 6.118 were radiating a lower 
sideband ssb signal, the carrier on 1000kHz and the upper 
sideband on 1002kHz would be suppressed at the trans¬ 
mitter, and the only output to the aerial would be continuous 
rf energy on 998kHz. This would be converted by the 
receiver to an i.f. of 462kHz and fed to the detector. The 
carrier of 460kHz would be generated by a local oscillator 
(bfo) and also fed to the detector. A vector diagram would 
show the inserted carrier from the bfo as a vertical line 
with the sideband vector rotating around it at the modulating 
frequency; the modulation envelope would be recovered at 
the detector and the resultant audio output would be 2kHz. 
It will be seen that the original 2kHz tone input has been 
recovered, yet the ssb transmitter has radiated one con¬ 
tinuous rf output on one frequency only, 998kHz. 

If the tone modulation at the transmitter had been changed 
from 2 to 3kHz the sideband radiated would change from 
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998 to 997kHz. This would be converted by the receiver 
to an i.f. of 463kHz, combined in the detector with the local 
carrier on 460kHz and the resultant audio output would be 
3kHz. Should the transmitter be modulated with both the 
2 and 3kHz tone simultaneously two rf outputs would be 
radiated from the aerial on 997 and 998kHz. These would 
be converted by the receiver to two i.f. outputs of 463 and 
462kHz. The resultant output recovered by the detector 
would be 3 and 2kHz—the original modulating frequencies. 

Fig 6.122. Amplitude frequency relationships of carrier and 
sidebands with 100 per cent speech modulation. 

When the tone modulation is replaced by the output of a 
speech amplifier the transmitted sideband becomes essentially 
a band of frequencies undergoing continuous changes in 
amplitude and frequency as the voice changes in inflection 
and intensity. Provided that the receiver i.f. passband is 
sufficiently wide, all frequencies within the received sideband 
will be amplified equally and fed into the detector. The 
locally inserted carrier merely serves as a datum line against 
which the sideband is demodulated and the resultant audio 
output is the original speech modulation. 

COMMUNICATIONS EFFICIENCY 

In an a.m. transmitter, the amplitude of each sideband is 
limited to half that of the carrier, so its maximum power will 
be one-quarter of the unmodulated output power. In the 
example already quoted of the 150W input amateur trans¬ 
mitter with an overall efficiency of 66 per cent, the unmodu¬ 
lated carrier output would be 100W, and the maximum 
power in one sideband would be 25W; both sidebands 
together would produce 50W. It is not, however, possible 
to specify the effectiveness of the transmission until some¬ 
thing is known about the equipment on which it is being 
received. The sidebands necessarily occupy a band of fre¬ 
quencies 3kHz on either side of the carrier, so that if the 
receiver has a bandwidth of 6kHz they both add in phase 
and contribute to the total talk power. If a more selective 
receiver with a 3kHz bandwidth is used, only one sideband 
contributes to its output. Under the crowded conditions 
which obtain in the amateur bands, good selectivity is 
almost invariably a necessity, so that only 25W of the 
signal actually conveys intelligence to the listener. This is 
not a particularly profitable return for the generation of 
100W of carrier power, not to mention the cost, weight 
and bulk of a high level modulator and associated power 
supply. 

As the carrier remains constant in frequency and amplitude 
it conveys no intelligence from transmitter to receiver, and 
serves merely as a datum line against which the sidebands are 
demodulated. All the intelligence is conveyed in the side¬ 
bands, so that the carrier may be omitted and the signal 
demodulated perfectly clearly if the reference function is 
transferred to a local oscillator at the receiving end. The 

attractiveness of substituting for the 100W carrier the 
signal from a small oscillator valve in the receiver is obvious. 
The reduction of heterodyne interference within the amateur 
bands, which results from carrier suppression, may alone 
appear to be adequate justification for making the change, 
but there are other advantages. 
The power amplifier which produces a 100W carrier 

must be capable of a peak output of 400W. With modifica¬ 
tions the full capacity of the amplifier may be utilized to 
radiate intelligence conveying sideband energy. This does 
not necessarily mean that the peak envelope power output 
of the hypothetical amplifier will be 400W, because there 
are important differences between the operation conditions 
of anode-modulated class C amplifiers and the class AB or 
B linear amplifiers customarily employed in ssb output 
stages. The question of linear amplification will be dealt 
with in detail later in this chapter, but as a rough guide it 
may be said that a 100W a.m. stage should be able to 
produce about 200W p.e.p. output in ssb service. The whole 
of these 200W will contribute to the talk power at the 
receiving end, which compares very favourably with the 
50W which produce speech output from a conventional a.m. 
transmission in a receiver of 6kHz bandwidth, and even 
more favourably if the receiver has a narrower bandwidth. 

There is no difficulty at all in suppressing the carrier; a 
miniature double triode, or a pair of crystal diodes, together 
with a few resistors and capacitors are all that is necessary, 
leaving only the problem of how to get rid of one of the 
sidebands. It has already been said, however, that a receiver 
of 6kHz bandwidth is capable of combining the two side¬ 
bands so that both may contribute to the audio output. 
Furthermore, it matters little at the transmitting end whether 
the linear amplifier is producing single sideband or double 
sideband output, so long as the peak power remains substan¬ 
tially the same in both cases. 

It is, however, desirable to eliminate one sideband in order 
to simplify the demodulation process in the receiver. Even if 
the local oscillator at the receiver can be made stable enough 
to simulate the precise frequency of the suppressed carrier, 
that alone is not sufficient. It must also be identical in phase, 
otherwise the two sidebands will not combine to produce 
anything approaching the original modulating waveform. 
The best way to utilize fully a double sideband suppressed 
carrier (dsb) signal is to tune it in on a wideband receiver 
to which is coupled an adaptor capable of synchronizing the 
local oscillator to the required frequency and phase by means 
of information derived from the sidebands themselves. The 
main disadvantage of this system of detection lies in its 
susceptibility to lose synchronization because of interference 
from random noise or from strong adjacent-channel signals. 

If, however, one of the sidebands is eliminated as well as 
the carrier, reception becomes fairly easy. The local oscillator 
may wander quite a few hertz away from the correct 
frequency before intelligibility suffers appreciably and does 
not have to be locked in phase. The best place to eliminate 
the unwanted sideband is clearly at the transmitter, because 
the full capacity of the pa stage may then be used to amplify 
the wanted sideband. In addition the transmission will 
occupy a bandwidth of only 3kHz. Alternatively, the 
conversion from dsb to ssb may be effected at the receiving 
end. This is relatively simple because increasing interference 
has already led many amateurs to increase the selectivity 
of their receivers to a point at which it is possible to reject 
one-half of the dsb transmission and deal with the remainder 
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Fig 6.123. Power relationships for a.m. and ssb transmission. Single tone sine wave modulation. 

as if it were a true ssb signal. When received in this way dsb 
is considerably more difficult to tune than ssb and is only 
half as efficient. 

Half of the power radiated by the dsb transmitter is not 
used for reception and merely serves to increase the general 
level of interference. In this respect it is no worse than 
conventional a.m., although it has the advantage of having 
no resting carrier to cause a constant heterodyne whistle. 
When the fact that a dsb transmitter is simpler to construct 
than an a.m. rig of comparable power output is considered, 
the reasons for its former popularity become evident. It has 
now, however, been superseded almost completely by ssb. 

Talk Power 
Perhaps the clearest method—least open to misinterpre¬ 

tation—is to show the relative efficiency of the two systems 
in diagrammatical form where the powers and voltages 
concerned are to the same relative values. This method has 
been adopted in Fig 6.123. The basis of comparison given 
in column A is an a.m. transmission of 100W de power 
input rating, modulated by 50W of audio. At the crest of 
the modulation cycle the peak envelope power (p.e.p.) is 
four times the carrier power—400W. The term peak envelope 
power is defined as the rf power developed at the crest of the 
modulation envelope. 

The carrier of one power unit in value requires a half¬ 
power unit of audio for 100 per cent modulation (this is the 
maximum power than can be used; any greater audio input 
would produce overmodulation and distortion) and this 
produces two sidebands with 0-25 unit of power in each. 
As voltage is proportional to the square root of the power, 
the carrier voltage is 1 and the voltage of each sideband is 

0-5. The rf envelope developed by the voltage vectors is 
shown, and for every 100 per cent modulation the peak 
envelope voltage (pev) is the sum of the carrier and the two 
sideband voltages, and this equals two units. This results 
in a p.e.p. of four units of power. 

The rf signal is demodulated in the receiver and the diode 
detector develops an audio output voltage that is equivalent 
to the sum of the upper and lower sideband voltages. The 
noise power per kilohertz is an arbitrary value equal for 
a.m. and ssb. For a 20dB signal-to-noise ratio, the noise 
voltage would be 01 units for the 6kHz receiver bandwidth 
and the signal-to-noise ratio is then 20 log. the ratio audio 
voltage; noise voltage. 

Column B shows the power and voltage relationships for 
an ssb transmission of equal sideband power to the a.m. 
transmission. The audio output from the ssb transmission 
(recovered by heterodyning the received signal with a locally 
inserted carrier) is 0-707 units in value. This represents a loss 
in detector output voltage of 3dB due to the ssb power 
being in one sideband. However, the reduction in receiver 
bandwidth gives a 3dB advantage so therefore the signal-
to-noise ratio is the same for the two modes of transmission. 

Column C shows the relationship for an ssb transmission 
of equal rated power (100W a.m. transmitter and a 100W 
p.e.p. input ssb transmission). It is seen that the audio volt¬ 
age developed at the output of the diode detector is equal to 
the audio voltage of the a.m. transmission. The reduction of 
receiver bandwidth gives a 3dB advantage and the signal-to-
noise ratio is 23dB. 

Column D shows the relationship for an ssb transmission 
of equal p.e.p. input. It is seen that the ssb transmission gives 
a gain in detector output voltage of 6dB. This, in addition 
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460kHz 

Fig 6.124. Frequency translation process in a typical double superhet receiver. 

to the 3dB improvement in receiver noise output, gives a 
total signal-to-noise ratio of 29dB, a system gain for ssb 
of 9dB. 

It will be noted that the carrier envelope voltage of the 
a.m. transmission serves no useful purpose other than to 
beat against the sidebands and demodulate the signal at the 
detector. Furthermore, that for both modes of transmission 
the audio voltage recovered at the detector is directly pro¬ 
portional to the total sideband voltage, and that the two 
transmitters, a.m. and ssb of equal rated power, will produce 
an equal receiver audio voltage. 

SSB Advantages 

There are no inherent difficulties in the construction of 
a ssb transmitter. In the filter type, the chassis, the layout 
and even the majority of the components are virtually 
identical to a selectable sideband receiver. The usual 75W 
modulator with its bulky driver and output transformers and 
separate 150W power supply is no longer required. The 
ssb transmitter can be built and used initially to gain 
operating experience with a low power output—say 50W 
peak. At a later date the power can be increased to the 
licensed maximum by building a suitable linear amplifier 
and ht supply and driving this with the existing transmitter. 

It is quite true that ssb working demands a higher standard 
of frequency stability and more care in netting, but this 
should not be looked upon as a disadvantage peculiar to 
sideband working. First, as receiver selectivity is improved 
there will be a demand for better frequency stability from 
existing a.m. transmitters. Second, many of the methods 
developed by amateurs for ssb working are already being 
adopted to improve a m. operation. These include exalted 
carrier detection, improved bandwidth control, better oscil¬ 
lator stability and press-to-talk or automatic voice control. 

Third, the power gain of 9dB with ssb operation (made up of 
6dB gain at the transmitter and 3dB at the receiver) repre¬ 
sents an equivalent power increase at the transmitter of 
eight times. 

The advantages of ssb are, therefore: 
(i) the rf spectrum required to transmit a given signal by 

means of ssb is exactly that of the original signal, thus 
maximum use can be made of the available rf spectrum. 

(ii) since only essential signals are transmitted by ssb 
without a superfluous carrier or mirror image sideband, 
there is a considerable effective power gain. 

(iii) most important of all, ssb systems are effected far 
less adversely by the transmission disturbances inherent in 
ionospheric transmissions than a.m., fm, or any of the 
double sideband systems. 

The terms heterodyning and mixing have the same mean¬ 
ing in ssb transmission as in receiver practice and they are 
both frequency translation processes. All superhet receivers 
translate the frequency down from the required amateur 
band to the i.f. channel (or channels) and then to the final 
audio channel. This is shown clearly by the block diagram 
of a typical double superhet receiver given in Fig 6.124. If 
the third mixer is renamed product detector, the circuit 
arrangement is well-known and easily followed and under¬ 
stood. Suppose then that the translation process is reversed 
and the block diagram redrawn as in Fig 6.125. The mixing 
processes are exactly the same as in Fig 6 124 but the block 
diagram of Fig 6.125 is that of a ssb transmitter. In the 
receiver the translation process is down from the rf signal 
frequency to the audio frequency, and in the transmitter up 
from the audio frequency to the rf signal frequency. It is 
possible (in familiar terms) to follow mentally the progress 
of the signal intelligence from the microphone to the trans¬ 
mitting aerial, and the question, “How can you transmit 
voice frequencies without a carrier?” does not arise. 

Fig 6.125. Frequency translation process in a typical ssb transmitter. 
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SUPPRESSING THE CARRIER 

In a single sideband transmitter the initial carrier frequency 
is modulated by the output from the audio amplifier in a 
balanced modulator; balancing the modulator almost 
eliminates the carrier component in the modulator output 
circuit. The output from this stage is therefore a double 
sideband suppressed carrier signal. At the modulation crest, 
the two sideband voltages are in phase with the carrier 
voltage, ie, the modulation process is exactly the same as 
that of the conventional a.m. transmitter. 

It is most important in order to understand clearly what is 
happening in the balanced modulator of a ssb transmitter 
to remember that when a carrier is “amplitude modulated” 
it does not in fact vary in amplitude at all. The output from 
the modulated stage, whether the balanced mixer in a ssb 
transmitter or the pa in an a.m. transmitter, contains three 
components. These are the upper sideband, the carrier, and 
the lower sideband. The carrier wave Fc is heterodyned by 
the audio wave Fm and this produces sum and difference 
frequencies Fc + Fm and Fc Fm. The modulation process 
is thus seen to be a frequency translation process and the 
modulator is therefore a converter or mixer. When an audio 
frequency modulates a radio frequency, the process is 
generally called modulation, but when a radio frequency 
modulates another radio frequency it is called heterodyning. 
The processes are, however, identical, and the general 
terms modulator, converter or mixer mean the same thing. 

The sidebands, Fc + Fm and Fc — Fm, contain the voice 
intelligence, so the carrier frequency can be attenuated or 
balanced out in the modulator output without affecting the 
sidebands in any way. 

This can be done at high level by arranging a push-pull 
pa stage as a balanced modulator or at low level as in a typi¬ 
cal ssb transmitter. In both cases the output is exactly the 
same—a double sideband suppressed carrier signal. 

Balanced Modulators 

Balanced modulators come in many and various forms 
employing a wide variety of devices and circuit techniques. 
In their simplest forms they can be adaptations of the bridge 
circuit and provide a high performance at low cost. 

Valves have been used in a number of circuit configura¬ 
tions but they are mainly arrangements of the basic circuit 
shown in Fig 6.126. An rf voltage applied to the grids of VI 
and V2 will appear in amplified form at the anodes. This will 
cause rf currents to flow in opposite directions through the 
two halves of L2. If the circuit is so adjusted that the signal 
induced in one-half of L2 is balanced exactly by that induced 

Fig 6.126. Basic circuit for twin-triode balanced modulator. 

in the other half, no energy whatsoever will be passed on to 
L3. 
Balance is governed primarily by the amplification 

factors of VI and V2; ideally these valves should be identical, 
but this is difficult to achieve in practice and the best that 
can be done is to choose a pair whose characteristics match 
as closely as possible. The two units in a double-triode 
envelope often match fairly well, and if half-a-dozen valves 
are available at least one should be good enough for balanced 
modulator service. Almost any valve type can be made to 
give good results, but for ease of adjustment and long-term 
stability of balance, a low-mu triode such as the 12AU7, 
12BH7 or GEC A2900 is recommended. The characteristics 
of high-mu types such as the 12AT7 are more prone to 
change as the valve ages. A valve which has seen enough 
service to permit its characteristics to stabilize is more likely 
to prove satisfactory than a brand new one; if a new valve 
must be used it should be aged artificially by operating it at 
normal heater voltage and a few milliamperes of anode 
current for 50-100 hours before it is tested for use in a 
balanced modulator. The importance of selecting the right 
valve cannot be overstressed. While it is possible to balance 
out large inequalities by external means, the circuit will 
drift out of balance quite rapidly, and will require continual 
readjustment. 

Although a well-matched pair of valves will give about 
25dB carrier suppression on their own, this is rarely enough, 
and additional balancing is required. If the remainder of the 
circuit permits, the simplest way is to vary the operating 
point of one or other of the valves by altering the standing 
bias. An example of this method is shown in Fig 6.127. 
The basic arrangement may of course be varied widely 

to suit particular circumstances but there are certain pitfalls 
for the unwary. The anode circuit is balanced about earth 

Fig 6.127. Balancing potentiometer 
adjustment of grid bias. 
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Fig 6.128. Circuit diagram of 7360 
balanced modulator. 

To 
455kHz 
filter 

and this may be achieved by using a split stator tuning 
capacitor with earthed rotor or by decoupling to earth the 
coil centre tap. but not both. In the former case an rf choke 
as shown in Fig 6.127 will ensure that the coil tap floats 
in the required manner. 

An extremely good balanced modulator circuit can be 
designed using the 7360 beam deflection valve. This is a 
special valve using a flat sheet electron beam and two 
shaped anodes so that the current to one or other anode may 
be controlled by deflecting the beam by means of ert type 
deflection plates. The beam current is controlled in the con¬ 
ventional fashion by a grid. A 7360 balanced modulator is 
shown in Fig 6.128. 

This circuit is of particular interest because it uses the 
triode formed by the cathode, grid[ and grid2 as a crystal 
controlled carrier oscillator. The audio is applied to one 
of the deflection plates. A balancing potentiometer is con¬ 
nected to the other plate to provide a means of positioning 
the beam and hence achieving maximum carrier suppression. 
A further adjustment for carrier suppression is provided by 
a balancing potentiometer across the output tuned circuit. 
When properly adjusted this circuit is capable of a carrier 
suppression of 60dB. Like the ert the deflection tube is 
susceptable to external magnetic fields which offset the 
beam from the carefully balanced condition and can reduce 
the carrier suppression considerably. Nearby mains trans¬ 
formers can likewise introduce ac hum and proper positions 
of the valve and screening with mu-metal in some cases are 
necessary. 

There are many possible variations of the diode modulator. 

Fig 6.129. Diode bridge modulator. 

They all stem from the four diode ring modulator which has 
given the telephone companies such excellent service in 
landline ssb work. The basic modulator shown in Fig 6.129 
is rarely used by amateurs but a number of derivatives have 
become popular. 

The shunt connected circuit shown in Fig 6.130 is capable 
of excellent results, and is suitable for providing input to 
filters operating at intermediate or higher frequencies. The 
key to successful operation lies in the selection of a pair of 
diodes whose characteristics match closely and in the correct 
transformation of impedances at both audio and radio 
frequencies. 

Suitable diodes are germanium point contact types and 
matched pairs are available commercially eg Mullard type 
AA119. When installing them, an efficient heat shunt should 
be used to prevent the heat of the soldering iron causing the 
characteristics to change. In addition, the diodes should be 
located well clear of components which might generate 
enough heat to affect their performance. Many a mediocre 
balanced modulator owes its indifferent operation to the 
fact that it has been placed too close to a valve or a high 
wattage voltage-dropping resistor. 

The circuit operates as a chopper with the diodes and 

-II-
65pF 

RF INPUT O 

Fig 6.130. Shunt-type diode balanced^ modulator. 
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Fig 6.131. Series-type balanced modulator. 

VRl behaving as a fast switch which alternately connects 
and disconnects the right hand end of R2 to earth at the 
rf carrier frequency. The value of R2 requires to be a com¬ 
promise between a low value which permits fast rise of the 
voltage at the junction of the two diodes at the instant of 
switch opening and a high value which decreases the loading 
on the previous circuit and increases the switching efficiency. 
The input to the i.f. transformer (IFT2) employs a capaci¬ 
tive impedance transformation arrangement so that the 
tuned circuit is not severely loaded. It also achieves a useful 
voltage step-up. 

Carrier input must be at low impedance; a standard i.f. 
transformer with the original secondary removed and 
replaced with a scramble winding of 50 to 100 turns tightly 
coupled against the primary will be found satisfactory. If 
the potentiometer VRl does not alone give sufficient carrier 
suppression, it may be supplemented by a small variable 
capacitor of about lOOpF maximum value connected between 
earth and one or other of the points marked Pl and P2 in 
Fig 6.130. If the balancing capacitor is needed, its correct 
placement and adjustment may quickly be determined by 
trial and error. 

For minimum distortion, the carrier voltage should be 
about ten times as great as the peak audio voltage. Several 

Fig 6.132. Modified ring type balanced modulator. T1 is an audio 
transformer with low impedance secondary winding; a ratio 
between 1 : 8 and 1 : 12 is recommended. L1 is a three or four turn 
link wound over the cold end of the input tank inductor and adjusted 
to give 3 or 4V rms across its output. Any matched pair of diodes 
may be used for CR1 and CR2. The input and output rf circuits 

should resonate at the operating frequency. 

volts of rf and a fraction of a volt of audio are the usual 
operating levels. 

The series connected balanced modulator is shown in 
Fig 6.131. Almost any audio transformer may be used, as 
long as it is bypassed at carrier frequency by Cl, while a 
standard i.f. transformer will serve for IFT2. The same 
considerations as in the shunt-connected modulator apply 
to the carrier input transformer and to capacitative balanc¬ 
ing. With either modulator the audio input may be provided 
by a cathode follower, emitter follower or ic audio amplifier. 

Fig 6.133. The RCA CA3039 connected as a modulator bridge. 

Although the series and shunt balanced modulators are 
suitable for use at i.f. and rf to feed filter units, a pair of 
them may not be connected conveniently in parallel in the 
manner required for the generation of ssb output by the 
phasing method. The modified ring circuit designed by 
D. E. Norgaard, W2KUJ, and reproduced in Fig 6.132 over¬ 
comes this difficulty. Almost all the commercial phasing-type 
transmitters made in the USA which employ diode balanced 
modulators make use of this arrangement. An ordinary 
loudspeaker transformer with a 15Õ secondary will be 
suitable for Tl, while LI is a three or four turn link wound 
over the cold end of the carrier oscillator coil, and adjusted 
to give about 4V of rf across VRl. The push-pull tank 
circuit resonates at the desired output frequency. The 2-5-
mH choke must not be omitted. 

In describing balanced modulators, the convention of 
rating a circuit in terms of “so many decibels of carrier 
suppression” has been followed. This may be misleading 
to the uninitiated, because in fact the circuits work the other 
way round. To be strictly correct, the rating of a balanced 
modulator should be expressed as the number of decibels 
by which the output at maximum audio drive exceeds the 
minimum resting output in the absence of modulation. The 
point of making this distinction is to show that for the highest 
degree of carrier suppression any balanced modulator should 
be driven to its maximum undistorted output. The drive 
to the final stages of a transmitter should be controlled after 
the ssb signal has been generated and not by reducing the 
audio input to the balanced modulator; if it is not, the 
carrier suppression of the system as a whole will suffer. 

There are a number of integrated circuits currently avail¬ 
able which are very attractive for balanced modulator use. 
The simplest are the diode arrays on a common silicon chip 
which are offered by several manufacturers. Typical of these 
is the CA3039 which contains six diodes. Fig 6.133 shows 
four of the diodes externally connected to form a bridge 
which can be incorporated in a modulator. The very close 
matching of the diodes and the fact that they share a common 

6.70 



HF TRANSMITTERS 

temperature environment makes this device very suitable 
for inclusion in circuits where good balance is required. 

More complex integrated circuits are also available which 
have been designed to act as modulators, mixers, product 
detectors etc. They are in fact analogue multipliers which 
means that they provide very high attenuation of both the 
carrier and modulating signal. Anyone interested in mathe¬ 
matics can confirm that if E^ sin and E, sin are 
multiplied together that the only sinusoidal terms contained 
in the result are 
EE EE cos (lOj + w2)z and —~ cos 

showing that only the sum and difference (ie upper and 
lower sideband) frequencies exist at the output of such a 
multiplier. In the balanced modulator application neither 
the carrier nor the modulating frequencies would exist at 
the output of a perfect multiplier. In practice of course this 
infinite attenuation is not achieved because of errors in the 
multiplication process and carrier breakthrough. Examples 
of this type of balanced modulator are the Plessey SL640C 
shown in the circuit in Fig 6.134 and the Motorola MC1496G 
shown in Fig 6.135. The carrier suppression quoted for the 
MC1496G is —50dB in a typical case and — 40dB for the 
SL640C. An advantage of these balanced modulators over 
other types is that they produce very low harmonic output 

Fig 6.135. A balanced modulator using the Motorola MC1496G. 

levels and they provide useful gain. The voltage gain is of 
the order 2-3 in both cases. 

Because of their general purpose nature the MC1496G and 
SL640C type of device are particularly useful in transceivers 
where they may for example perform the functions of bal¬ 
anced modulator on transmit and receiver mixer or product 
detector on receive. 

SIDEBAND ATTENUATION 

The double sideband signal generated by any of the 
balanced modulators described is of little value for com¬ 
munication purposes, so it has to be turned into ssb by 
attenuating one of the sidebands. No matter what system 
may be used, the unwanted sideband is not eliminated 
completely; it is merely attenuated to the extent at which 
its nuisance effect becomes negligible. A filter attenuation 
of 3O-35dB has come to be regarded as the minimum 
acceptable standard. With care, suppression of 50dB or 
more is attainable but it is debatable whether there is any 
practical advantage in striving after greater perfection. 
The unwanted sideband may be attenuated either by 

phasing or filtering. The two methods are totally different 
in conception, and will be discussed in detail. 

Although the filter method provides the classic way to 
generate a single sideband signal and is now used almost 
exclusively, the phasing method will be described first 
because of its popularity in the early days of amateur ssb. 

The Phasing System 

The phasing system of single sideband generation can be 
simply explained with the aid of vector diagrams. Fig 6.136(a) 
shows two carriers A and B, of the same frequency 
and phase, one of which is modulated in a balanced modula¬ 
tor by an audio tone to produce contra-rotating sidebands 
Al and A2, and the other modulated by a 90° phase shifted 
version of the same audio tone. This produces sidebands 
Bl and B2 which have a 90° phase relationship with their A 
counterparts. The vector presentation is similar to Fig 6.119 
and the carrier vector is shown dotted since the carrier is 
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Fig 6.137. Phasing type transmitter. 

absent from the output of the balanced modulators. Fig 
6.136(b) shows the vector relationship if the carrier B is 
shifted in phase by 90° and Fig 6.136(c) shows the addition 
of these two signals. It is evident that sidebands A2 and B2 
are in antiphase and therefore cancel whereas Al and Bl 
are in phase and are additive. The result is that a single 
sideband is produced by this process. 
A block diagram of a phasing type transmitter is shown in 

Fig 6.137, from which will be seen that the output of an rf 
oscillator is fed into a network in which it is split into two 
separate components, equal in amplitude but differing in 
phase by 90°. Similarly, the output of an audio amplifier is 
split into two components of equal amplitude and 90° 
phase difference. One rf and one af component are 
combined in each of two balanced modulators. The double 
sideband suppressed carrier energy from the two balanced 
modulators is fed into a common tank circuit. The relative 
phases of the sidebands produced by the two balanced 
modulators are such that one sideband is balanced out, while 
the other is reinforced. The resultant in the common tank 
circuit is an ssb signal. The main advantages of a phasing 
exciter are that sideband suppression may be accomplished 
at the operating frequency, and that selection of the upper 
or lower sideband may be made by reversing the phase of 
the audio input to one of the balanced modulators. These 
facilities are denied to the user of the filter system. 

If it were possible to arrange for absolute precision of 
phase shift in the rf and af networks, and absolute 
equality in the amplitude of the outputs, the attenuation of 
the unwanted sideband would be infinite. In practice, 
perfection is impossible to achieve, and some degradation 
of performance is inevitable. Assuming that there is no 
error in the amplitude adjustment, a phase error of Io in 
either the af or the rf network will reduce the suppression 
to 40dB, while an error of 2° will produce 35dB and 3.5° 
will result in 30dB suppression. If, on the other hand, phase 
adjustment is exact, a difference of amplitude between the 
two audio channels will similarly reduce the suppression. A 
difference between the two voltages of 1 per cent would give 
45dB attenuation, an error of 2 per cent would result in 
40dB, and 4 per cent 35dB approximately. These figures are 
not given to discourage the intending constructor, but to 
stress the need for high precision workmanship and adjustment 
if a satisfactory phasing-type ssb transmitter is to be 
produced. 

There are many ways of obtaining rf phase shifts, but 
the two most satisfactory are those which use a pair of 
loosely coupled tuned circuits, and the so called low-Q 
network which uses a combination of resistance, inductance 
and capacitance. The former is shown diagrammatically in 

Fig 6.138 and is based on the property of coupled circuits 
which provides that if both are tuned to resonance the voltage 
induced in the secondary will lag behind that appearing 
across the driven primary by 90;. In practice it may prove 
difficult to tune both circuits to the precise point of resonance 
because of mutual interaction, but if this defect is encountered 
it may be easily overcome. The recommended method is to 
start by detuning the secondary completely, or to shunt it 
by a resistive load of about 200ß so that it cannot react 
upon the primary. The primary is tuned to resonance, using 
a valve voltmeter or other rf indicator, and is then detuned 
to the high frequency side until the voltage drops to 70 per 
cent of that indicated at resonance. The secondary is next 
brought to resonance (with its shunt removed) and finally 
detuned to the low frequency side until the indicated voltage 
drops to 70 per cent. The voltage across the two circuits 
will then differ in phase by precisely 90°. Because of losses, 
it is unlikely that the voltage appearing across the secondary 
will be exactly the same amplitude as that across the primary; 
it is therefore inadvisable to use capacitive coupling from the 
hot ends of the windings. Link coupling, as shown in Fig 
6.138, is preferable because it allows compensation to be 
made for inequalities in amplitude. 

The early amateur phasing transmitters were designed for 
fundamental-frequency operation, driven directly from an 
existing vfo tuning the 80m band, and used a low-Q phase 
shift network. The low-C circuit has the ability to maintain 
the required 90° phase shift over a small frequency range, 
and this made the network suitable for use at the operating 
frequency in single band exciters designed to cover only a 
portion of the chosen band. 

Today, with the great increase in ssb activity, it is necessary 
to be able to change frequency over a range of 200kHz or 
more. Under these conditions the rf phase shift network 

Fig 6.138. Method of obtaining 90 phase shift by coupled tuned 
circuits. 
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would be quite incapable of maintaining the required 
accuracy of phase shift and the available sideband suppres¬ 
sion would deteriorate to a point at which the exciter was 
virtually radiating a double sideband signal. It is true that 
the plain RC network will provide a phase shift that is 
independent of frequency. Unfortunately experience over 
the years indicates that this simple method is not capable of 
providing the required sideband suppression. Additionally, 
a change of frequency into any type of rf phase shift network 
will cause a change in output amplitude ratio, and this in 
turn will unbalance the modulator and severely degrade the 
carrier suppression. 

If amateurs are to enjoy the full benefits of ssb working 
and reduce adjacent channel splatter and heterodyne 
interference to a low level on the amateur bands, a sideband 
suppression of 3O-35dB and a carrier suppression of 50dB 
should be considered the minimum acceptable standard. 

Any operating method that is fundamentally incapable of 
maintaining this standard should not be used on the amateur 
bands. For this reason, the fundamental type of phasing unit 
is not recommended. For acceptable results, the rf phase 
shift must be operated at a fixed frequency outside the 
amateur bands. The ssb output from the balanced modu¬ 
lator is then heterodyned to the required bands by means of 
an external vfo. This method will be discussed in greater 
detail later in this chapter. 

Audio Phase Shift Network 

Although it is quite practicable to construct an audio 
phase shift network capable of covering from 50 to 5000Hz, 
the results scarcely justify the high cost involved. Experi¬ 
ments have shown conclusively that frequencies below 300 
and above 3000Hz contribute little to the intelligence 
conveyed by the human voice, and that under conditions of 
high ambient noise there is a decided advantage in accent¬ 
uating the higher frequency speech components and pro¬ 
gressively attenuating those components which lie below 
500 or 600Hz. The naturalness of the voice under this kind 
of treatment must necessarily suffer, but to a lesser degree 
than might be expected. Telephone lines have a frequency 
response no better than that mentioned and their quality is 
adequate for normal aural communication. 

A straightforward circuit giving exactly 90° phase shift 
over the total audio spectrum is impossible to realize, but by 
restricting the range to the minimum required for satisfactory 
communication, a tolerably good network may be con¬ 
structed from simple fixed capacitors and resistors. The 
voltage at one of the output terminals leads the applied af 
voltage by an amount which varies according to the fre¬ 
quency, while the output at the other terminal lags behind 
the applied voltage. The values of the components may be 
chosen so that the total phase shift between both output 
terminals approximates 90°. 
Fig 6.139 shows a network particularly suitable for 

amateur use. This is similar in configuration to that used by 
W2K.UJ in his famous "SSB Jr” which popularized single 
sideband in the USA, but the circuit values have been 
modified to enable more easily obtainable components to be 
used. The network operates over the range 3OO-3OOOHz 
and if it is constructed of components of 1 per cent tolerance 
the maximum deviation from the ideal phase shift of 90° 
will be within 1-53. Sideband suppression is therefore better 
than 35dB at the worst frequency within the range. This 
network should be fed from a source impedance of 5000, 

Fig 6.139. “SSB Jr.” passive af phase shift network. C1, C3 680pF. 
C2, C4 430pF. R1 487 5k£2 (470k£2 -f- 15kQ + 2 2ki2 in series); R2 770k£2 
(5OOk£2 + 270k£2 in series); R3 125k£2 (100k 4 15k£2 + 1Ck£2 in series); 
R4 198ki2(150kQ r47k£2 in series); VR1 5OOÍ2. All capacitors aresilver 
mica 1% tolerance. All resisistors are high-stability ± 1%, of half 
watt rating. The input and output connection numbers relate to the 

octal base pin numbers of the B & W 2Q4 P.S. network. 

and the two af input voltages should have a precise ampli¬ 
tude ratio (measured to earth) of 2 : 7. This is obtained 
by the position of the slider of the balancing potentiometer 
VR1 ; it therefore follows that this slider will be some way oft 
the central position. The lower of the two voltages should 
occur at the input terminal common to the two 430 pF 
capacitors, C2 and C4. The output terminals should be 
connected to a load of infinite impedance such as the grids 
of a pair of class A amplifier valves. (This audio phase shift 
network may be obtained commercially as the Barker & 
Williamson Type 2Q4 Phase Shift Network, with all com¬ 
ponents sealed in a metal valve envelope designed to plug 
into a standard octal valveholder.) 

As the audio phase shift network is the heart of a phasing 
exciter, no effort should be spared in constructing it as 
closely as possible to specification. Close tolerance silvered 
mica capacitors and high stability resistors should be used 
exclusively. 

If the speech amplifier used to drive the network described 
does not have its response restricted to the range over which 
the network is effective, objectionable distortion will result. 
An adequate degree of roll-off at low frequencies may be 
obtained by using low value coupling capacitors in the speech 
stages preceding the network. Insufficient high frequency 
attenuation will not necessarily make the signal as difficult 
to tune and read as poor low frequency cut-off, but it will 
cause splatter and interference to users of adjacent channels. 
This may be minimized by restricting the high frequency 
response in the audio amplifier in the manner shown in 
Chapter 9—Modulation. 

A stage of class A amplification must be interposed 
between each of the output channels of the phase shift 
network and its associated balanced modulator for three 
reasons: to provide amplification, to offer the correct termin¬ 
ating impedance, and to isolate the network from the some¬ 
what variable load presented by the balanced modulator. 

The necessity of building these two amplifiers as really 
high fidelity devices is frequently overlooked, but it is vitally 
important. Unless the frequency response is excellent, the 
amplifiers may introduce phase-shifts on their own account 
and nullify the good work done by the phase shift network. 
If RC coupling is employed, large-value capacitors are 
essential, while audio transformers should be of proven high 
quality and wide frequency response. Shunt feed is recom¬ 
mended with transformer coupling to obviate the ill-effects 
of de current flowing through the primary. Finally, the 
valves themselves should be operated on the strictly linear 
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part of their characteristic curves and kept well within their 
ratings. 

The Filter System 
Since the objective is to transmit only a single sideband, 

it is necessary to select the desired sideband and suppress the 
undesired sideband. The relationship between the carrier 
and sidebands is shown in the diagram of Fig 6.122. Remov¬ 
ing the unwanted sideband by the use of selective filters has 
the advantage of simplicity and good stability. The unwanted 
sideband suppression is determined by the attenuation of the 
sideband selecting filter, and the stability of this suppression 
is determined by the stability of the elements used in 
constructing the filter. This stability can be quite high 
because it is possible to use materials that have a very low 
temperature coefficient of expansion. Two commonly used 
materials are quartz crystal plates and small metal plates. 

The filter system, because of its proven long term stability, 
has become the most popular method used by amateurs. At 
present three types of selective sideband filters are in common 
use: 

(i) the low frequency crystal filter, 
(ii) the high frequency crystal filter and, 
(iii) the mechanical filter. 
These three methods will be described in detail. 

LF Crystal Filters 
The crystal sideband filter is attractive to the amateur 

because it can be home constructed and the response 
characteristics and shape factor are under the constructor’s 
control. Additionally, suitable crystals in the range 400-500 
kHz have been available on the surplus market at low cost 
in the FT241 series of 54th and 72nd harmonic crystals. All 
crystals whose marked frequency commences with the 
figure 2 are 54th harmonic types, and all crystals whose 
marked frequency commences with the figure 3 are 72nd 
harmonic types. In each case the fundamental frequency of 
the quartz plate is the frequency marked on the box in MHz, 
divided by the harmonic series (ie 54 or 72). 

Experience has shown that an audio frequency range of 
3OO-3OOOHZ is satisfactory for voice communication and 
gives acceptable speech quality. The filter passband is 
therefore required to be 2700Hz and in the perfect filter the 
“slope” of the sides of the filter response curve would be 
vertical so that the bandwidth 60dB down would also be 
2700Hz. In practice this ideal is not practicable and the 
sides of the filter response slope outward so that the band¬ 
width 60dB down is greater than the bandwidth at the 6dB 
points. The ratio, 60dB bandwidth to 6dB bandwidth, is the 
shape factor of the filter. A shape factor of two is a good 
figure to aim for, and if the filter can be made with a steeper 
response than this, so much the better—the sideband 
suppression will be further improved. 

The circuit of a single half-lattice filter is shown in Fig 
6.140. For improved sideband suppression half-lattice 
sections may be connected in cascade as shown in Fig 6.141. 

The optimum crystal spacing for an audio bandwidth of 
3OO-3OOOHZ is affected by the steepness of the passband 
skirts, (ie approximately 1-85kHz for a single half-lattice 
section, 2-2kHz for two sections, and 2-4kHz for three 
sections), and also by the inclusion or otherwise of a shunt 

two capacitors of double the value (C2 C3 = 2C1). 

crystal which may be used to steepen the response on the 
carrier side. A simple half-lattice filter will give an unwanted 
sideband suppression of approximately 30dB, and if a better 
performance than this is required it will be necessary to use 
two or three filter sections. As a guide, the response of a 
single half-lattice filter is shown in Fig 6.142(a) and the 
response of the same filter with an additional shunt crystal is 
shown in Fig 6.142(b). A number of suitable crystal com¬ 
binations for use between 400 and 500kHz are given in 
Table 6.16. 

All FT241 crystals should be checked for frequency and 
activity by placing the crystal in series with the output from a 
BC221 frequency meter and the input to a diode probe valve 
voltmeter used on the 10V range. The BC221 should be 
slowly tuned across the required frequency range and at 
some setting the valve voltmeter pointer will swing over. 
This is the series resonant frequency of the crystal and if the 
activity is satisfactory the valve voltmeter will read about 
half scale. Any crystal giving less than 3 or 4V should be 
discarded. If the filter comprises two or three sections, those 
crystals on either side of the passband centre should be 
matched in frequency within a few hertz of each other, 
either by edge grinding or by plating. 

The only satisfactory method of edge grinding is to hold 
the crystal plate (without dismounting from its support 
wires) in a jig so that it cannot possibly move under any 
circumstances, and then apply the grinding medium to it in 
the form of a rigid flat surface such as a 3in X I in X Jin 
Carborundum slip stone of No 280 grit, obtainable from a 
local hardware dealer. The frequency may be raised a few 
hundred hertz by grinding the top edge. 

Copper plating may be used to lower the frequency. A 
standard plating solution may be made by adding 15g of 
copper sulphate, 5cc of concentrated sulphuric acid and 

Fig 6.141. Double section half-lattice filter. X1 and X3 same 
frequency. X2 and X4 same frequency. Recommended crystal 

spacing is given in Table 6.16. 
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Fig 6.142.(a) Response curve of a single half-lattice filter with neutral¬ 
izing. Note the side lobes just below the 30dB level. The steepness of 
the response can be improved by a small neutralizing capacitor of 
2-3pF (two lengths of pvc insulated 22swg connecting wire twisted 
together for half an inch) across the pins of the highest frequency 
crystal in each half-lattice arm. Too much capacitance may bring up 
the side lobes to an unacceptable level, (b) Response curve of a 
single half lattice filter with shunt crystal. Note how the shunt 
crystal steepens the passband on the carrier side and improves the 

sideband suppression. 

5cc of commercial alcohol to lOOcc of distilled water. The 
solution should be poured into a glass vessel in which is 
placed a piece of clean copper wire bent so that it clamps the 
edge of the vessel and extends about lin into the liquid. The 
wire should be connected in series with a 3300 resistor to the 
positive terminal of a 1-5V dry cell. Both pins of the crystal 
are then connected together and wired to the negative 
side of the battery. When the crystal is dipped into the 
solution, a copper deposit will be formed which will lower 
its frequency. The exact variation may be determined by 
trial and measurement; if the process is accidentally carried 
too far, it may be reversed by changing the polarity of the 
dry cell and removing some of the copper. The process is not 
necessarily reversible with all crystals so caution is recom¬ 
mended. 

When the frequency of the crystal has been increased by 
grinding, or lowered by plating, the unit should be thoroughly 
washed under running warm water, or alternatively washed 
in pure carbon tetrachloride, before being returned to 
service. 

The most suitable type of i.f. transformers to use for 

TABLE 6.16 
Combinations of two-digit (S4th harmonic) and three-digit (72nd 
harmonic) type FT241 surplus crystals suitable for sideband filters 

in the 400-500kHz intermediate frequency range. 

Upper Sideband Lower Sideband 

Shunt 
Crystal 

Series 

Lower 

Crystals 

Upper 
Shunt 
Crystal 

Series 

Upper 

Crystals 

Lower 

j 289 
293 
297 
301 

I 305 
309 
313 
317 
321 
325 
329 
333 
337 
341 
345 
349 
353 
357 

17 
20 
23 
26 
29 
32 
35 
38 
41 
44 
47 
50 
53 
56 
59 
62 
65 
63 

291 (1£) 
295 (21' 
299 (24) 
303 (27) 
307 (30) 
311 (33) 
315 (36) 
319 (39) 
323 (42) 
327 (45) 
331 (48) 
335 (51) 
339 (54) 
343 (57) 
347 (60) 
351 (63) 
355 (66) 
359 (69) 

291 
295 
299 
303 
307 
311 
315 
319 
323 
327 
331 
335 
339 
343 
347 
351 
355 
359 

18 
21 
24 
27 
30 
33 
36 
39 
42 
45 
48 
51 
54 
57 
60 
63 
66 
69 

289 (17) 
293 (20) 
297 (23) 
301 (26) 
305 (29) 
309 (32) 
313 (35) 
317 (38) 
321 (41) 
325 (44) 
329 (47) 
333 (50) 
337 (53) 
341 (56) 
345 (59) 
349 (62) 
353 (65) 
357 (68) 

The three-digit series of crystals shown in the third column of each of the 
above tables are recommended as giving optimum frequency response 
over a modulating range of 300-3,000Hz with an appropriate oscillator 
crystal. The two-digit series (shown in brackets) may be substituted in the 
event of the three-digit series being unobtainable, but the af response will 
be adversely affected. 

coupling are the medium Q, high L/C ratio types; that is a Q 
of around 60 and a resonating capacitance value of not more 
than lOOpF; the Maxi-Q miniature ift Type IFT.l 1/465 
is very satisfactory. After alignment by adjusting all trans¬ 
former dust cores for maximum response at the centre pass¬ 
band frequency, the filter response should be plotted and the 
bandwidth measured at the 6 and 60dB points to determine 
the shape factor that has been achieved. Normally the 
carrier crystal is placed at a frequency that is 20-25dB down 
on the filter response curve. 

It should be appreciated, however, that its positioning is a 
compromise and it should finally be adjusted to obtain the 
best balance of audio quality determined by on-the-air 
reports. 

Before embarking on the construction of a sideband filter 
it is most important to realize that surplus FT241 crystals 
are more than 30 years old, have deteriorated with time and 
may be several hundred hertz—in some cases more than 
1kHz—off their original frequency. The Q of the crystal may 
be very low and in some cases the crystal may fail to oscillate 
at all. 

Modern gold plated AT cut crystals are supplied in 
hermetically sealed B7G holders and have much better 
stability and output, and may be obtained as current equip¬ 
ment ground and calibrated to within 001 per cent of 
specified frequency; alternatively the Quartz Crystal Co Ltd 
will supply a complete set including the carrier crystal, for 
either a single section or a double section filter. Newcomers 
to ssb without previous experience of crystal manipulation 
and filter alignment are strongly advised that the initial 
additional cost of current production crystals is, in the long 
run, a vzorthwhile investment. 

HF Crystal Filters 

Many amateurs are natural experimenters and prefer, if at 
all possible, to make their own items of equipment. This 
applies particularly where there is a ready supply of low cost 
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Fig 6.143. Reactance characteristics of a quartz crystal. The hori> 
zontal arrows denote an increasing frequency. 

surplus “raw material”. It is therefore not surprising that 
there has been increasing interest in the possibility of using 
the range of FT243 high frequency crystals in a bandpass 
filter with characteristics suitable for single sideband 
application. Experience has shown that it is in fact practic¬ 
able to use these crystals and meet the requirements of the 
amateur ssb operator in regard to a filter giving a band¬ 
width of approximately 2-7kHz and a shape factor of two, 
with simple circuitry, the application of a little common 
sense and initiative, and the use of test equipment likely to 
be used by an amateur. 

The main advantage of the crystal filter is the exception¬ 
ally high Q and stability of the quartz plates and these 
characteristics make it possible to obtain the required 
selectivity at high intermediate frequencies, avoiding the 
need for the usual double conversion that is generally 
necessary to obtain the required degree of image rejection. 

It is well known that a quartz crystal has two resonant 
points very close together: these are the series resonance (the 
“zero” of impedance) and the parallel resonance (the 
“pole” of impedance) and this change of reactance or 
impedance is shown in Fig 6.143. 

The circuit of a simple one-section half-lattice filter is 
given in Fig 6.144 and it will be seen that the two crystals 
and the two halves of the inductance T1 form the legs of a 
bridge. Provided that the voltage across the coil from 1 to 2 
is exactly the same as the voltage from 3 to 4, and provided 
also that the impedances of the two crystals A and B are 
equal there will be no voltage at the common connection 
(point 0). 

For the requirement of a bandpass filter, crystals A and B 
are chosen to be different in frequency. Assuming the input 
frequency is at the zero (series resonance) frequency of 
crystal A the impedance balance of A and B is spoiled and 
there will be an output voltage between point 0 and the 
centre of the coil; this will also occur if the input frequency 
is at the pole (parallel resonance) frequency of crystal A. At 
the appropriate input frequencies the same thing will happen 
for crystal B, only the unbalance will be in the opposite 

Fig 6.144. Basic single section half-lattice crystal filter. For optimum 
results the two halves of T1 must have very tight coupling. 

direction. From this it follows that the filter passband will 
be as wide as the spacing of all the poles and zeros. If the 
series resonant frequency of crystal B is arranged to coincide 
with the parallel resonant frequency of crystal A this will 
theoretically give a perfectly flat passband of twice the pole 
zero spacing of each crystal; see Fig 6.145. Fortunately for 
the constructor the surplus range of FT243 crystals have a 
measured range of pole zero frequencies suitable for the 
requirement. Two of these crystals spaced approximately 
2kHz apart will give a satisfactory single sideband band¬ 
width. A further improvement in the steepness of the pass¬ 
band skirts and therefore better unwanted sideband rejection 
is obtained by cascading two half-lattice sections in a simple 
back-to-back circuit. 

Fig 6.145. Diagram showing the theoretical passband of a half lattice 
crystal filter. 

It is an impossible undertaking to attempt to measure the 
series and parallel resonances of high frequency crystals with 
the usual workshop signa! generator—the tuning is far too 
coarse. The only satisfactory procedure is to construct a test 
rig so that the variable signal source is a frequency meter 
such as the BC221 used on its normal If ranges. A suitable 
test rig is shown in Fig 6.146. It will be seen that the BC221 
beats against a crystal controlled oscillator to produce the 
required frequency at the converter valve anode. The 
crystal to be tested is plugged into the holder whose input 
and output has a resistive padding network to avoid measure¬ 
ment error due to stray circuit capacitance (stray circuit 
capacitance has no effect on the series resonance but will 
affect the parallel resonance). At the parallel resonance the 
crystal offers a high impedance and the output voltage 
would be too small to be measured on a workshop valve 
voltmeter. Accordingly a class A amplifier is used, and the 
valve voltmeter probe is connected to the valve anode. This 
gives ample voltage to enable the pole and the zero fre¬ 
quencies to be accurately determined, and also enables the 
test rig to be used to plot the response of the complete filter, 
using the alternative connections shown. 

Initially it is wise to purchase at least eight crystals— 
preferably 12—all of the same channel number. Identify 
each alphabetically and using the test rig, measure the pole 
and zero frequency of each crystal (the crystal zero frequency 
coincides with a sharp rise in the valve voltmeter reading and 
the pole frequency with a sharp dip). Record the frequencies 
on a list against the identification letters. It is also helpful 
to plot the pole and zero frequencies for each crystal and 
draw joining lines as shown in Fig 6.147(a). It is then possible 
to see easily the crystals which are most likely; to make a 
satisfactory filter and to see the shift in frequency which is 
necessary. The crystals A and H in this case have equal 
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Fig 6.146. This is the test circuit used by G2DAF for plotting filter passbands and crystal frequency measurement. The 
BC221 frequency meter operates on its normal 430 to 470kHz range, and beats against the 8050kHz crystal controlled 
oscillator to give a precision output over the range 8480 to 8520kHz. For pole zero frequency measurement the arrowed 
connection points are taken to the B terminals, and for filter passband plotting they are taken to terminals A. The 
potentiometer in the cathode circuit of V3 enables amplifier gain to be set to give a convenient scale deflection on the 

valve voltmeter at the point of maximum filter response, ie OdB. 

pole-zero spacings and require no etching to align them. 
For the other two crystals of the filter E and C are chosen 
because they have closely similar pole zero spacings. These 
two are then etched until their zero frequencies correspond 
to the pole frequencies of A and H. The final pole and zero 
frequencies are shown on Fig 6.147(b). When the BC221 is 
used on the range shown in this example the smallest read¬ 
able division represents approximately 6Hz and the aim 
should be to match the crystal frequencies to within two 
divisions (12Hz). A suitable etchant is ammonium bifluoride 
with one part of a normal saturated solution diluted with 
two parts of water. The crystal is removed carefully from 
its holder and immersed in the solution for not more than 

Frequency BC221 (kHz) 

Fig 6.147.(a) The positions of the poles and zeros of eight crystals 
with nominal frequency 8512kHz. The test circuit beat oscillator 
frequency is 8050kHz. (b) Final positions of the poles and zeros of the 

four crystals selected for the filter. 

one minute at the start. It is convenient to use a plastic 
tea strainer to hold the crystal and this is then dipped into 
the solution. At the end of the etching period the crystal 
must be carefully washed by holding the strainer under a 
running tap and then dried with paper tissue. Measure the 
new pole and zero frequencies and locate them on the graph 
paper. In this way progress can be closely monitored. {Note: 
Ammonium bifluoride is highly corrosive and must be treated 
with extreme caution.) 

Finally, the filter coil is constructed by taking a length of 
22swg pvc insulated connecting wire, doubled back on 
itself to form two parallel wires. This is then wound on a 
ferrite ring core to form nine double turns (total 18 turns) 
and the inner of one winding connected to the outer of the 
other to form a bifilar winding with the junction the centre 
tap. The main requirement of the inductance is very tight 
coupling between each half, together with a perfect electrical 
balance. In practice the grade of ferrite material does not 
appear to be critical. Filters have been successfully built 
using the ring from a Milliard LA4 pot core assembly (35mm 
outside diameter) and also the ring from a mains suppressor 
filter choke (l|in outside diameter) obtained from surplus 
sources. 

To give some guidance as to the characteristics that may 
be expected, the plot of the filter passband and the pole and 
zero frequencies of a typical experimental filter is given in 
Fig 6.148. 

The carrier crystal frequency is determined by plotting the 
filter passband and marking the 20dB down points. One of 
the remaining FT243 crystals is etched so that its parallel 
resonance frequency is at this frequency. Finally when the 
transmitter is completed and tested on the air the carrier 
crystal can be pulled by means of a 50pF trimmer across the 
oscillator grid circuit to obtain the best balance of voice 
quality. 

FT243 crystals are mounted in |in pin spacing holders, 
and are available over a wide range of frequencies in 25kHz 
steps from 5,700kHz to 8,650kHz, and in 33-333kHz steps 
from 5,706666kHz to 8,340kHz. In general all crystals 
throughout the range are suitable for hf filter construction; 
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etched to required frequency 
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24 

Fig 6.148. The high frequency filter passband and pole zero frequen¬ 
cies of the filter in use at G2DAF. It can be seen that crystal X5 is 
the odd one out, with a greater pole-zero spacing than the others. 

This causes the slight asymmetry of the curve. 

42 
3970 4000 20 40 60 80 4100 

BC221 dial reading 

Crystal Zero Pole 

X2 8510-0 8511-6 

X5 8510-0 8512-1 
X4 8512-1 8513-5 

X3 8512-1 8513-5 

there is however one notable point. These crystals were 
made by a large number of different manufacturers for the 
USA services and the “cut” of the quartz plate is not 
always the same (ie certain crystals may have a pole zero 
spacing that is much greater than the average figure of about 
2kHz; such crystals should be discarded as not suitable for 
bandpass filter use). 

Commercially made hf filters are now available from many 
manufacturers. The best known are: McCoy Electronics 
Co, Holly Springs, Pa, USA, The Quartz Crystal Co Ltd, 
New Malden, Surrey, KVG West Germany (available from 
several UK sources) and Salford Electrical Instruments Ltd. 

Table 6.17 shows the characteristics of the range of 
KVG filters and Table 6.18 shows characteristics of two 
SEI Ltd filters which are suitable for ssb applications. 

Mechanical Filters 
Three types of mechanical filters are available in the UK 

at competitive prices that put them within the price range of 
many sideband workers. These are the Collins F455 FA-21 

TABLE 6.18 
Two SEI filters for ssb applications 

Filter type QC1246AX QC1246AA 

Centre frequency 9-OMHz 52MHz 

Application SSB SSB 

Bandwidth (6dB down) 2-51 kHz 2-5kHz 

Insertion loss < 3dB < 3dB 

Shape factor (6 : 60dB)1-7 (6 : 50dB)1-7 

Input-output 500Q 6200 
termination 30pF 30pF 

filter with a 6dB bandwidth of 2-1 kHz and the Kokusai 
MF455-10K and MF455-15K with 6dB bandwidths of 2 0 
and 3 0kHz respectively. The mechanical filter is a mechanic¬ 
ally resonant device which receives electrical energy, converts 
it into mechanical vibration, then converts the mechanical 
energy back into electrical energy at the output. The 
mechanical filter consists basically of four elements: 

(i) an input transducer which converts the electrical 
input into mechanical oscillations. 

(ii) metal discs which are mechanically resonant, 
(iii) coupling rods which couple the metal discs, and 
(iv) an output transducer which converts the mechanical 

oscillations back into electrical oscillations. 
Fig 6.149 shows the elements of the mechanical filter, and 

Fig 6.150 shows the electrical analogy of the mechanical 
filter. In the electrical analogy the series resonant circuits 
LI Cl represent the metal discs, the coupling capacitors C2 
represent the coupling rods, and the input and output 
resistances R represent the matching mechanical loads. 

The transducer, which converts electrical energy into 
mechanical energy and vice versa, may be either a magneto¬ 
strictive device or an electrostrictive device. The magneto¬ 
strictive transducer is based on the principle that certain 
materials elongate or shorten when in the presence of a 
magnetic field. If an electrical signal is sent through a coil 
which contains the magnetostrictive material as the core, the 

TABLE 6.17 
KVG 9MHz crystal filters for ssb, a.m., fm and cw applications 

In order to simplify matching, the input and output of the filters comprise tuned differential transformers with 
galvanic connection to the casing. 

Filter Type XF-9A XF-9B XF-9C XF-9D XF-9E XF-9M 

Application SSB 
Transmit 

SSB AM AM FM CW 

Number of Filter Crystals 5 8 8 8 8 4 

Bandwidth (6dB down) 2-SkHz 24kHz 3-75kHz 5 0kHz 120kHz 0-5kHz 

Passband Ripple < 1dB < 2dB < 2dB < 2dB < 2dB < 1dB 

Insertion Loss < 3dB < 3-5dB < 3-5dB < 3-5dB < 3dB < 5dB 

Input-Output Zt 5000 5000 500O 5000 12000 5000 

Termination Ct 30pF 30pF 30pF 30pF 30pF 30pF 

Shape Factor 
(6:50dB) 1-7 (6:60dB) 18 (6:60dB) 1-8 (6:60dB) 1-8 (6:60dB) 18 (6:40dB) 2-5 

(6:80dB) 2 2 (6:80dB) 2-2 (6:80dB) 2-2 (6:80dB) 2-2 (6:60dB) 4-4 

Ultimate Attenuation > 45dB > 100dB >100dB > 100dB > 90dB > 90dB 
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Fig 6.149. Constructional details of a mechanical filter. 

electrical oscillation will be converted into mechanical 
oscillations. The mechanical oscillation can then be used to 
drive the mechanical elements of the filter. The electro¬ 
strictive transducer is based on the principle that certain 
materials, such as piezoelectric crystals, will compress when 
subjected to an electric current. The transducer not only 
converts electrical energy into mechanical energy and vice 
versa; it also provides the correct termination for the 
mechanical network. 

In practice, filters between 50kHz and 600kHz can be 
manufactured. Since each disc represents a series resonant 
circuit, increasing the number of discs will increase the skirt 
selectivity of the filter. Manufacturing technique at present 
limits the number of discs to eight or nine in a mechanical 
filter. A six-disc filter has a shape factor of approximately 
2-2, a seven-disc filter a shape factor of approximately 1 -85, a 
nine-disc filter a shape factor of approximately 1-5. 

The Collins Mechanical Filter 
Collins mechanical filters have been in use for a number of 

years and are available in the range from 60kHz to 500kHz 
with 6dB bandwidths from 0-5kHz to 35 0kHz—in fact 
Bulletin 1007 obtainable from Collins Radio Co of England 
Ltd lists no fewer than 92 different types. The Type F455 
FA-21 is designed specifically for the amateur market with 
a nominal 6dB bandwidth of 2-lkHz and a 60dB maximum 
bandwidth of 5-3kHz providing a shape factor of just over 
2-5 : 1. It should be noted that although the shape factor 
is not so good as the more expensive 3-1 kHz filter (shape 
factor 2 : 1) the slope is marginally better. 

The F455 FA-21 filter is fitted in a rectangular case 2|in 
long, just over Jin wide, and |in high, and is intended for 
horizontal mounting. The centre frequency is 455kHz 
nominal; 6dB bandwidth 21kHz nominal; 60dB bandwidth 
5-3kHz maximum; passband ripple 3dB maximum; transfer 
impedance 5kQ; resonating capacitance 130pF ± 5pF; 
transmission loss 9-5dB and spurious response attenuation 
(405-505kHz) 60dB minimum. The resonating discs are 
driven by magnetostrictive transducers employing polarized 

Fig 6.151. Basic circuits for the Collins mechanical filter type F455 
FA-21 showing at (a) a parallel resonated transducer coil following 
a high impedance load, and at (b) a series resonated transducer coil 
following a low impedance load. The resonating capacitors are 
adjusted for maximum signal through the filter at the centre 

passband frequency. 

biasing magnets; for this reason it is not permissible to have 
any de at all flowing through the coil, and shunt feed to the 
valve anode is essential. The two transducer coils are 
identical, are isolated from the case, and are balanced to 
earth; either coil may therefore be arbitrarily designated as 
input or output and the filter can be coupled to the two 
anodes of a balanced modulator, or may be used to feed the 
two grids of a following balanced mixer. 

Installation is simple, but it is important to provide 
screening between the input and output connections (a small 
cross screen underneath the chassis). The filter case must be 
earthed. Drive level should be kept below 2V rms. 
For best performance the input and output transducer coils 
should be carefully resonated at the filter centre frequency. 
The two basic circuits (a) filter following a high impedance 
load such as the mixer valve in a receiver, and (b) following 
a low impedance load such as the modulator in a trans¬ 
mitter are shown in Fig 6.151. 

The positioning of the carrier crystal frequency is usually 
stated by the manufacturer. If it is not, the best procedure 
is to use a BC221 frequency meter as a variable carrier 
oscillator and get reports from other stations until the best 
balance of audio quality is obtained. The frequency is then 
obtained from the dial reading of the BC221 and a crystal 
ordered from the supplier, stipulating that the crystal is 
required for oscillation on the parallel resonance mode with 

Fig 6.153. Electrical analogy of a 
mechanical filter. 

LI/2 2CI LI Cl LI ci LI ci LI ci LI/2 2CI 
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Fig 6.152. Kokusai mechanical filter theoretical circuit diagram. 
With this filter it is permissible to have de flowing through the 
transducer coil L, (ie series fed ht to a mixer anode). Accordingly 
the “B” terminal is isolated from the screening can and it is impor¬ 
tant that the filter is wired into the circuit the right way round. 

30pF shunt capacitance. Alternatively, an FT241 crystal can 
be edge ground or plated so that it oscillates in situ on the 
required frequency. The correct position will usually be 
found to be 20-30dB down the skirt response; however the 
narrower a filter the more critical the positioning becomes. 
Usually practical experiment is preferable to an arbitrary 
selection. 

The Kokusai Mechanical Filter 

The Kokusai filter is available with a nominal centre 
frequency of 455kHz, with 6dB bandwidths of either 2 0kHz 
or 3-0kHz. The case style is a spun aluminium cylindrical 
can approximately 2fin high and 1 fin diameter with two 
threaded mounting studs and four insulated feed-through 
connecting tags. Mounting is intended to be vertical with 
the connecting tags going through the chassis. 

This filter has the disc resonators excited by quartz 
crystal transducers; the circuit arrangement is shown in 
Fig 6.152. The general specification of the two filters is as 
follows: MF-455-10K, 6dB bandwidth 20kHz nominal; 
60dB bandwidth less than 7-0kHz. MF-455-15K, 6dB band¬ 
width 3-0kHz nominal; 60dB bandwidth less than 9 0kHz 
(in practice the filters stocked in the UK are generally better 
than the manufacturer’s quoted figures, the 60dB bandwidth 
rarely being greater than twice the 6dB bandwidth, ie a 
shape factor of 2 or better); maximum deviation from centre 
frequency ± 0-8kHz; passband ripple less than 4dB; 
temperature range 0°C to 70°C. 
The manufacturer does not give any values for input or 

output terminal impedance but does state “Both input and 
output should be connected to high impedances. Since 
mechanical filters tend to be rather sensitive to capacitances 
across both input and output terminals care should be exer¬ 
cised not to lower the impedance by stray capacitance.” It 
is clear from this that the Kokusai filter is designed to operate 

into relatively high impedance input and output loads. If the 
filter is connected directly across the output of a diode 
modulator presenting a low impedance load of a few 
hundred ohms, the transducer coil would be heavily damped, 
there would be loss of signal and a possible change in the 
filter passband characteristics. This difficulty can be over¬ 
come by using a series resonated tuned circuit, as an im¬ 
pedance step-up transformer, between the diode modulator 
and the filter transducer coil as shown in Fig 6.153. 

Fig 6.154. Suggested circuit for the use of the Kokusai filter in an 
existing communication receiver to improve the ssb selectivity. 
S1 and S2 can be switch banks fitted to the existing selectivity switch 
assembly, and should be of the type incorporating shorting plates. 
The shorting plate pole must be earthed. If the filter selectivity is 
not to be degraded, the two banks must be isolated from each other 
with an earthed cross screen. IFT1 and IFT2 are standard Maxi-Q 

IFT 11/465 i.f. transformers or similar. 

Because of its small physical size and ease of mounting, 
this filter is particularly suitable for incorporation in the 
older communication receivers such as the AR88, HRO and 
CR100, etc, and it is relatively easy to arrange to switch the 
filter in or out of circuit so that the normal selectivity can 
be used for a.m. and the filter for ssb or cw. A circuit suitable 
for most receivers is shown in Fig 6.154. 

The nominal centre passband frequency is 455 0kHz, but 
because of manufacturing tolerances the actual centre 
frequency may vary plus or minus 0-8kHz. For this reason, 
each filter is packed with a data sheet giving the filter serial 
number and the measured bandwidth at the 6dB and 60dB 
points for the filter concerned. Each bandwidth is given as 
plus or minus XkHz relative to the design centre frequency 

Fig 6.153. Circuit details showing 
the method of using the Kokusai 
mechanical filter following a low 
impedance diode modulator. L1 
is the primary winding of a 
standard Maxi-Q IFT.11-465 i.f. 
transformer with the original 
65pF resonating capacitor re¬ 
moved and replaced by the 75pF 
and 0 001/iF capacitor shown. 
(The unwanted secondary pie is 
cut away with a sharp knife.) 
Feed a 15kHz tone into the 
microphone socket and resonate 
L1 for the maximum output at 
the anode of the filter amplifier 

valve. 
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KOKUSAI ELECTRIC Co., LTD. 

Fig. 6.155. Example of the data sheet packed with each Kokusai 
mechanical filter. 

. MECHANICAL 
FILTER 

CHARACTERISTICS 

Made by 

(/A 

Checked by 

MN 

Approvals 

¿ 5 
TYPE 

MF455-15K 
SERIES No. 6 C K. ZoUt APRIL 15 ^9 5 

06 65 Temp. 26 C 
CENTRE 
FREQUENCY 

GAIN PER STAGE 24-0 us 
BANDWIDTH AT 

6dB 
ATTENUATION 

+ 2-0 kHz 
- 1-2 kHz 

INSULATION 
(More than DC 
500V 200Monm) 

O. K-

4 57 • 52 kHz 
30dB ATTENUATION (SS B ) 7 c □ . ? q 2D J ' ¿ zD K n z 
BANDWIDTH AT 

60 dB 
ATTENUATION 

+ 3'3 kHz 
-2-6 kHz _1 

of 455 0kHz—not relative to the actual filter centre fre¬ 
quency. To illustrate this more clearly, an example of the 
data sheet issued by the manufacturer is shown in Fig 6.155. 
It will be noted that the total passband width at the 6dB 
point is 3-2kHz but that this is quoted as two frequencies— 
each plus or minus relative to 455 0kHz and above this is a 
figure (in this case + 0-4kHz) indicating that the actual 
passband centre frequency is 455 0kHz + 0-4kHz 455-4 
kHz. At the bottom of the table the bandwidth is given at 
the 60dB points—again as two frequencies relative to 
455 0kHz; these two figures added together give the total 
passband width at 60dB down. The ratio of the total band¬ 
width at 60dB to the total bandwidth at 6dB is the shape 
factor of the filter. In this case, it is 5-9/3-2 = 1-9 approxi¬ 
mately. 

From the 6dB and 60dB frequencies given, the filter pass¬ 
band could be plotted on squared paper: however, the graph 
would not be quite correct because in practice the two skirts 
are not straight lines—they are in fact slightly concave. To 
avoid this error the manufacturer also gives the two passband 
frequencies at the 30dB points. The procedure then is to get 
a sheet of one tenth of an inch squared paper and divide this 
vertically at lOdB per inch starting from the top at OdB and 
horizontally at 10kHz per inch arranging that the 455 0kHz 
point is in the centre of the graph paper—this is then 
indicated clearly by a dotted centre-line. From the data sheet 
the 6dB and 60dB figures are plotted, the + (plus) figures to 
the right of the centre-line and the — (minus) figures to the 
left. By reference to the horizontal frequency scale, the two 
30dB figures are marked on the graph at the 30dB down 
position. The 60dB, 30dB and 6dB points on each side of the 
centre-line are then joined together with a shallow curve and 
this is the correct passband for the filter. A complete plot of 
the filter characteristics already given is shown in Fig 6.156. 

In the interests of acceptable voice quality the filter should 
pass frequencies down to 300Hz, ie 300Hz should be at the 
6dB point. From this it follows that the carrier frequency 
must be 300Hz away from this position. A vertical line is 
therefore drawn on the graph 0-3kHz outside the 6dB point 
and where this line cuts the passband curve is the correct 
position for the carrier crystal—on the graph shown, this is a 

Fig 6.156. Method of plotting the passband curve for a Kokusai mech¬ 
anical filter from characteristics given on the data sheet supplied 
and from this determining the required carrier crystal frequencies. 

frequency of 457-3kHz. If two carrier crystals are required 
(ie sideband switching in a receiver) the second frequency is 
plotted in exactly the same way but at the other side of the 
passband. If the carrier crystal on the lower side of the pass¬ 
band is in use, the filter will pass the higher sideband. If the 
carrier crystal on the higher side of the passband is in use, 
the filter will pass the lower sideband. 

Ordering Crystals 
When ordering crystals it should be remembered that every 

crystal can be made to oscillate on either its series or parallel 
resonant frequency and these are not the same (at frequencies 
around 455kHz the difference may be 200Hz or more). It is 
not sufficient to quote only the required frequency; the 
manufacturer must know whether operation is required on 
the parallel or the series resonance, and this must be stated. 
As the parallel resonance is affected by the shunt circuit 
capacitance, this value should also be stated. (Normally in 
the United Kingdom 30pF is taken as a preferred standard 
value and the manufacturer will grind the crystal to oscillate 
at parallel resonance at the stated frequency with this 
capacitance, unless otherwise instructed.) 

For amateur use it is not necessary to go into involved 
calculations in an attempt to determine circuit capacitance—■ 
the value of 30pF can be quoted and is quite near enough in 
practice. The manufacturer also has to know (i) the type of 
holder, ie 10XJ (|in pin spacing) or B7G; (ii) frequency 
tolerance (this is normally plus or minus lOOppm or 0 01 
per cent; (iii) operating temperature range (it would be 
sufficient here to quote “normal room temperature” or 
“amateur equipment”). 

Carrier crystals are normally used in either Pierce, 
Colpitts or Miller oscillator circuits and in all these the 
crystal is excited at its fundamental parallel resonant 
frequency. 
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Fig 6.157. Block diagram of the third method of generating a ssb signal. For lower sideband transmission, the nominal output frequency 
will be fp + fc and for upper sideband transmission, the nominal output will be fc - fp. The nominal output frequency itself is not generated. 

In the case of either mf or hf sideband filters, the crystals 
operate as coupling elements in the series arms of the half¬ 
lattice sections; therefore the required crystal is specified for 
operation on the quoted series resonant frequency. 

High frequency crystals will also be ordered for use in 
some other part of the equipment and in this case the manu¬ 
facturer will have to know whether the mode of operation is 
fundamental or overtone. Overtone oscillators always 
operate at series resonance and as this is not affected by 
shunt circuit capacitance it is unnecessary to state this. Often 
final conversion crystals are operated on their overtone to 
avoid generating spurious signals—this applies particularly 
to a double conversion amateur band receiver. The mode of 
operation can be readily identified by reference to the type 
of oscillator circuit—this will be a Butler, Squier or Robert 
Dollar in which the crystal is used as a series coupling of low 
impedance to the required oscillatory rf current. 

Remember that in an harmonic oscillator—as distinct 
from an overtone oscillator—the crystal oscillates at its funda¬ 
mental parallel resonant frequency. The harmonic genera¬ 
tion is obtained by the non-linearity of the associated valve, 
the valve output circuit being tuned to resonance at the 
required harmonic frequency. This type of oscillator norm¬ 
ally uses the Colpitts, Miller or electron-coupled circuit. 

The subject of crystals and crystal oscillator modes of 
operation is dealt with in detail earlier in this chapter. 

The Third Method 
In addition to the methods already described, details have 

been published of a third method of generating a ssb 
signal. Because it is rather more complicated, insofar as it 
combines the principles of both phasing and filter-type 
equipment, the third method has not attracted much interest 
among amateurs. A brief description is however included 
because the system is said to preserve a higher degree of 
fidelity than a sharp-cutting filter, and to give better sideband 
suppression than a straightforward phasing exciter. 

The third method combines the principles of both systems 
in such a way that a wideband audio phase-shift network is 
unnecessary, and although filters are used, their cut-off 
characteristics are not abrupt enough to detract from speech 
quality. The method is shown diagrammatically in Fig 6.157. 
The output of a pilot audio frequency oscillator Pl is applied 
to a differential phase-shift network, preferably of low Q. 
The two components emerging from the network are adjusted 
to be approximately equal in amplitude, and to differ in 
phase by exactly 90°. Oscillator frequency is not particularly 
critical; the system can be made to work at any point from 

1-6 to 4-5kHz, but as will be seen later there is an 
incidental dividend in remaining within the range 1.600-1.800 
Hz. The quadrature signals from the first phase-shift network 
PSI are applied to two identical balanced modulators 
BMla and BMIb. Audio excitation from a conventional 
speech amplifier is fed in parallel to the other inputs of 
BMla and BMIb. Because of the low frequencies involved, 
it is possible to achieve an exceptionally high order of pilot 
carrier attenuation in the balanced modulators, and the 
output of each will consist of two sidebands at audio 
frequency, Fp + Fm and Fp — Fm. Amplitudes and wave¬ 
forms will be identical, but the sidebands from one balanced 
modulator will be 90 out of phase with those from the 
second. The higher-frequency sidebands are eliminated 
from both channels by a pair of identical low-pass audio 
filters. If a pilot frequency of 1,800Hz is assumed and a 
minimum modulating frequency of 200Hz, each filter will be 
required to pass all frequencies up to 1,600Hz, and to attenu¬ 
ate rapidly above 1,600Hz, reaching maximum rejection at 
2,000Hz. It is comparatively easy to attain this performance 
with standard tolerance components, and high stability is not 
essential in either the pilot oscillator or the filter itself. The 
phase shift network PSI is the only part of the circuit calling 
for precision adjustment, but a simple differential arrange¬ 
ment will take care of more drift than is likely to be met in 
any practical pilot carrier oscillator. 

The quadrature audio signals issuing from Fl and F2 are 
applied to a further pair of balanced modulators, where they 
modulate quadrature rf carriers from PSI exactly as in a 
conventional phasing transmitter. The rf excitation may 
be at the desired output frequency, or if multiband operation 
is contemplated, at a neutral frequency convenient for 
heterodyning into the required bands. 

When the double sideband signals from the two balanced 
modulators are combined in an additive tank circuit, the 
wanted components reinforce one another, and the unwanted 
sideband balances itself out to an extent which depends upon 
the accuracy of the two 90° networks PSI and PS2. It is 
claimed that attenuation exceeding 40dB is achievable. 

The main advantage of using as low an audio frequency as 
possible for the pilot carrier lies in the resulting simplification 
of the low-pass filter design. In the numerical example 
quoted, the response of the filter is required to change from 
zero to full attenuation in the 400Hz between 1,600 and 
2,000Hz; that is, in 25 per cent of the highest frequency to be 
passed. Had 3,600Hz been chosen as the pilot frequency, the 
slope of the filter response curve would have to be twice as 
steep in proportion if the same performance were to be 
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RFcffset carrier 

Nominal earner frequency (£c - 1800) 

Fig 6.158. Frequency relationship in a third method transmitter; 
(a) af input spectrum to BM1a and BM1b; (b) af output from 
BM1a and BM1b for a pilc-t carrier frequency of 1800Hz. Note how 
the lower sideband is folded; (c) af output from lowpass filters Ft 
and F2; (d) rf output from upper modulator chain to Fig 6.156; 
(e) rf output from lower modulator chain in Fig 6.156; (f) Single 
sideband from additive tank circuit in which (d) and (e) are com* 
bined. By reversing the phase shift of the output from either BM2a 
or BM2b, upper or lower sideband transmission may be selected 

at will. 

maintained. This would naturally call for more sophisticated 
filter design. An incidental advantage of a low pilot fre¬ 
quency stems from the fact that the modulating spectrum 
becomes “folded” upon itself for all audio frequencies 
exceeding that of the pilot oscillator. In the earlier numerical 
example, a tone of 1,000Hz would beat with the pilot carrier 
to give a difference frequency of 800Hz. If, however, the 
audio tone were 2,600Hz, the difference frequency would also 
be 800Hz, but the phase would be altered by 180°. Taking 
the system as a whole, it follows that imperfect sideband 
suppression manifests itself as inverted speech superimposed 
upon the wanted sideband and not as adjacent channel 
interference. The advocates of the third method claim 
that the listener’s ear can discriminate more readily against 
this type of imperfection than against the type of interference 
caused by poor suppression in a conventional ssb trans¬ 
mitter. The validity of this argument is open to question, 
because many amateurs now use highly selective receivers 
capable of rejecting image-type interference. Selectivity at 
the receiving end affords no improvement to a poor third 

method transmission. There is however some rough justice 
in the fact that a badly adjusted third method transmitter 
causes more irritation to its owner than to the occupants of 
adjacent channels, while the reverse is usually true of a poor 
transmitter of more conventional design. 

A fuller explanation of audio spectrum folding would 
require mathematical treatment beyond the scope of this 
Handbook. The description in the preceding paragraph in 
conjunction with the diagrams of Fig 6.158 should, however, 
show in broad outline how the system operates. Readers 
who desire a deeper understanding of the third method are 
referred to the excellent article by D. K. Weaver in the 
Proceedings of the I.R.E. for December 1956. 

A third method transmission is received in exactly the 
same way as ssb generated by either of the more common 
systems. As will be seen from Fig 6.158, the carrier insertion 
oscillator will have to be offset from the nominal frequency 
of transmission by an amount equal to the frequency of the 
pilot audio oscillator. The receiving operator will not, 
however, be conscious of this fact. Imperfect carrier suppres¬ 
sion will show up, not as a steady heterodyne against 
which the carrier insertion oscillator may be zeroed, but as an 
audio tone at the frequency of the pilot carrier in the trans¬ 
mitter. 

FREQUENCY CONVERSION 

Multiband operation of an ssb transmitter normally 
involves the generation of the signal at a fixed frequency, and 
the provision of one or more heterodyne converters to en¬ 
able output to be obtained in the required amateur bands. 

The pentagrid valve, of which the 6BE6 is representative, 
is probably the best known type of frequency converter. The 
circuit of Fig 6.159 is typical, and may be used either to raise 
the output from a filter in the i.f. range to the 80m band, or to 
change the transmitter frequency from one band to another. 
For linearity, the oscillator excitation to grid 1 should be 
close to 2-5V rms and the ssb signal at grid 3 should not 
be allowed to exceed 0-1V rms at peak input. Should the 
ssb output of the preceding stage exceed this value, a 
voltage divider should be interposed to reduce the excitation 
to the recommended level. The excitation could of course 
be reduced by turning down the audio gain but this would 
impair the ratio of sideband signal to resting carrier and 
nullify the good work done by the balanced modulator. It is 

Fig 6.159. Simplest form of frequency converter using a pentagrid 
valve. The tuned circuits should resonate at the appropriate input 

and output frequencies. 
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a sound principle of ssb transmission that the audio gain 
control should be used solely to secure optimum operating 
conditions for the balanced modulator, and that the excita¬ 
tion of the converter or amplifier stages should be adjusted 
after the single sideband has been generated. 

Apart from the low level of output, the only serious 
shortcoming of a simple pentagrid converter lies in its 
inability to discriminate against the unwanted energy from 
the heterodyning oscillator if the ssb signal is to be raised 
in frequency by a ratio of more than five or six to one. The 
following numerical example will make the reason clear. 
Assuming that the output of a 460kHz crystal filter is to be 
converted to 3,760kHz, the heterodyning oscillator will 
operate at 3,300kHz. A single tuned anode circuit of good 
quality (high Q) adjusted precisely to 3,760kHz, will present 
roughly 25 times the impedance to the wanted ssb signal 
as it will to the steady off-tune oscillator signal. The oscil¬ 
lator input voltage will, however, have been adjusted to at 
least 25 times the amplitude of the peak ssb input, so 
despite the selective effect of the output tank circuit, the 
steady oscillator voltage across it will be just about the same 
as the peak ssb voltage. Subsequent amplifier stages will, 
of course, afford further discrimination against the oscillator 
signal, but if the tuned circuits are wide-band or swamped in 
the interests of linearity, enough energy may leak through to 
produce an appreciable spurious signal outside the amateur 
bands. For conversion ratios exceeding three to one, it is 
desirable to employ a critically coupled pair of really high Q 
tuned windings in the anode circuit. 

With appropriate changes to circuit values, any receiving 
type frequency converter may be substituted for the penta¬ 
grid in Fig 6.159. If the oscillator is crystal controlled, a 
valve envelope may be saved by using the triode section of a 
triode-hexode as oscillator, but it may prove difficult to 
adjust the excitation to the precise value for maximum 
linearity. A self-excited oscillator should preferably be 
isolated from the frequency converter by a buffer stage, 
otherwise pulling and frequency modulation may be experi¬ 
enced. 
Although multi-element valves are convenient and 

efficient, comparable results may be obtained with double 
triodes such as the 12AU7, 12AT7 and ECC85. A repre¬ 
sentative circuit is shown in Fig 6.160. It may be operated 
at the same voltage levels as those recommended for the 
6BE6 and has the same shortcomings. 

When the conversion ratio exceeds three to one, many 
designers prefer to attenuate the oscillator voltage in the 
mixer output circuit by a system of phasing or balancing. 
The principle is identical to that of carrier elimination by 
balanced modulator. The classical balanced frequency 
converter circuit, widely used in ssb equipment, is shown 
in Fig 6.161. This is capable of attenuating the oscillator 

output by 20-25dB. Excitation may be any value between 
2-5 and 10V rms, depending on the amplitude of ssb signal 
the converter valve is required to handle. 

Balancing is affected by adjustment to the cathode 
potentiometer with oscillator drive but no sideband input, 
until the heterodyning voltage in the output circuit is at its 
lowest value. This may be conveniently measured either 
with a pick-up loop to an absorption wavemeter or a valve 
voltmeter or oscilloscope probe. The capacitors Cl and C2 
in the grid circuit should be silver mica of 1 per cent toler¬ 
ance, each of equal value to provide an accurate centre-tap, 
and with an effective value that will correctly resonate the 
tuned circuit. This also applies to C3 and C4 in the anode 
circuit. 

Fig 6.160. “Single-ended" double triode frequency converter. The 
tuned circuits should resonate at the appropriate frequencies. 

Choice of Mixing Frequencies 

It is the usual practice in ssb transmitting equipment to 
generate the initial single sideband signal at a fixed frequency 
and translate this signal to the required operating frequency 
by one or more frequency changing processes. The sideband 
signal F2 is used to modulate a high frequency carrier Fl, 
whose frequency is chosen so that either the upper or the 
lower sideband of the mixing process is on the desired 
operating frequency. As a result of this modulation process, 
the sideband signal will be translated to a new frequency 
that is either the sum of the carrier and sideband frequencies 
Fl + F2 or the difference between the carrier and the side¬ 
band frequency Fl — F2. Of further importance is the fact 
that if the lower sideband of the mixing process is selected, 
an inversion of the sideband occurs—an upper sideband 
signal will be converted to a lower sideband signal. 

The two essential components of the translation system are 
the modulator (commonly called mixer) and the carrier 
(commonly called oscillator, injection, or heterodyne signal). 

Fig 6.161 Double-triode balanced 
frequency converter. 
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In order to provide a mixer output waveform that is in linear 
relationship to the ssb input waveform, it is necessary to 
make the amplitude of the oscillator injection several times 
greater than the amplitude of the sideband input. A practical 
figure generally used is an oscillator injection voltage ten 
times (+ 20dB) greater than the maximum signal input. 

If two frequencies Fl and F2 are fed into a mixer it is 
important to remember that the mixer output will contain 
not only the wanted Fl + F2 or Fl — F2, but additional 
frequencies composed of the following: 

Funda- Second 
mental Order 
Fl, F2 Fl ± F2 

2F1 
2F2 

Third 
Order 

2F1 ± F2 
2F2 ± Fl 

3F1 
3F2 

Fourth 
Order 

3F1 ± F2 
3F2 ± Fl 
2F1 ± 2F2 

4F1 
4F2 

Fifth 
Order 

4F1 ± F2 
4F2 ± Fl 
3F1 ± 2F2 
3F2 ± 2F1 

5F1 
5F2 

Assuming the inputs were Fl 3,000kHz and F2 = 500 
kHz the mixer output would have these frequencies: 

Funda- Second 
mental Order 

3,500 
3,000 2,500 
500 6,000 

1,000 

Third Fourth 
Order Order 
6,500 9,500 
5,500 8,500 
4,000 4,500 
2,000 1,500 
9,000 7,000 
1,500 5,000 

12,000 
2,000 

(Wanted output Fo = 3,500kHz) 

Fifth 
Order 
12,500 
11,500 
5,000 
1,000 

10,000 
8,000 
7,500 
4,500 
15,000 
2,500 

From these figures it is clearly seen that a train of frequen¬ 
cies has been generated, with a separation equal to F2 (the 
lowest input freq.). 
The response or selectivity curve of an average tuned 

circuit of the kind likely to be used is shown in Fig 6.162. 
The two frequencies most difficult to eliminate will be the 
two either side of the wanted output Fo of 3,500kHz. These 
are the strong FI heterodyning input of 3,000kHz and the 
third order product (2F2 + Fl) of 4,000kHz. The curve 
shown is actually that of the 80m coil in position in an ssb 
transmitter. The Q of the circuit can be determined from 
the formula 

Fo centre frequency 
Fh — Fl bandwidth at 3dB points 

In this particular case this gives the value of Q 35. 
The response has been plotted with the coil and the associated 
capacitor in place on the chassis, and is affected by the shunt 
loading of the valve, the shunt ht feed and the following 
grid input resistance. It is considered to be more sensible 
to evaluate the function of the tuned circuit under actual 
operating conditions, rather than to consider the unloaded 
Q measured on a Q meter. The response shown is believed 
to be a fair average of tests taken on representative coils and 
at different frequencies. 

The two frequencies it is desired to eliminate are 500kHz 
removed. Plotting the 500kHz points on the response curve 
gives an attenuation of 20dB and it is noted that the ratio 

Fo : F2 is 7 : 1. A tuned circuit with equal Q value, resonant 
at 7MHz would have the same response curve and is shown 
in Fig 6.162 by doubling the frequency scale. However, 
500kHz off tune is now a ratio of 14 : 1 and the attenuation 
has dropped to 14dB. If the circuit were resonant at 1-75 
MHz, 500kHz off tune would be a ratio of 3-5 : 1 and the 
attenuation would have increased to 25dB. 

It is therefore clear that the lower the ratio Fo : F2 the 
better the attenuation from the tuned circuit. If two tuned 
circuits are used, coupled to give the highest possible selec¬ 
tivity, the total attenuation is twice that of a single tuned 
circuit and in this case would be 20 x 2 40dB. 

Looked at the other way round it can be seen that if an 
attenuation of 40dB is required from two coupled tuned 
circuits in the mixer anode, the ratio of the lowest input 
frequency (F2) to the required output frequency (Fo) should 
not exceed a ratio of 7 : 1. 

Fig 6.162. Resonance curve for an 80m coil. Frequency at 
Fo = HMHz. 

It is good design practice to aim for adequate suppression 
of all spurious conversion products and 60dB should be 
looked upon as a desirable target. With the usual initial 
ssb generation on 455kHz, a ratio of 7 : 1 sets the upper 
limit for Fo of 455 x 7 = 3,185kHz. It is possible to go to a 
ratio of 8 : 1 (ic direct from 455kHz into the 80m band; or 
direct from 80m to 10m) but it is safer and results in a cleaner 
output to keep within the ratio of 7 : 1. In practice coupling 
is often tightened beyond the “critical coupling” point to 
prevent too much loss of gain, and this would reduce the 
available attenuation to a slightly lower value than 40dB. 
This loss of attenuation could be offset by making the limit 
for the multiplying ratio 6 : 1. To sum up : 

(i) In the interests of constructional simplicity it is 
desirable to keep the number of tuned circuits at the 
mixer output to two. 

(ii) Assuming two coupled tuned circuits and normal Q 
values, the multiplying ratio of the frequency trans¬ 
lation process should wherever possible not exceed 
6 : 1. 

(iii) A lower value than 6 : 1 will give greater attenuation 
of the unwanted products and therefore a cleaner 
output. 

(iv) The lower multiplying ratio can be obtained either by 
increasing F2 (the ssb input), or reducing Fo (the 
wanted ssb output); or a combination of both. 
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Spurious Product Amplitude 

In order to show how undesired frequencies arc generated 
in a mixer stage, it is necessary to consider the case where 
oscillator and signal voltages are applied to the same grid 
of the mixer valve. The wanted sum or difference frequencies 
can only be generated if the anode current, grid voltage 
characteristics have some non-linearity or curvature. The 
components of the anode current will be the de; signal; 
oscillator; signal second, third, fourth, fifth . . . harmonics; 
oscillator second, third, fourth, fifth . . . harmonics; and 
the sum and differences of the signal and oscillator. 

To obtain the desired sum or difference product it would 
be necessary to use a valve in which the characteristic curve 
had only second order curvature. Unfortunately, all practical 
valves have characteristic curves having higher order curva¬ 
ture and this contributes additional unwanted frequency 
components into the output current. Sometimes the fre¬ 
quency of these unwanted components is sufficiently removed 
from the desired output frequency and they are easily filtered 
out, but often these frequencies are very near to the desired 
signal frequency and they will fall within the passband of the 
selective filter used in the mixer output circuit. The amplitude 
or strength of these undesired mixer products varies with 
valve type, and even with valve to valve of the same type. 
It is also critically dependent on the amplitude of the signal 
input, the bias point, and the amplitude of oscillator injec¬ 
tion. It is therefore not surprising that valve manufacturers 
have not been particularly successful in designing valves 
having the desired second order curvature to the exclusion of 
any higher order curvature. In practice, the circuit designer 
must select his mixer valves by means of a series of experi¬ 
ments in which the amplitudes of these undesired mixer 
products are measured. A representative calculated deter¬ 
mination of mixer product amplitude is shown in Fig 6.163. 

Consideration of this chart shows that there are several 
undesired products that are greater in amplitude than the 
desired signal and a considerable number that are weaker 
than the desired signal. Of further interest is the fact that 
as the product order increases, its amplitude decreases. 

Avoiding Spurious Mixer Products 

It is possible by an intelligent choice of the signal and 
oscillator frequencies to minimize the presence of undesired 
mixer products within the passband of the output circuits 
of the frequency translation system. The problem of fre¬ 
quency selection is relatively simple where the operating 
frequencies are fixed, but becomes increasingly complex 
where the operating frequency must be varied. In an attempt 
to simplify the problem, circuit designers make use of charts 
in which the frequency of the spurious mixer products is 
plotted with respect to the signal and oscillator frequencies. 
This type of chart is shown in Fig 6.164. 

As an example of the spurious product problem, consider 
the case of an ssb transmitter for operation on the 80, 40 
and 20m bands. The ssb signal has been generated at 
455kHz using a mechanical or crystal filter. Coverage of 
the lowest frequency band 3-5 to 4kHz can be obtained by 
mixing the ssb signal with the output from a vfo tunable 
from 3-955 to 4-455MHz. As the required output is the low 
sideband of the translation process (ie the heterodyning 
frequency is higher than the wanted 80m output) there will 
be a sideband inversion. In order to give a low sideband 
signal in the 80m band, this means that the mechanical filter 

Fig 6.163. Calculated frequency products contained in the anode 
current of a 12AU7 triode mixer. 

must be arranged to provide a high sideband output. It has 
become an accepted convention adhered to by all ssb 
stations, to transmit low sideband below 10MHz and high 
sideband above 10MHz as a result of a CCIR (International 
Radio Consultative Committee) recommendation. 
The strong oscillator signal is only 455kHz removed 

from the wanted output frequency and must be filtered 
out by the following tuned circuits or else balanced out 
through the use of a balanced mixer. As the mixer cannot 
be expected to retain an accurate balance over a 500kHz 
tuning range, it is necessary to resort to a combination of 
both methods to obtain suppression of this spurious fre¬ 
quency of at least 60dB. At the higher operating frequencies 
required for the other amateur bands, it becomes increasingly 
difficult to suppress this product because the selectivity 
required in the tuned circuits is so high as to become im¬ 
practicable. This difficulty can be overcome by using a 
second stage of frequency conversion. 

The output from the first mixer at 3-5 to 4MHz is mixed 
with the output from a crystal oscillator. This could be on 
3-5MHz, giving a tunable output of 7 to 7-5MHz for the 
40m band; however, the second harmonic of the crystal will 
give a crossover with the wanted 7MHz output signal and 
in practice this would be avoided by using a lower frequency 
crystal—say 3-3MHz. Even with this choice of frequency, 
the second harmonic of the crystal at 6-6MHz is only 400kHz 
removed from the low-frequency end of the wanted output. 
The 7-4MHz second harmonic of the input signal (3-7 to 
3-8MHz to give a band coverage of 7 to 7-1 MHz) is only 
400kHz on the other side of the wanted output frequency. 
A very high order of selectivity would be required to reduce 
these spurious signals to a satisfactory level. In practice 
the designer would overcome this problem by placing 
the heterodyning frequency on the high side of the wanted 
output frequency by using a crystal of 11 MHz. The side¬ 
band input of 3-5 to 4MHz modulating the 11MHz carrier 
would produce a difference frequency output over the range 
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_ F2 F1 

Order 1 2 3 4 5 6 7 8 9 

1 / 1 . 20 
. 02 

.13 

.31 
.24 
.42 

. 35 

. 53 
1 / 2 10 .12 

.30 31 32 .33 
.51 52 53 .54 

.72 
1 / 3 20 .22 

.40 
42 
51 

.53 

.71 
1 / 4 30 .32 

.50 52 71 

1 / 5 40 .42 
. 60 62 

1 / 6 50 .52 
.70 72 

1 / 7 60 .62 
.80 

1 / 8 70 .72 
.90 

1 / 9 80 

1/10 90 

2/3 21 .23 
.41 43 53 

_ F2 ~ F1 

Order 1 2 3 4 5 6 7 8 9 

2 / 5 41 .43 
.61 63 

2 / 7 61 .63 
.81 

2/ 9 81 

3/ 4 32 .34 
.52 54 

3/ 5 42 .44 
.62 

3/ 7 62 

37 8 72 

4 / 5 43 .45 
.63 

4 / 7 63 

5/ 6 54 

• INDICATES SUM MIXING 
OTHER DIFFERENCE MIXING 

Fig 6.164. Spurious response chart. 

(Reproduced, by permission, from the 2nd Edition of "Fundamentals of Single Sideband" (Published by Collins Radio Company USA) 
where the subject is treated in greater detail.) 
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7-5 to 7MHz. Unfortunately this would also produce a 
reverse dial calibration and would also invert the sideband ; 
ie the transmitter would be radiating a high sideband signal. 
The sideband could be corrected by switching carrier crystals 
at the filter, but the reverse dial calibration would have to 
be accepted. It will be noted from the chart of Fig 6.164 that 
there is a second order crossover at 3-67MHz; this is shown 
in greater detail by the graph of Fig 6.165. Because the 
40m band only extends from 7 to 71 MHz the ssb input 
(F2) will never be required below 3-9MHz and the crossover 
may be safely ignored. 

As the 80m output from the first mixing process is a low 
sideband signal, and it is the convention to transmit the high 
sideband on the three higher frequency amateur bands, 
the heterodyning frequency for 14MHz will have to be 
higher than the required output frequency, ie the second 
translation process will invert the sideband, thus giving high 
sideband output from a low sideband modulating signal. A 
suitable conversion frequency for 20m would be 18MHz. 
Inspection of the chart in Fig 6.164 will show that there is a 
fourth order spurious when the signal input to the mixer 
(F2) is near to 3-5MHz. The band, however, only extends 
from 14 to 14-350MHz and this will be given by an input 
signal of 4 to 3-65MHz, and the tuning range 3-65 down to 
3-5MHz will not need to be used. 

There is an obvious temptation to include the 160m band. 
Where the basic exciter has a 500kHz coverage from 3-5 to 
4MHz many amateurs have attempted to get 160m ssb 
output by heterodyning with some convenient crystal in the 
easily obtainable FT243 range of surplus crystals. Remem¬ 
bering the 160m band has a bandwidth of 200kHz from 
1-8 to 2MHz, consideration of the factors involved will 
show that the lowest frequency that can be used for hetero¬ 
dyning is 5-5MHz and the highest is 5-8MHz. Unfortunately 
the mixing process will produce the second harmonic of the 
80m ssb output and this will also be heterodyned by the 
crystal oscillator to produce a spurious distorted signal. 
(This is the third order difference product 2F2 — Fl.) When 
the vfo is altered this spurious signal changes frequency at 
twice the rate of the wanted signal and in the opposite 
direction. Table 6.19 has been compiled to show this clearly. 

Many existing exciters are peaked to give maximum output 
at the hf end of the 80m band and the logical choice of 
heterodyning crystal would be 5-65 or 5-7MHz. Under these 
conditions the spurious output is either on or very close to 
the wanted output. If any adjustment is made to the main 
tuning, either initially to find a clear channel or to avoid 
interference, the spurious output will move twice as fast and 
in the opposite direction. While it is appreciated that this 
output will not be as strong as the wanted one, it will most 
certainly be radiated by the aerial with sufficient strength to 
cause interference to stations in a wide area. It can at certain 
settings of the main tuning actually be on the wanted output 
frequency and put severe distortion on the transmitter signal. 

It is clear from the examples shown that the design of a 
multi-band exciter is by no means a simple problem if 
spurious outputs are to be avoided—the correct choice of 
operating frequencies used in each of the frequency trans¬ 
lation processes is of major importance. With a one or two 
band exciter the problem is relatively simple. As the require¬ 
ment for multi-band operation increases—particularly if this 
is a six band coverage from 160m to 10m—the difficulties 
become more complex and can only be satisfactorily solved 
by an additional stage of frequency conversion together with 

Fig 6.165. Graph showing the second order crossover at 7 34MHz 
when a basic 3 5 to 4 0MHz ssb signal is heterodyned by an 11MHz 

crystal to give a difference frequency output in the 40m band. 

the initial tunable ssb output on a neutral frequency outside 
the wanted amateur bands. In general spurious product 
orders above five can be ignored because the level of a sixth, 
seventh, eighth or ninth order spurious signal should be 
sufficiently low to have no nuisance value, provided that the 
mixer valve is being operated well within its signal handling 
capabilities and with the optimum level of heterodyne 
injection voltage. 

Heterodyning Oscillator Requirements 

From any ssb transmitter the frequency stability of the 
output signal is dependent on the frequency stability of the 
heterodyning inputs to the frequency changer valves. The 
total frequency error is the arithmetic of the errors in all 
these oscillators. For the purpose of amateur requirements 
the crystal oscillator can be considered stable; the stability of 
the transmitted signal will then be directly dependent on 
the stability of the variable LC oscillator, the vfo. 

It is common practice on the ssb bands for a number of 
stations to operate in a “net” (all stations accurately tuned 
to the same carrier frequency) and carry on a quick “back¬ 
wards and forwards” normal type of conversation. Under 

TABLE 6.19 

Basic 80m 
ssb out¬ 

put 

Second 
harmonic 

of basic 80m 
ssb output 

Heterodyn¬ 
ing crystal 
frequency 

160m output 

Wanted Spurious 

35MHz 
3-6MHz 
37MHz 

7 0MHz 
7-2MHz 
7-4MHz 

5-5MHz 
55MHz 
5-5MHz 

20MHz 
19MHz 
18MHz 

1 5MHz 
17MHz 
19MHz 

3 6MHz 
3-7MHz 
3 8MHz 

7-2MHz 
74MHz 
7 6MHz 

56MHz 
56MHz 
56MHz 

20MHz 
1-9MHZ 
18MHz 

16MHz 
18MHz 
20MHz 

3-7MHz 
3-8MHz 
3-9MHz 

7*4MHz 
76MHz 
7-8MHz 

5-7MHZ 
57MHz 
57MHz 

20MHz 
19MHz 
1-8MHZ 

17MHz 
19MHz 
2-1 MHz 

3-8MHz 
3 9MHz 
40MHz 

76MHz 
7-8MHz 
80MHz 

58MHz 
5-8MHz 
58MHz 

20MHz 
19MHz 
18MHz 

1-8MHZ 
2-OMHz 
22MHz 
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these conditions it is most important that all stations remain 
accurately on frequency with negligible drift. With a 
transmitter that is moving off channel because of frequency 
drift in the vfo speech can no longer be demodulated 
correctly at the receiver. Quite obviously vfo stability is 
highly valued by ssb workers. Ever since amateur sideband 
commenced, thousands of experimenters and enthusiasts 
have been searching for that very elusive object, the driftless 
vfo. 

In regard to vfo stability it should be clearly understood 
that, notwithstanding the many claims that have been made 
by the authors of various “ultimate” circuits published in 
the past, there is no such thing as a driftless LC oscillator. 
A quartz crystal has a high degree of frequency stability 
because quartz is a material with a low temperature co¬ 
efficient. Replacing the crystal by building an equivalent 
series tuned circuit using L and C—as for instance in the 
so-called Clapp vfo—does not give the same standard of 
stability as a crystal, since it is not possible to manufacture 
standard coils and variable capacitors with the temperature 
co-efficient of natural quartz. 

Certain circuits such as the Tesla/Vackar and the Clapp 
use large values of fixed swamping capacitance across the 
oscillator valve and claim that this reduces the effect of 
changing valve input capacitance during initial warm-up. An 
LC oscillator that drifted 2 or 3kHz during the first 10 or 
15 minutes and was thereafter rock stable, would, however, 
be very acceptable to almost everyone—no amateur would 
mind switching on and waiting 15 minutes before he intended 
to transmit. In practice the major annoyance is the long 
term drift taking place continually over the transmitting 
period of a couple of hours or so. This slow drift is caused 
by the changing temperature of the two components that 
make up the frequency determining resonant circuit, the L 
and the C. Aside from the temperature rise of the air in the 
cabinet and the air in the transmitting room, a considerable 
amount of heat from the valves—though the valveholders, 
the screening cans and skirts—warms up the chassis and this 
in turns warms up the vfo tank coil and tuning capacitor. 

Stability can be materially improved—not by a change to 
some “ultimate” circuit—but by re-building the vfo so 
that the coil and tuning capacitor and associated components 
are built as a self-contained unit mounted on a sub-platform 
made of some poor heat conducting material such a poly¬ 
styrene or Perspex. The “tuning unit” is then enclosed in 
a heat insulating “box” made from cellular polythene sheet 
|in. or so in thickness. The vfo valve or valves are left 
in their original positions on the main chassis. As the object 
is to isolate the tank circuit elements fromconducted heat, 
the variable capacitor shaft is coupled to the dial drive 
mechanism by a poor heat conducting flexible coupler such 
as the Eddystone Type 529 or Type 50. 

That there is no simple solution to the problem of vfo 
stability is borne out by the fact that a number of the leading 
world communication equipment manufacturers have spent 
a considerable amount of time and effort in developing 
phase-locked or crystal synthesizer variable master oscillators 
and that these are now being supplied not only to the 
commercial market but to the amateur market as well. 

The requirement for a home constructed amateur vfo 
are: 

(i) constant amplitude of output voltage over a 500kHz 
tuning range; 

(ii) low harmonic output; 

(iii) “simple" circuitry using standard components and 
valves; 

(iv) after an initial warm-up period of 10 to 15 minutes 
frequency drift not to exceed 10 parts per million 
(10Hz per MHz) per hour. 

With reasonable care in construction and some experi¬ 
mental work to determine the required value of negative 
temperature co-efficient capacitor compensation, these para¬ 
meters can be met with the standard tunable oscillators 
described earlier in this chapter. 

THEORY OF LINEAR AMPLIFICATION 
Most modern low-power ssb transmitters are capable of 

driving a high power linear amplifier. Much effort will have 
gone into the construction and adjustment of an exciter 
capable of an acceptable degree of carrier and sideband 
attenuation, so care must be taken to ensure that subsequent 
amplifier stages do not degrade the overall performance of 
the transmitter by introducing avoidable distortion. This 
makes it essential to operate all ssb amplifiers under strictly 
linear conditions. 

RF Linear Power Amplifiers 

The function of the power amplifier in a ssb transmitter 
is to raise the power level of the input signal without change, 
so that the envelope of the output signal is a faithful replica 
of the envelope of the input signal. 

Radio frequency amplifiers are classified A, B, and C 
according to the angle of anode current flow—the number 
of degrees the anode current flows during the 360° rf cycle. 
The class A amplifier has a continuous anode current flow 
and operates over a small portion of the anode current range 
of the valve. This amplifier is used for amplification of 
small signals where low distortion is required. Its efficiency 
in converting de anode power input into rf power output 
is low, of the order of 30 per cent, but this is not of great 
importance where small signals are concerned (see Fig 
6.166.) 

Class B amplifiers are biased to near anode cut-off so that 
anode current flows for approximately 180° of the rf cycle. 
Amplifiers operating with more than 180° of anode current 
flow, but less than 360°, are called class AB amplifiers. 
Both class AB and class B amplifiers are used in high power 

ANODE 
CURRENT 
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ANODE 

Fig 6.167. Class B operation (dynamic characteristics). 

linear amplifier stages to obtain higher efficiency and 
maximum output power with low distortion. The amplifier 
efficiency depends on the operating condition selected and 
the type of valve used and is usually or the order of 50 to 
66 per cent (see Fig 6.167). 

Class C amplifiers are biased well beyond cut-off so that 
anode current flows for less than 180° of the rf cycle. The 
principal advantage of this mode of operation is high anode 
efficiency (of the order of 65-80 per cent); however, the 
class C amplifier is not suitable for ssb use because the 
amplifier is not linear and it will not respond to low level 
input signals (see Fig 6.168). The amplifier class can be 
followed by a number to indicate whether or not the valve is 
operated in the positive grid region over part of the rf 
cycle. Class ABI indicates that the grid never goes positive 
and that no grid current is drawn; class AB2 indicates that 
the grid goes positive and that grid current is drawn. Class A 
amplifiers are nearly always operated without grid current 
and class C amplifiers are nearly always operated with grid 
current. It is therefore normal practice to refer to these as 
class A or class C without the necessity for further designa¬ 
tion. 

Choice of Valve 

There is a wide choice of triode valves suitable for power 
amplifiers and these have the advantage of simplicity and low 
cost. Generally, they require a large amount of driving 
power and because of the considerable grid-to-anode capaci¬ 
tance the valve must be carefully neutralized. The amplification 
factor of triode valves suitable for amateur ssb application 
is generally between five for low mu triodes and 75 or more 
for high mu triodes. Usually only the low and medium mu 
valves are suitable for the requirements of power amplifiers 
and it is therefore necessary to provide a large grid swing to 
obtain the power amplification available from the valve. 

With the tetrode valve the screen grid is an electrostatic 
shield between the grid and the anode and this reduces the 
grid anode capacitance to about one hundredth of that of the 
triode. It is still necessary to provide neutralization because 
of the higher amplification of the tetrode valve but the small 
value of feedback eases the neutralization problem. Because 
of the higher gain available, the valve requires a relatively 
low drive to obtain a high power output. 

Pentode construction is also available in power amplifier 
valves and these give improved efficiency because the rf 
anode swing can be increased. The pentode, however, is 
more complex and expensive than the tetrode and in some 
cases requires additional supply voltage for the supressor 
grid. These disadvantages have limited the development of 
pentode power valves and at present the pentode has little 
advantage over the well-designed tetrode. 

For linear power amplifier operation the following features 
are desirable: 

(i) high gain; 
(ii) good efficiency ; 
(iii) low grid to anode capacitance; 
(iv) linear characteristics at all frequencies within the 

desired operating range. 

When a valve is operating in class A the degree of linearity 
is quite high but the efficiency is low—of the order of 25-30 
per cent. By operating class ABI the principal advantages of 
class A operation are retained while the efficiency is raised to 
between 50 and 65 per cent. 

If operation is further advanced into the class AB2 region, 
the efficiency is improved only slightly, but any gain in this 
direction is more than offset by the more stringent require¬ 
ments imposed upon the driver stage brought about by 
variation in driver loading as the amplifier is driven into the 
positive region. This can, and often does, result in a com¬ 
pression of the modulation peaks and non-linearity unless 
the driver is capable of providing the increased loading. 
Usually, in order to maintain driver regulation in class AB2 
linear amplifier operation, a relatively large percentage of 
the driver output is dissipated in a swamping resistor so 
that when the grid is driven positive the relative increase in 
driver loading is small. After careful consideration of these 
factors one finds that class ABI operation has much to offer. 

Operating Methods 

There are four basic methods of operating a linear ampli¬ 
fier as follows: 

(i) Grid driven—anode neutralized; 
(ii) Grid driven—grid neutralized; 
(iii) Cathode driven—grounded grid; 
(iv) Grid driven—passive grid. 
These basic circuits are shown in Figs 6.169, 6.170, 6.171 
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Fig 6.169. Grid driven anode neutralized amplifier. 

and 6.172 and in each circuit configuration the valve can be 
either a triode or a tetrode. 

At this stage it might be advisable to consider what exactly 
is meant by the term linear amplifier. To the high fidelity 
music lover a linear amplifier is intended to give superb 
quality with the lowest level of distortion. To the single side¬ 
band operator a linear amplifier can be added to an existing 
exciter and will give a more powerful signal without impair¬ 
ing the speech quality. In fact the hi-fi enthusiast and the 
sideband operator when they talk about a linear amplifier 
are talking about the same thing. In theory, a good hi-fi 
linear amplifier can be turned into a good low distortion 
sideband amplifier by replacing the audio input and output 
transformer by rf tank circuits. In addition, because the 
flywheel effect of the tuned circuits puts back the missing 
half cycle it is not even necessary to use two valves in push-
pull. Finally, the operating parameters of anode, screen and 
grid supply voltages, anode load resistance, grid driving 
voltage and power output, supplied by the valve manu¬ 
facturer for audio operation, apply equally for single side¬ 
band rf service. An example of this is given in Table 6.20 
for the valve type 811 A. 

Fig 6.170. Grid driven grid neutralized amplifier. For neutralization, 
Cgp/Cgk — Cn/C. C may be any convenient value between 250 and 

500pF. 

Is Linearity Necessary? 

For sideband service the envelope of the signal in the anode 
circuit must be an exact replica of the envelope of the exciting 
signal. This implies that the power gain of the stage must be 
constant regardless of the signal level. This desirable basis 
of operation can only be obtained if the amplifier is operated 
in a linear manner. Any non-linearity creates distortion 
products that appear both in the signal passband and in 
those channels adjacent to it. 

A practical place to examine a sideband signal for linearity 
and quality is in the adjacent suppressed sideband channel, 
not in the frequency band of the signal itself. 

The excellence of a sideband signal is judged by the amount 
of (or lack of) sideband splatter in nearby channels. Theo¬ 
retically, a sideband signal should be just as wide as the voice 
passband of the equipment—-3kHz—and no wider. If the 
output signal of a linear amplifier stage is a replica of the 
existing signal there will be no distortion products—however, 

TABLE 6.20 
811A Operating Data 

Class B Audio Service 
(Two valves) 

Class B RF Service (SSB) 
(One valve) 

Grid Driven Grounded 
Grid 

Anode Voltage 1250 
Grid Bias 0 
Peak Grid Voltage 175 
Zero Sig. Anode Current (mA) 54 
Max. Sig. Anode Current (mA) 350 
Load Resistance (ohms) 9200 
Max. Sig. Grid Current (mA) * 26 
Power Output (W) 310f 

1250 
0 

88 
27 

175 
4600 

13 
155t 

1250 
0 

88 
27 

175 
4600 

13 
141J 

‘Varies from valve to valve. fComputed power output. ^Measured 
including circuit loss. 

The operating parameters of a class B amplifier stage remain the same 
regardless of whether the valve functions in audio or rf service. 
Grounded grid operation is similar, except that the exciter must 
supply additional feed through power. Since class B audio service 
requires two valves, all currents and anode load resistance must be 
halved for single valve rf service. Class B audio data is readily avail¬ 
able for most valves and can be used for rf service as shown above. 

valves are not perfect and the transfer characteristics of even 
the best linear amplifiers exhibit non-linearity at the extremes 
of the anode current swing. So long as the signal input is a 
single tone (such as inserted carrier, or a single tone into the 
microphone socket) departure from linearity has no effect 
but, if the signal input contains two or more tones, the non¬ 
linearity of the power amplifier will cause “mixing” of the 
signal source and will produce new additional sum and 
difference frequencies that were not present in the original 
input signal. These new frequencies, generated in the power 
amplifier, are known as intermodulation distortion products. 

The standard method of testing a linear amplifier to 
determine the level of distortion products is the two-tone 
test, in which two radio frequencies of equal amplitude are 
applied to the amplifier and the output signal is examined for 

Fig 6.172. Grid driven passive grid amplifier. 
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Frequency (kHz) » (b) 

Fig 6.173. Odd order intermodulation products causing ssb distor¬ 
tion. The frequencies shown assume a transmitter with a carrier on 
3750kHz (radiating lower sideband) and modulated by a 2kHz tone 
input. The amplifier is driven at carrier frequency (F2) by unbalanc¬ 
ing the modulator or using carrier insertion. The audio input of 
2kHz produces the second frequency of 3748kHz (F1). Controls 

are adjusted for equal amplitude of F1 and F2. 

spurious products. Those output signals falling in the har¬ 
monic region—-“even order” products—are attenuated to a 
low level by the amplifier tank circuits. Unfortunately, the 
“odd order” products fall close to the fundamental output 
frequencies and cannot be removed by tuned circuits. These 
are the distortion products that put back the signal on the 
unwanted sideband and in the case of a poorly designed or 
incorrectly operated linear amplifier, cause objectionable 
splatter. 

Fig 6.173(a) shows the spectrum distribution of the 
products generated in a typical pa stage, while Fig 6.173(b) 
shows on an expanded frequency scale those intermodulation 
products within the amplifier passband that cause ssb 
distortion. In the example shown the two frequencies making 
up a typical two tone test are 3,748 and 3,750kHz. If the 
linear amplifier is perfect these will be the only frequencies 
appearing in the output. In practice, the amplifier is not 
perfect and there will be additional combinations of sum and 
difference frequencies generated by the non-linear transfer 
characteristics of the valve. These odd order products fall 
within the passband of the selective output circuits and will 
be radiated together with the wanted signal. The inside pair 
of intermodulation products are third order, the next fifth 
order, seventh order, and so on. It will be noted that those 
distortion products nearest to the original input frequencies, 
Fl and F2, have the greatest amplitude. These are the third 
order intermodulation products and it is the relative ampli¬ 
tude of the third order products in relation to the wanted 
signal that determines the excellence or otherwise of the 
transmitted sideband signal. 

Fortunately as far as amateur operation is concerned, 

it is not necessary to have or be able to use elaborate test 
equipment. Many ssb operators have selectable sideband 
receivers with correctly calibrated S meters and they can 
check the relative signal level on the wanted and on the 
unwanted sideband, under tone input or voice conditions, 
and give a report of so many decibels down with a degree of 
accuracy that is reasonably high and quite adequate for 
amateur use. 

The reduction of adjacent channel interference in the 
crowded amateur bands is ultimately of benefit to all. There 
is obviously little sense in aiming for a rejection of at least 
35dB in the filter and then allowing a badly operated linear 
amplifier to put the unwanted sideband back again in the 
form of objectionable intermodulation distortion products. 
The aim therefore is a distortion product level at least as 
good as the filter (35dB down). 

Reducing Distortion 

Consideration has been given to the effect on the output 
signal of non-linearity in the power amplifier and how such 
non-linearity causes “mixing” and the generation of odd 
order intermodulation products. It will be noted that the 
frequency spacing of the distortion products is always equal 
to the frequency difference between the two original tones. A 
voice signal is made up of a multiplicity of tones—there will 
therefore under voice operating conditions be a multiplicity 
of intermodulation distortion products. These will be present 
in the transmitted signal and will be heard on the unwanted 
sideband as blurred and distorted speech that is completely 
unintelligible—in short as splatter. 

When a linear amplifier is improperly adjusted or over¬ 
driven the spurious frequencies rise in amplitude and also 
extend far outside the original channel, and will cause 
unintelligible splatter interference in adjacent channels. 
Splatter of this type is usually of far more importance than 
the effect on intelligibility or quality of the original signal. To 
minimize unnecessary interference the distortion products 
falling in adjacent channels should be reduced as far is it is 
possible to get them. Common courtesy on the crowded 
amateur bands dictates the use of transmitters with as little 
distortion as the state of the art reasonably permits. 

The first and most important means of reducing distortion 
in a single sideband linear power amplifier is to choose a 
valve with a good anode characteristic and choose the 
operating conditions for low odd order curvature. Fig 6.174 
shows the anode characteristic and the operating point that 
will allow class AB operation with no odd order distortion 
products. From point A to B the curvature is second order or 
a simple (/a = kVa1*) curve. From point B, the curve con¬ 
tinues at the same slope in a straight line to point C. The 
zero signal operating point Q is located midway horizontally 
between A and B. It is also located directly above the point 
of projected cut-off, point P, where an extension of CB 
crosses the zero anode current line. 

Small signals whose peak-to-peak amplitude is less than 
the horizontal distance between A and B operate on a pure 
second-order curve, resulting in no single sideband distor¬ 
tion. When the input signal becomes greater than AB it 
enters a linear region on both peaks at the same time and 
since the slope of BC is correct there is no change in gain of 
the fundamental components and no single sideband distor¬ 
tion will result at large signals either. The anode current 
at point Q determines the static anode current Ia of the valve 
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Fig 6.174. Ideal valve characteristics for class AB operation. 

and, when multiplied by the de anode voltage, determines 
the static anode dissipation. 

Most valves have a characteristic similar to Fig 6.174, 
although AB is not a pure square law and the region from 
B to C is rather limited and seldom straight. In practice, 
however, an anode current/grid voltage curve can be plotted 
from the desired load line on a set of constant current curves, 
or obtained from the valve manufacturer. By projecting the 
most linear portion of this curve to intersect with the zero 
anode current line, the point of projected cut-off and there¬ 
fore the grid bias and static anode current can be determined. 
This static anode current is the correct value for minimum 
distortion. 

The screen voltage of the tetrode valve has a very pro¬ 
nounced effect on the optimum static anode current because 
the anode current of a valve varies approximately as the 
three-halves power of the screen voltage. For example, 
raising the screen voltage from 300 to 500V will double 
the anode current. The shape of the dynamic characteristic 
will stay nearly the same; however, the optimum static anode 
current for minimum distortion is now also doubled. In 
practice a limit is reached when the higher static anode 
current and therefore the higher static anode dissipation 
exceeds the rated anode dissipation for the particular valve 
in use. Should this condition arise it is necessary to make a 
choice between operating the valve at lower than optimum 
static anode current or alternatively reducing the screen 
voltage. 

Although single sideband has now been in use for many 
years there is not yet any linear power amplifier arrangement 
that has shown itself to be superior either in performance or 
characteristics to an extent where it has become accepted as a 
standard particularly suitable for the requirements of ssb. 

The type of linear amplifier that would be most suitable is 
dependent on circumstances that vary from one station to 
another. In fact, the choice must be made by the operator 
because it is inherently a personal one. It is possible, however, 
to give an indirect answer to the question by outlining a 
simple “design consideration” procedure as follows: 

(i) Determine the ht supply voltage that is to be used-
(This may be from an existing power pack, or may 
depend on the use of components that are already 
available, or it may be determined by considerations 
of safety, ie, many amateurs fight shy of using volt¬ 
ages much above 750.) 

(ii) Determine the driving power that is available from the 
exciter. (This can be obtained from the manufac¬ 
turers’ data for the driver valve in use, or can be 

TABLE 6.21 

500V 500-750V 750-1250V 15OO-2OOOV 2000-3000V 

2E26 
829B 

6146 
807 
1625 

TT21 
807 
1625 
805 
811A 
4-65A 
4X150A 
EL38 
QV09-100 

813 
4-125A 
4X150A 
304TL 
4X250B 

304TL 
4-250A 
4-400A 
PL-6569 

measured into a dummy load, or approximated by 
lighting a suitable lamp load.) 

(iii) By reference to Table 6.21 choose a valve suitable for 
the ht supply available. 

(iv) By reference to Table 6.22, decide on the basic 
method of operation suitable for the driving power 
that is available. 

The values given in Tables 6.21 and 6.22 are approxima¬ 
tions intended to serve as a guide. In Table 6.22 the “Driving 
Power” includes: 

(a) The grid circuit and coupling losses, 
(6) The input damping losses of the valve, 
(c) The loss in the grid circuit swamping resistor, 
(d) The grid current which may flow, 
(e) In the grounded grid application, the percentage of 

driving power that appears in the output circuit as “feed 
through power.” The driving power for the valve shown in 
the class ABI column assumes a grid swamping resistor of 
2,000’1. 

As the input impedance of a grounded grid amplifier is a 
function of the peak cathode current, the driving power 
required will be greater for four valves than for two. The 
number of valves in use is indicated by (x 4) or by (X 2). It is 

TABLE 6.22 
Basic Method of Operation 

Driving 
Power 
(P.E.P.) 
output 

Tuned Grid 
AB1 

Tuned Grid 
AB2 

Passive 
Grid 

Cathode 
Driven 

(Grounded 
Grid) 

5W 

2E26 
6146 
4-65A 
4X150A 
807, 1625 
QV08-100 
TT21 
EL38 

829B 

10W 
4-125A 
813 

807 1625 
4-65A 
813 
4-125A 

25W 
304TL 805 

811A 
813 
4-65A 
4-125A 
4X150A 

50W 

304 L 805 
811A 
4-250A 
4-400A 

813 
4-125A 
4X150A 
805 (x 2) 
811A(x2) 

100W 

304TL 
PL6569 

304TL 
811A(x4) 
805 (x 4) 
PL6569 
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assumed in all cases that where two or more valves are used 
in the amplifier, they are operated in parallel. 

Having decided on the type of valve that is most suitable 
for the ht supply and driving power available, the valve 
manufacturers’ data can be consulted for the p.e.p. output 
rating. If this is less than the total output required it will be 
necessary to run two, three or four valves in parallel. To give 
two examples: 

(i) The choice of valve type is 6146 with a 750V ht 
supply. The required maximum signal power output 
(p.e.p.) is 200W. This will require four valves in 
parallel. 

(ii) The choice of valve type is 813 with a 2,000V supply. 
The required 'output is 400W p.e.p. This can be 
obtained with two valves in class AB2. 

Basic Circuit Considerations 

As a guide to the choice of basic methods of operation 
given in Table 6.22, the main advantages and disadvantages 
can be summarized as follows: 

Tuned Grid, Class ABI 
Advantages 

(a) Low driving power. 
(b) As there is no grid current the load on the driver valve 

is constant. 
(c) There is no problem of grid bias supply regulation. 
(d) Good linearity and low distortion. 

Disadvantages 
(a) Requires tuned grid input circuit and associated 

switching or plug-in coils for multi-band operation. 
(6) Amplifier must be neutralized. 
(c) Lower efficiency than class AB2 operation. 

Tuned Grid, Class AB2 
Advantages 

(a) Less driving power than passive grid or cathode driven 
operation. 

(6) Higher efficiency than class ABI. 
(c) Greater power output. 

Disadvantages 
(a) Requires tuned grid input circuit. 
(b) Amplifier must be neutralized. 
(c) Because of wide changes in input impedance due to 

grid current flow there is a varying load on the driver valve. 
(d) Bias supply must be very “stiff” (have good regula¬ 

tion.) 
(e) Varying load on driver valve may cause envelope 

distortion with possibility of increased harmonic output and 
difficulty with tvi. 

Passive Grid 
Advantages 

(a) No tuned grid circuit. 
(b) Due to relatively low value of passive grid resistor, 

high level of grid damping makes neutralizing unnecessary. 
(c) Constant load on drive valve. 
(d) Compact layout and simplicity of tuning. 
(e) Clean signal with low distortion level. 
(f) Simple circuitry and construction lending itself readily 

to compact layout without feedback troubles. 
Disadvantages 

(a) Requires higher driving power than tuned grid 
operation. 

Cathode Driven 
Advantages 

(a) No tuned grid circuit. 
(b) No neutralizing. (This may be necessary on 10m.) 
(c) Good linearity due to inherent negative feedback. 
(d) A small proportion of the driving power appears in the 

anode circuit as “feed-through power.” 

Disadvantages 
(a) High driving power—greater than the other methods. 
(b) Isolation of the heater circuit with ferrite chokes or 

special low capacitance wound heater transformer. 
(c) Wide variation in input impedance throughout the 

driving cycle causing peak limiting and distortion of the 
envelope at the driver valve. 

(d) The necessity for a high-C tuned cathode circuit to 
stabilize the load impedance as seen by the driver valve and 
overcome the disadvantage of (c). 

(e) In practice, with the type of valves commonly used by 
United Kingdom amateurs, the power output appears to be 
the same or slightly less than that for passive grid operation. 
The active anode current flows through the cathode circuit 
and produces across the cathode impedance a voltage which 
decreases the exciting voltage. This corresponds to negative 
feedback, and it is possible that the loss due to this feedback 
can be roughly equal to the feed-through power—the net 
advantage is then zero. 

Fig 6.175. High-mu triode con¬ 
nection of a tetrode or pentode 

amplifier valve. 

Beam power valves such as the 807, 1625 and 813 may be 
connected as high-mu triodes in the manner shown in Fig 
6.175. The triode-connected tetrode usually requires a much 
higher excitation voltage than a conventional triode, but is 
otherwise capable of similar performance. It is important, 
however, to remember that this high excitation voltage 
appears between the grid and cathode, and there is no grid¬ 
bias voltage to be overcome before grid current can flow. As 
a result of the large driving voltage and high current flow, 
triode-connected tetrodes often operate with control-grid 
dissipation powers in excess of the manufacturers’ ratings. 
This may happen inadvertently if the grid circuit has only a 
single current meter because up to 75 per cent of the com¬ 
bined grid current may be to the control grid in such a 
circuit. Should the valve be cathode driven in a grounded 
grid circuit, with insufficient anode circuit loading, the 
power formerly fed through the amplifier into the output 
circuit becomes available to heat the control grid to even 
higher temperatures. Such action can destroy the valve in a 
short time. 

While it is possible to protect the valve with a grid-current 
overload relay of low coil resistance and sufficient sensitivity, 
it is hardly likely that a suitable component would be 
available to the amateur constructor. Conventional tetrode 
connection (either grid driven or cathode driven) will avoid 
the risk of damage to the valve and is the preferred method. 
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Push-pull or Parallel Operation 

In theory two valves operated in linear amplifier service, 
either in push-pull or in parallel, will give the same maximum 
signal power output. However, there may be certain practical 
considerations that make one method more desirable than 
the other. 

A single sideband amplifier must operate at all times in the 
most linear manner if objectionable intermodulation 
distortion is to be avoided. This means that the valve (or 
valves) must operate into a precise value of anode load : this 
may vary in value from a few hundred ohms up to several 
thousand ohms depending on the valve type, operating 
potentials and required maximum signal power output. The 
anode load (Ri) is then required to be stepped down in 
impedance to the design value of the amplifier output, 
usually 50Í1. From this it follows that the tank circuit is 
arranged as a step-down transformer. 

As a precaution against the possibility of tvi it has 
become accepted practice to feed the transmitter output via a 
screened cable into a low-pass filter (capable of 40dB or 
more attenuation to any rf in the television channels) and 
then either directly or via an aerial tuning unit into the 
aerial system. As it is reasonably cheap and easy to obtain, 
coaxial cable is generally used, and modern transmitters are 
therefore designed to have a tank circuit with an unbalanced 
output. 
Of further advantage is some simple means—preferably 

from a panel control—of varying the loading so that the 
amplifier operation can be adjusted while the output wave¬ 
form is monitored on an oscilloscope. 

The old convention of plug-in tank coils is now considered 
to be completely out-of-date, and modern transmitters 
are designed for rapid changes from band to band by means 
of switching. It obviously would be quite a complex elec¬ 
trical and mechanical operation to arrange switching for five 
push-pull anode coils and five output link windings. 

For these reasons the pi-network circuit has become 
deservedly popular; the anode tuning capacitor need not 
be a split stator type, inductance change is easily effected by 
suitable taps on a single coil, and the required switch is a 
simple single pole type. It is easy to see why in modern 
transmitters the pi-network is almost universally used. As 
both the input and the output of the tank circuit arc single 
ended, two or more pa valves are always operated in parallel. 

Finding the Value of the Anode Load 

A large number of valve types are suitable for linear 
amplifier use but in many cases manufacturers’ figures for 
single sideband service are not available. It is therefore 
necessary for the constructor to work out the valve operating 
conditions from first principles. This is particularly import¬ 
ant in regard to the value of R L and the values of L and C in 
the tank circuit. The amplifier can only give its rated power 
output without distortion if it is working into the correct 
anode load corresponding to the dynamic operating con¬ 
ditions and the load line that has been selected. 

One “rule of thumb’’ formula that can be used to find 
the value of anode load (Ri) where the makers’ figure for 
single tone anode current is known, is Fa/2 X la, where Va 
is the de supply voltage and la is the maximum signal anode 
current in amps. This formula cannot be more than an 
approximation because it does not differentiate between 
the different classes of working. The correct load for class 

Fig 6.176. Characteristics of a 6146 operating with a zero signal 
current of approximately 30mA and anode supply voltage of 700V. 

ABI is not the same as the load for class AB2 or class B 
working. 
The recommended formula to provide a much more 

accurate answer for the value of R^ is based on the operating 
conditions and takes into account the angle of anode current 
flow. The anode circuit is tuned to the fundamental frequency 
of anode current and when loaded by the output it presents 
a resistance RL at this frequency. 
The value of the resistance may be found as usual by 

dividing the voltage across it by the current through it, 
the voltage being the peak voltage and the current the peak 
value of the fundamental component of anode current. 
In class B operation the anode current flows for approxi¬ 
mately half of each cycle (or 180 ) and the fundamental 
component therefore has a peak value equal to half that of 
the anode current. In class AB operation where the angle 
of flow is greater than 180° but usually not greater than 200°, 
the fundamental component is not significantly different 
to that in the class B case. It is more convenient to calculate 
Rl in terms of the de or average value of anode current 
because this is usually displayed on the panel meter and 
therefore readily accessible. 

If the peak current is taken as k times the de value (ie 
la peak = k la), for the class B case k is 314 (ie it) and for 
200° operation it is 2-88. The formula for R L can be written 
therefore as: 

Kt = 2X ( Fa — Vg mln} 
Ia X k 

where Va is the de supply voltage, Va mtn the minimum 
value of anode voltage at the crest of the cycle and Ia the 
manufacturer’s figure for maximum signal anode current. 
Zero bias triodes such as the 805, 811A and TZ40 are 

designed to have a low zero signal anode current and be 
operated in class B. Conversely, many high slope tetrode or 
pentode valves are capable of high power output without 
grid current and are normally driven in class ABI. Examples 
of the latterare 6146, 4-125A, 4X150 and 813. 
The Valla characteristics of a 6146 are shown in Fig 6.176 

and a load line drawn to correspond to typical class ABI 
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operation. Normally m i„ is given a value slightly less 
than the recommended screen voltage for the valve. The 
actual anode load has a value twice that calculated from 
the line because as already mentioned the fundamental 
component of anode current has a peak value which is 0-5 
la peak- The de current to be expected under maximum signal 
conditions may be found by dividing Ia peak by 2-88. In the 
case of the 6146 operating as represented in Fig 6.176 the 
peak current Ia peak is approximately 400mA. The de value is 

therefore _ = 139mA. ¿'ÖÖ 
The anode peak voltage swing is 700 — 150V = 550V 

and the actual value of anode load is twice the load line 
550 

resistance or Ät = 2x X 1,000 = 2,750Q. 

Where the Maximum Signal Anode Current is not 
Known 

A number of valve types—designed for some other appli¬ 
cation—are available as low cost initial equipment and are 
therefore attractive to the amateur for linear amplifier 
operation. In many cases, however, operating data for rf or 
audio use is unobtainable. In these cases it is necessary to 
design from first principles. The procedure can perhaps most 
clearly be shown by taking a specific example. An excellent 
valve available at low cost is the EL38, a high slope pentode 
developed as a television receiver line time base output valve 
capable of operation at high anode voltage and high peak 
anode current—characteristics particularly suitable for ssb 
amplifier use. 

It will be assumed that the valve is to be operated in class 
ABI with an expected efficiency of 60 per cent. Inspection 
of the manufacturers’ data for limiting values gives Va 800 
volts, Va peak 8kV and Vg2 400V. (Suitable values of 
anode and screen supplies for amateur service would be 1,000 
and 300V.) Since the 40 per cent power loss must equal 
the maximum rated anode dissipation of 25W, the total 
power input (100 per cent) must be 25 X 100/40 = 62-5W. 

Dividing the maximum power input by the anode voltage 
gives a maximum signal average anode current la of 0 0625A 
and the peak value of anode current is then la peak = 0 0625 
X 2-88 = 018A since k is 2-88 for class AB operation. 
The peak value of the fundamental component is half this 

value or 0 09A. 
Assuming that the instantaneous anode voltage is allowed 

to swing down just below the value of the screen voltage 
(Va - Va mln) = 800V and Rl = 800/0 09 = 8,888Q. 

The p.e.p. output is calculated by multiplying together the 

rms value of anode voltage swing (ie —-^2£") and therms 

value of the fundamental component of anode current (ie 
la peak I y

2 X v'2 

L 800 018 The p.e.p. output becomes -tz X z—= 3oW. 
v2 2V2 

To check the figures the output power is subtracted from 
the input power, 62-5 — 36 = 26-5. This is slightly more than 
the rated anode dissipation but is quite satisfactory for 
amateur sideband use. (If a greater power output than this 
is required it would be satisfactory to increase the ht supply 
to say 1,250V.) 

Four EL38 valves in parallel with a 1,000V ht supply 
would make an excellent linear amplifier running at 25OW 
input and a p.e.p. output of 150W. The correct value of R r. 

would be one quarter the value of one valve—8888/4 — 
2,2220. 

The power output obtainable from a linear amplifier at 
a given anode voltage is determined by the peak anode 
current la peak,' this in turn is determined by the minimum 
anode voltage Va min- A large Ia peak is required in order 
to obtain large output, and a small Va min in order to have 
a good efficiency. With Ia peak and Va min determined by 
considerations of power output and anode efficiency, 
respectively, it is required that Rl have the value given by 
the formula 

2 X ( Va Va mln)-
Rl — y 

la peak 

If Rl is smaller than it should be, then Va min is thereby 
increased and both efficiency and output power suffer. 
If Rl is made too large, Va min becomes very small and with 
triodes this causes la peak) and therefore the output power, to 
decrease; with pentode and tetrode valves a virtual cathode 
forms if Va min is too small causing secondary emission 
from the anode to the screen, excessive screen current and a 
flattening of the anode current peaks. In the examples 
given Va min is determined by the operating voltage on 
the screen. In the case of triode valves Va min is limited to a 
value that is more positive than the peak rf grid voltage. 

A summary of the operating conditions for four valves 
parallel would be as follows: 

Operating Conditions for Four EL38 
De anode voltage 
De screen voltage 
Zero signal de anode current 
Max. signal de anode current 
Effective load resistance .. 
De grid voltage 

Maximum signal power input 
Maximum signal power output 

1,000V 
300V 
80mA 
250mA 
2,2200 
value required to give 
80mA standing 
anode current 

250W 
150W (approximately) 

The amplifier would be loaded and the drive adjusted with 
single tone input (audio tone or inserted carrier) to the maxi¬ 
mum signal anode current of 250mA. On speech the pa 
anode current meter would not be allowed to swing beyond 
half this value to prevent overdriving and distortion. In 
general the linearity of a tetrode or pentode amplifier is 
improved by running the zero signal anode current as high 
as possible without exceeding the rated anode dissipation—■ 
80W is a good compromise value. 

The Pi Network Tank Circuit 

The Q of the anode circuit, of which the tank is a part, 
must be sufficient to keep the rf anode voltage close to a 
sine wave shape. Because of the greater angle of anode 
current flow the requirements for linear amplifier operation 
are less stringent than for class C operation. However, if 
the anode circuit Q is insufficient the rf waveform may be 
distorted resulting in low anode efficiency and also poor 
attenuation of the harmonics of the output signal. Too high 
a value of Q results in large circulating rf currents and 
power loss. A compromise value giving a good balance 

6.96 



HF TRANSMITTERS 

TABLE 6.23 

Former 
Diameter 

Winding 
Length 

Number of 
T urns 

Wire Gauge and 
Spacing 

(A)lfin 2in 18swg spaced 16 turns 
per inch. 

(B) IJin 3{in 16swg spaced 12 turns 
per inch. 

(C) 2fin 3|in 14swg spaced 8 turns 
per inch. (Eddystone 
former). 

L = Inductance in /iH 
d = Former diameter in inches. 

Former "A” is suitable for two 6146 valves or similar. 
Former “B” is suitable for two TT21 valves or similar. 
Former “C” is suitable for two QY3-125 valves or similar. 

With the transmitter output connected to a 75Q non-inductive dummy 
load, check that each band resonates with the correct values of C1 and C2; 
it may be necessary to adjust the tapping points to achieve this. 

between the conflicting requirements and fully sufficient for 
sideband working is a Q of 12. 

This is the recommended type of output circuit and once 
the correct value of Ri has been calculated as shown, the 
required circuit reactances can be read directly from the 
tables on p6.40. 

Pi Coil Winding Data 

While it is possible to wind a pi-tank coil and get it to 
resonate correctly on each band—with the calculated values 
of Cl and C2—by a process of trial and error, this is a time 
consuming method. A much more satisfactory procedure is 
a method of relating the inductance values in mH to actual 
turns of wire on a coil former of suitable diameter. Amateurs 
are indebted to R. G. Wheatland, G3SZW for providing the 
practical formulae* given in Table 6.23. 

THE ADVANTAGES OF PASSIVE GRID 
OPERATION 

The term “passive grid” is used to define a method of 
operating a linear power amplifier in which the grid input 
circuit is “passive” in regard to frequency, ie the normal 
coil and tuning capacitor are omitted and replaced with a 
non-inductive resistor. This method has a number of 
advantages making it particularly suitable for amateur 
operation. 

Variation of Input Damping 

It is of interest to consider the basic problems that are 
common to the normal grid driven method. The first is 
the variation of input damping. Throughout the drive cycle, 
in a radio frequency amplifier biased to class ABI, the input 
damping changes and these changes are reflected back to 
the driver valve, as shown in Fig 6.177. 

A method of overcoming this distortion is to make the 
driver impedance as low as possible. This can be accom¬ 
plished by connecting a swamping resistor across the grid 
circuit. The value of this resistor depends on the valve being 
used, the operating conditions, and possibility of grid 
current, but is usually of the order of 2,000£l The character¬ 
istics of certain valve types are such that it is advantageous 

• “LC Calculations” by R. G. Wheatland, G3SZW, RSGB Bulletin 
August 1965. 

Fig 6.177. Linear amplification characteristics showing how 
variation of input damping causes distortion of the input waveform. 

to drive the valve slightly into grid current. In this instance a 
swamping resistor will assist in masking the effects of input 
impedance change when grid current starts to flow. 

Amplifier Stability 

The second problem is that of amplifier stability. It is 
vitally important that there is no positive feedback in a linear 
power amplifier and most tetrode and pentode valves used 
for amateur sideband use require neutralizing. Because of 
the high power gain it is more difficult to neutralize correctly 
a class AB amplifier than a class C one. The variation in 
grid-cathode capacitance can also cause an amplifier that is 
perfectly stable and correctly neutralized under static condi¬ 
tions to become imperfectly neutralized and become unstable 
under voice peak conditions. 
Heavy grid damping will prevent any feedback due 

to the grid-anode capacitance of the valve being of sufficient 
amplitude to cause instability, without any necessity to 
incorporate neutralizing circuits. In addition the low grid 
resistor will provide a constant load on the driver valve and 
will effectively damp out the effect of variation of input 
damping during the driving cycle caused by input capacitance 
change, and the further effect caused by the onset of grid 
current flow. 

The Passive Grid Linear Amplifier 

While it is possible to stabilize a triode amplifier by making 
the passive grid resistor of low enough value it is likely that in 
practice the required value would be so low, an excessive 
amount of driving power would be necessary in order to 
develop the necessary grid driving voltage across it. The 
passive grid method is therefore particularly recommended 
for tetrode and pentode amplifier valves. 

The lowest value of the grid resistor that will normally be 
used is 75Í2—this would be a good match to an exciter with 
a pi-output network usually working directly into a 75Q 
aerial load. The highest possible value of grid resistor will be 
that at which the amplifier becomes unstable due to positive 
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feedback; this will vary from valve to valve but is estimated 
to be around 1,0000. 

As a low value will give a greater measure of stability and 
a more constant load on the driver valve, its value in ohms 
will be determined by the required maximum signal grid 
driving voltage and the available power output from the 
driver valve. This is determined from the formula R = V2/P, 
where V is the maker’s value for the peak rf grid driving 
voltage and P is the p.e.p. output rating of the driver valve in 
use. It should be noted that as p.e.p. is an rms value, the 
value of V used in the formula should also be an rms value. 
However, the use of the peak voltage figure normally given in 
valve data ensures that in practice the required drive voltage 
is developed using only half of the available driver output. 
This gives a very desirable two to one margin of safety and 
ensures that the driver stage can never be overrun at any 
time, and that the level of intermodulation distortion 
products from this stage is always less than the distortion 
product level from the linear power amplifier. 

PROBLEMS OF RATINGS 
It is customary to rate a.m. transmitters on the power 

developed in the carrier and most published data on valves 
for a.m. telephony gives operating conditions which take 
into account the peaks which occur when 100 per cent 
modulation is applied. With single sideband operation it is 
not possible to have a similar form of rating since at zero 
modulation there is no output from the valve (this assumes 
complete suppression of the carrier). 

Looking at the A.M. Modulation Envelope 
It will be assumed that a transmitter set up to the maximum 

licensed input of 150W is anode modulated with 75W 
of audio (the usual amateur conditions). Further, that the 
overall efficiency of transfer of rf output into the load is 
66-6 per cent. The load is a non-inductive resistor of 100Q. 
If the vertical deflection plates of a cathode ray oscilloscope 
are connected across the dummy load the vertical deflection 
will be the measure of the rf voltage appearing across 
the load. In the unmodulated condition the rf output 
power is 100W, the voltage across the load is 100V and the 
current flowing through the load is 1A. The modulator is 
now driven to the 75W output condition by applying a 1kHz 
sine wave to the microphone input socket. This will fully 
modulate the rf carrier and the cathode ray tube trace will 
double in amplitude. If the oscilloscope horizontal time base 
is switched on and the speed adjusted to some multiple of 
the 1kHz modulating frequency, the rf modulation envelope 
will be displayed. 

The carrier and the sidebands are quite separate from each 
other and can be received independently. As all the com¬ 
ponent frequencies of the transmitted wave are rf (two 
sidebands and a carrier) on different frequencies, they get 
“in and out of step with each other” and the resultant is 
the modulation envelope. 
The diagram in Fig 6.178 is a graph of voltage plotted 

against time—it would be equally valid if it were a graph of 
current through a 100D load plotted against time. It is 
convenient to think in terms of voltage because the oscillo¬ 
scope is the only instrument that will show the transmitter 
output as a visual presentation, and an oscilloscope is a 
voltage operated device. Considering the single audio cycle 
of the modulation envelope shown in Fig 6.178, at the left 

TIME-► 

Fig 6.178. Graph showing how the cycles of rf produced by the 
resultant voltages of the carrier and the two sidebands are continu¬ 
ally changing in amplitude from zero at the modulation trough at 
point B to twice the carrier value at the modulation crest at C. 

hand side of the diagram at point A the carrier voltage is 
100V and the current through the load is 1A. One-four-
thousandths of a second later at point B, the rf cycles are 
zero—the voltage across the load and the current through it 
are also zero. During the next two-thousandths of a second 
the rf cycles increase in amplitude until they reach the crest 
of the envelope at point C. During this period of time the 
individual rf cycles occurring have twice the original carrier 
amplitude and the voltage across the load has doubled, 
therefore as P = E2/R the power output of each cycle of 
rf energy at the modulation crest is four times the unmodu¬ 
lated carrier power—this is the peak envelope of the trans¬ 
mission, the p.e.p. output, and this is 400W. It is also 
important to appreciate that the p.e.p. output is a real 
power rms value. The voltage across the load is 200V rms, 
and the current through it is 2A rms. The product of these 
two is 400W of effective power. One-two-thousandths of a 
second later the cycles of rf have reached point D in Fig 
6.178, and the transmitter output is again zero. 

The method of finding the effective (rms) value is to take 
the peak rf values at many points over a complete cycle of 
audio alternation, square these values and then find their 
average, finally taking the square root of the value thus 
obtained. The part of the diagram between points B and D 
in Fig 6.178 is one complete cycle of the modulating fre¬ 
quency and is already divided into 25 cycles of rf. It is then 
convenient to measure the individual lengths of these, square 
all the values obtained, add them together and divide by 
25 to find the average and then calculate the square root. 
This value will be found to be exactly 1-225 times the carrier 
amplitude, ie the effective (rms) value of the individual 
cycles of rf energy occurring within each cycle at the modu¬ 
lating frequency is 1-225 times the unmodulated carrier 
value, therefore an rf ammeter indicating 1A of current 
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Fig 6.179. Typical constant current 
characteristic of the Eimac 4CX250B 

valve. 

through the 100Q load will be expected to indicate under 
100 per cent modulation conditions, 1-225A, and this is 
exactly what it does do. 

The output power is given by the formula P = PR, and 
substituting the values this becomes 1-225 squared X 100 = 
1-5 X 100 = 150W. 
The most satisfactory method of giving the operating 

conditions for valves designed especially for linear amplifier 
sideband service is that of p.e.p. input and output ratings. 

The mean rf output power of 200W is equivalent to 
400W p.e.p. output when using a two tone test signal and 
can be measured with an rf ammeter in series with a resistive 
dummy load of known value. The power dissipated in the 
load is PR; ie the current squared multiplied by the value 
(in ohms) of the load, therefore the current in a 75Q load 
when running at maximum allowable output will be 1-63A. 
For a load of 50D the current will be 2A; other current 
readings can readily be converted to mean output power 
by the formula given above (see Table 6.24). 

RF AMPLIFIER ADJUSTMENT AND LOADING 

The tetrode amplifier has the advantage of high power 
efficiency, together with good linearity and low harmonic 
output. It has become deservedly popular over the years as 
a ssb power amplifier. For these reasons the following 
discussion in regard to rf amplifier adjustment and loading 
will be based on class ABI tetrode operation. 

Fig 6.179 shows a set of constant current characteristics 
for a typical tetrode valve. These curves show the dynamic 
characteristics of the valve—that is, the instantaneous values 
of anode and screen current for any given grid and anode 
voltage conditions. Constant current characteristics of this 
sort are often published for valves which are intended 
specifically for rf power amplifier use. This form of presenta¬ 
tion demonstrates some important features of tuned power 

amplifiers and is useful when designing such amplifiers, 
including class B and class AB linears. 

Typical operating conditions for the 4CX250B valve are: 
Va 1500V; Fj2 350V; Vgi — 55V; Ia (zero signal} 100mA. 
These values show that with an ht supply to the anode of 
1,500V and a screen supply of 350V, the valve will require 
— 55V grid bias and will draw a standing anode current of 
100mA. From these figures it is possible to make the zero¬ 
signal operating point of the valve, corresponding to Va = 
1,500 and Vg, = —55V; this is shown in Fig 6.179 by the 
point B. This is the point at which the valve rests with zero¬ 
signal rf grid drive. 

As it is desired to operate in class ABI and not draw grid 
current, the control grid must not be driven positive and the 
peak rf drive must be restricted to a value that is slightly 
less than the bias voltage—it will be assumed that the peak 
rf grid drive is held at 100V peak to peak (eg + 50V on the 
positive half of the driving cycle, and —50V on the negative 
half of the driving cycle). When the peak grid drive is applied, 
the first positive half cycle will carry the valve operating 
point along the line from B to A and back to B again. 
During this half-cycle the grid-voltage swing from —55V up 
to — 5V and back again to —55V, has caused the valve 
anode current to swing from 100mA up to 1,000mA and 

TABLE 6.24 
Output Power of a SSB Transmitter using a Two Tone Test Input 

50Q d 
Current 

(1) 
(A) 

ummy loa 
Mean 
Power 
output 
(W) 

d (R) 
P.E.P. 
output 
(W) 

75Q c 
Current 

(1) 
(A) 

ummy loa< 
Mean 
Power 
output 
(W) 

(R) 
P.E.P. 
output 
(W) 

0-5 
10 
1-5 
20 

12-5 
500 

112-5 
200 

25 
100 
225 
400 

0 5 
10 
1-5 
1-63 

19 
75 

168-75 
200 

38 
150 
337-5 
400 
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back to 100mA again. At the same time the anode voltage 
swings from 1,500V down to 400V. During the negative 
half cycle the control grid voltage will swing from —55V 
down to —105V and the valve operating point will move 
down the line from B to a point opposite —105 on the grid 
voltage scale and back to B again. The negative going grid 
voltage therefore swings the anode current down to cut-off 
for a small portion of the cycle, and the anode voltage con¬ 
tinues rising up to 2,600V and back down again due to the 
fly-wheel action of the anode tank circuit. This half of the 
operating line need not be plotted and is not important 
because the valve does not ’‘work” during the negative half 
cycle. 

The operating line represents in graphical form the dyna¬ 
mic characteristics of the pa stage—that is the instantaneous 
anode current and voltage and the grid voltage at any point 
on the sine wave cycle. The line is straight because it relates 
a pure sine wave grid voltage to the anode voltage which is 
also a synchronous sine wave due to the flywheel effect of 
the tuned circuit. This operating line must not be confused 
with the more familiar load line and its slope does not repre¬ 
sent resistance but rather the voltage gain of the pa stage, ie 
anode voltage swing : grid voltage swing. However a change 
in load resistance, with other conditions unchanged, results 
in a change of slope of the operating line. For example if the 
load resistance is decreased the operating line will rotate 
clockwise about the point B with the point A moving hori¬ 
zontally to the right until the line takes up a steeper position. 
This occurs because of the reduced anode voltage swing 
resulting from the lowering of the load resistance. 

The load resistance is easily calculated from values obtain¬ 
able from the diagram. The peak anode voltage is 1,500 — 400 
= 1,100V. The peak value of anode current is approximately 
1,000mA and since this is roughly of half sine wave shape 
the peak value of the fundamental component is 500mA. 

The load resistance is therefore X 1,000 = 2,200ii. 

Driving and Tuning 

From inspection of Fig 6.179 it is now possible to make 
the following deductions: 

( i ) Reducing drive will reduce the length of the operating line. 
(If the rf grid drive is reduced to half, the grid voltage 
swings to only half the original peak-to-peak amplitude; the 
operating point B remains the same but the operating line 
is reduced to half its original length.) 

(ii) Detiming the tank circuit will tilt the operating line in a 
clockwise direction. The operating line will therefore have 
minimum slope at resonance. Note, however, that the moving 
point will still intercept essentially the same anode current 
values. It is clear from this that the anode current in a 
tetrode is not a good indicator of resonance (very little dip). 

It will be seen from Fig 6.179 that the constant screen 
current lines are concentrated in the upper left hand side 
of the graph and are tilted upwards at a steep angle. Also of 
note is the fact that the screen current consists of zero or 
even negative values in the off-resonance position (C — B), 
but at resonance is always positive. From this it is now 
possible to make the third deduction: 

(iii) A peak in screen current indicates tank circuit resonance. 
As the operating line is confined vertically by the constant 
peak-to-peak amplitude of the grid driving voltage (two 
imaginary horizontal lines, one at — 5V and one at —105V) 
during the rotation of the operating line while tuning, its 

length increases as resonance is approached and reaches a 
maximum at resonance. As point A penetrates the heavy 
screen current region the de screen current rises and the 
screen current meter indicates a sharp peak at resonance. 

Loading 

Once the tank circuit is tuned to resonance it presents a 
pure resistive load to the valve. However the value of this 
load is affected by the coupling to the external load (the 
aerial); increased coupling lowers the value of Ri and the 
operating line assumes a steeper angle. At this steeper angle 
the operating line will not intercept the heavy screen current 
region to the same extent as it did before and the screen 
current will reduce. From this it is now possible to make the 
fourth deduction: 

(iv) Screen current will fall as loading is increased. During 
the rf driving cycle the valve operating point is continually 
moving through many different instantaneous values of 
screen and anode current. The average of all these values is 
what the de meter in the circuit reads. For a linear amplifier 
valve operated in class ABI the de meter reading is approxi¬ 
mately one-third of the peak value of current at the top of 
the operating line. 

Tuning-up Procedure 

It is now clear that the screen current meter is by far the 
best indicator both of resonance and loading with a tetrode 
amplifier and should always be used in preference to the 
anode current meter. Of great importance is the realization 
that a linear amplifier loaded for maximum rf output 
indicated on an aerial ammeter or forward power meter is 
not sufficiently loaded to prevent flat topping on speech 
peaks. Loading must always be set to obtain a predetermined 
value of screen current under single-tone driving conditions 
to obtain as nearly as possible a given set of data sheet 
conditions as given by the valve manufacturer. If data sheet 
conditions are not available it is essential to examine the 
modulated envelope on an oscilloscope. 

Due to the inertia of the movement the anode current 
meter cannot follow at syllabic rate. It is therefore normal 
on voice peaks for the anode current meter to read no more 
than half the true maximum value. This means that an 
amplifier should never be talked up to more than half of the 
maximum signal single-tone anode current reading. 

Tuning-up should be undertaken with the transmitter 
output connected to a non-inductive dummy load and after 
matching the manufacturer’s data sheet conditions the output 
should be transferred to the aerial feeder. A change in 
meter readings indicates a small amount of mismatch 
(standing wave on the line) and it should be possible to 
correct this with a further small adjustment to anode tuning 
and loading capacitors. The amplifier is now ready for 
speech operation, and after removing the carrier or the 
inserted tone and re-connecting the microphone, talk into 
the microphone in a normal operating voice level and adjust 
the exciter rf drive control for the highest level that is 
possible without drawing grid current on voice peaks or flat 
topping (check this with the oscilloscope). 

The Two-tone Envelope 

A single tone input to an ssb transmitter drives the 
linear amplifier at one frequency. The amplifier output is 
a pure cw signal exactly the same as the output of a telegraph 
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Fig 6.180. Oscilloscope pat* 
tern of a two-tone test signal 
used for aligning linear 

amplifiers. 

transmitter under key-down conditions. As such it is possible 
to ascertain by meter readings the performance of the ampli¬ 
fier at maximum signal (p.e.p.) conditions. Information on 
the linearity of the amplifier is, however, lacking. 

In order to study linearity thoroughly by observation of 
the amplifier output, some means must be provided which 
will vary the output level from zero to maximum signal with a 
regular pattern (Fig 6.180) that is easily interpreted. A 
simple means of obtaining an output signal is to use two 
audio tones of equal amplitude to modulate the sideband 
transmitter. The resultant (or beat between the two rf 
signals) produces a regular pattern which, when observed on 
an oscilloscope, has the appearance of a carrier 100 per cent 
amplitude modulated by a series of half sine waves, as shown 
in Fig 6.181. 

Because the pattern is produced by adding two pure sine 
waves, it is known as the two-tone test signal. As it is merely 
a double sideband suppressed carrier signal in another guise, 
it may be generated in a phasing exciter by disabling one of 
the two balanced modulators and applying a single audio 
tone to the input of the speech amplifier. In the filter exciter, 
the same result may be produced by applying single tone 
modulation and reinserting carrier of exactly the same amp¬ 
litude as the ssb signal passed through the filter. It is not 
necessary to go to the trouble of building an audio oscillator 
to give output at two separate frequencies. 
To the sideband operator the two-tone envelope is of 

special importance because it is from the envelope that the 
power output from an ssb system is usually determined. 
An ssb transmitter is rated in p.e.p. output with the power 

Fig 6.181. Typical heterodyne waves, showing how the combining of 
two waves of slightly different frequencies results in a wave which 
pulsates in amplitude at the difference frequency of the component 
waves, and how the wave shape of the envelope of the resultant wave 
depends upon the relative amplitudes of the two components. 

(c) Shows the familiar half-sine-wave two-tone test pattern. 

measured with a two equal-tone test signal. With such a 
signal the actual watts dissipated in the load are one-half the 
p.e.p. 

The generation of this two-tone envelope can be shown 
clearly with vectors representing the two audio frequencies 
as shown in Fig 6.182. When the two vectors are opposite 
in phase the envelope voltage is zero. When the two vectors 
are exactly in phase, the envelope value is maximum. This 
generates the half sine-wave shape of the two-tone ssb 
envelope which has a repetition frequency equal to the 
difference between the two audio tones. 

When the half sine-wave signal is fed into a load, an rms 
calibrated cathode ray oscilloscope across the load indicates 
the rms value of the peak envelope voltage. This cro deflec¬ 
tion is equal to the in-phase sum of VI + V2, where VI and 
V2 are the rms voltages of the two tones. Since VI = V2, the 
p.e.p. — (2V1)2IR or (2V2)2/R. The mean power dissipated 
in the load must equal the sum of the power represented by 
each tone, Vl2/R + V22/R 2V12/R or 2V22/R. Therefore, 
with a two equal-tone ssb test signal, the mean power 
dissipated in the load is equal to 0-5 of the p.e.p., and the 
power in each tone is equal to 0-25 of the p.e.p. The peak 
envelope power can be determined from the relationship, 
p.e.p. V2(cro)IR. The mean power can be determined 
from the relationship, Pmmn = 1 V2(cro)IR. Similar measure¬ 
ments can be made using an rf ammeter in series with the 
load instead of the cro across the load. The analysis can be 
carried further to show that with a three equal-tone ssb 
test signal, the power in each tone is one-ninth of the p.e.p., 
and the mean power dissipated in the load is one-third the 
p.e.p.; with a four equal-tone test signal the power in each 
tone is one-sixteenth of the p.e.p., and the mean power is one-
quarter the p.e.p. and so on. 

Practical Adjustment Procedure 

When a linear amplifier has been built and given a pre¬ 
liminary check for accuracy of wiring, the following pro¬ 
cedure is recommended : 

(i) Apply reduced potentials to anode (and screen if applic¬ 
able) and adjust the bias so that the valve is running at the 
maximum permissible anode current—this will be just within 
the maximum rated anode dissipation. Check that there is 
no trace of self-oscillation at the required operating frequen¬ 
cies, or of parasitic oscillation at vhf. Correct neutralization 
is infinitely more important in a class AB amplifier than in a 
class C stage used for telegraphy or A3 telephony. This does 
not apply to a passive grid amplifier where the heavy grid 
damping makes neutralization unnecessary. 

(ii) Increase applied potentials to the values recommended 
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POWER MEASUREMENTS 
Extract from the UK licence conditions governing 

ssb operation 
Suppressed or reduced carrier single sideband systems 

The radio frequency output peak envelope power 
under linear operation from an A3A or A3J trans¬ 
mitter must not exceed that from an A3 transmitter 
working at an overall efficiency of 66 per cent when 
supplied with the appropriate maximum permitted 
de input. The output power shall be measured, 
using an oscilloscope, by the following process: 

(i) Adjust the A3 transmitter output stage for class 
C working and apply a pure sinusoidal tone to 
the transmitter. With the de input power 
limited to the maximum value appropriate to 
the frequency band concerned note the peak-
to-peak deflection on the cathode-ray oscillo¬ 
scope. 

(ii) Adjust the transmitter for single sideband 
linear operation and replace the tone by 
speech; the maximum deflection on the 
cathode-ray oscilloscope, showing the rf out¬ 
put caused by the peaks of speech, should not 
be greater than twice the previously measured 
deflection obtained with tone input. 

As an alternative the following method may be used : 

Suppressed or reduced carrier single sideband operation 
The radio frequency output peak envelope power 

must not exceed that from an A3 transmitter working 
at an overall efficiency of 66 per cent when supplied 

• A two-tone oscillator is described in Chapter 18—Measure¬ 
ments. 

with the appropriate maximum permitted de input 
power. The output power shall be measured, using a 
resistive dummy load, rf ammeter or voltmeter and 
oscilloscope, by the following method: 

(i) Apply two non-harmonically related sinusoidal 
tones* of equal amplitude to the ssb trans¬ 
mitter, with the carrier fully suppressed, and 
adjust the input power to give a mean radio 
frequency output power under linear operation 
of 200W (see Note 1 ) when measured into a 
resistive load by means of an rf meter (see 
Note 2). Under this condition note the peak-
to-peak deflection on the cathode-ray oscillo¬ 
scope (see Note 3). 

(ii) Replace the tone by speech; the maximum 
vertical deflection on the cathode-ray oscillo¬ 
scope shall not be greater than the previously 
recorded deflection obtained with the two-tone 
input. 

Note (1) 200W mean radio frequency output power 
in the case of those bands limited to a maximum de 
input power of 150W; 66j and 13JW for those 
bands limited to a maximum de input power of 50W 
and 10W respectively. 
Note (2) In the case of vhf and uhf measurements 
the rf meter may be replaced by a crystal rectifier and 
calibrated meter; for shf measurements a bolometer 
may be used. 
Note (3) In the case of vhf. uhf and shf measure¬ 
ments, this use of an oscilloscope may not be practical. 
In this case the test may be limited to a measurement 
of the mean radio frequency output power as out¬ 
lined in part (i) of the procedure. 

by the valve manufacturer and adjust the grid bias voltage 
so that the valve is taking the recommended zero signal anode 
current. If this is not known, adjust the bias so that the 
standing anode current is just within the rated maximum 
anode dissipation. Make sure that the neutralization is 
effective and the amplifier perfectly stable, no matter how the 
grid and anode tuning controls may be set. 

(iii) Couple an oscilloscope to the output tank inductor by 
means of a link and coaxial cable. Connect a non-inductive 
resistive load of 50 or 7 011 capable of dissipating the full 
mean power output to the output tank and fully mesh 
the loading capacitor: this corresponds to minimum loading. 

(iv) Switch the exciter to the lowest band and with a 1kHz 
or l-5kHz audio input from an audio signal generator into 
the microphone socket, adjust the audio gain and carrier 
injection controls so that the exciter drives the linear amplifier 
with two frequencies of equal amplitude (two-tone output). 
If there is no provision for carrier insertion, it will be neces¬ 
sary to use a two-tone oscillator—see Chapter 18. 

(v) Adjust the exciter rf drive control, the amplifier anode 
tuning and loading together until an undistorted pattern 
of maximum amplitude is obtained at the maximum de 
input permitted by the valve manufacturers’ ratings for 
two-tone input conditions. If two-tone test data is not 
available, a value of 0-7 times the permitted de maximum 

signal current for single-tone input may be employed. 
The correct tuning point for anode resonance is indicated by 
a sharp increase in screen current and a dip in anode 
current—this position of the anode tuning control should 
coincide with maximum rf output. If it does not, the maxi¬ 
mum rf output occurs at some other position of the anode 
tuning control; this indicates that the valve is not correctly 
neutralized and the nc requires slight readjustment. 

(iv) If the amplifier is capable of delivering more than 400 
watts p.e.p. output (200W mean) to the load, the face of the 
oscilloscope should be calibrated at the 200W mean rf 
output level by inserting an rf ammeter in series with the 
resistive dummy load as previously described on p6.99. 

(vii) Examine the “cross-overs” on the oscilloscope critic¬ 
ally. They should be as sharp as in Fig 6.183(a). If, however, 
they appear compressed as in Fig 6.183(c) the bias should 
be adjusted until they are correct. With suitable valves this 
type of distortion should not give trouble, but if it persists 
the bias supply should be suspected. A flattening of the 
envelope peaks as in Fig 6.183(b) indicates insufficient loading 
(loading is increased by reducing the capacitance of the output 
pi-network capacitor) or overdriving the amplifier beyond 
its maximum signal capabilities. This condition produces 
severe splatter and distortion on the transmitted signal and 
must be avoided. 
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Fig 6.183. Oscilloscope patterns of the output of a linear amplifier 
with two-tone test input; (a) amplifier correctly adjusted; (b) peaks 
flattened because of insufficient anode loading or overdrive; (c) 
distortion at cross-over points because of incorrect bias voltage. 

Whenever possible the manufacturers’ figures for anode 
and screen current for maximum signal two-tone input 
conditions should be used and the drive and loading adjusted 
to obtain these readings on the amplifier panel meters. (This 
procedure is described in detail on p6.99.) 

(viii) The exciter carrier injection control should be returned 
to its zero setting and the audio input from the audio signal 
generator removed. Insert the microphone and drive the 
linear amplifier under normal speech conditions to the 
maximum deflection on the oscilloscope previously observed 
under two-tone input conditions; while doing this the 
readings to which the anode and screen current meters kick 
should be carefully noted. Thereafter, the gain of the exciter 
should be controlled so that the recorded values are not 
exceeded, otherwise intermodulation distortion and splatter 
will result. As the tuning of a correctly loaded amplifier is 
rather flat, the anode current dip is not so pronounced as 
with a class C stage. The screen current on the other hand, 
will rise to an unmistakable peak as the anode circuit is 
tuned to resonance. It should be remembered that the anode 
and screen meters cannot follow the syllabic rate because of 
the inertia of the meter movement—an amplifier loaded to 
200mA under single-tone conditions will show 140mA under 
two-tone input conditions and approximately 100mA under 
speech conditions, for the same peak envelope power output. 
Never talk the amplifier up to a peak current swing (as seen 
on the anode current meter) that is more than half of the 
loaded current (single-tone) value. 

Summary of Basic Formulae 
Symbols 

The following symbols will be used in all formulae given 
below. 

VOLTAGE 

Va . DC anode voltage 
Va mtn .. Instantaneous anode voltage at the 

peak of the rf driving cycle. 
Vti .. .. DC screen voltage. 
V^ .DC grid voltage. 

CURRENT 

la DC anode current (as read on 
anode current meter). 

la peak ■ • Instantaneous anode current at the 
peak of the rf grid driving cycle. 

la zero .. Static anode current (resting anode 
current under zero drive con¬ 
dition). 

Igz .. .. DC screen current. 
Im. DC grid current. 

RESISTANCE 

Rl .. 
R out 

PO IVER 

P.E.P. input 

P.E.P. output 

*out mean 

Pa .. 

Pit . . 

Pgi . . 

External anode load resistance. 
External aerial load resistance 
(normally 50 or 750). 

Peak envelope power input. This 
is the rms power input at the 
crest of the modulation cycle. 
Peak envelope power output. 
This is the rms rf power output 
at the crest of the modulation 
cycle. 
Average, or mean rf power out¬ 
put under modulating conditions. 
Anode dissipation. 
Screen dissipation. 
Grid dissipation. 

MISCELLANEOUS 
K .. 

Elf .. 

Constant whose value depends on 
the angle of anode current flow. 
(For 180° K  = 3-14; for 200° 
K = 2 88). A useful figure for 
quick calculation is a value of 
K= 30. 
Anode efficiency. 

Basic Formulae 
P.E.P. input 'a 

¡a peak 

P.E.P. output 

Rl 

Single-tone Input Test Signal 

DC anode current Ia

Anode Input Watts and 
p.e.p. 

Average Output Watts 
and p.e.p. 

_ la peak 

~ K 

_ la peak X Vq 

~ K 

, (Va—Vamln) — ta peak 

r (Va Va mln) 
— ta peak 

_ 2 (Va — Va mtn) 
la peak 

Anode Efficiency (Eff) % 

Two-tone Input Test Signal 

DC anode current Ia

Anode Input Watts 

Average Output Watts 
(P out mean) 

p.e.p. output 
———X loo p.e.p. input 
„ (Vq- Va mln) 

K 4X Va 

_ 2 X Zq peak 
K* 

2 X la peak X Va , 
= -- = la X 

- ( Va Va min) 
'a peak - õ-

6.103 



RSGB— RADIO COMMUNICATION HANDBOOK 

Peak Output Watts _ Ig peak (Kg — Vg min) 
(p.e.p. output) 4 

A . (K\ 2 (Va — Va min) Anode Efficiency (Eff) % = I I X -V-

P out mean ,, , AA 

-  Ia X Va X

TYPES OF LINEAR AMPLIFIERS 
There are many different linear amplifier circuits, all 

capable of giving satisfactory service. The final choice is 
purely a personal one and will depend on the individual 
requirements in regard to such things as maximum power 
output, availability of valves and components and preference 
in regard to the use of high voltage (2,000 to 3,000) or low 
voltage (700 to 1,250) from the main power supply. 

The Class A Linear Amplifier 
The class A linear, of which a representative diagram is 

given in Fig 6.184, will be seen to bear a strong family re¬ 
semblance to the rf and i.f. amplifiers in receivers. Care 
must, however, be taken not to presume too far upon this 
relationship, otherwise trouble in the form of unexpected 
distortion may result. A true class A stage must be so biased 
and driven that the valve operates at all times on the linear 
part of its characteristic curve. The rf/i.f. amplifier is 
essentially a small-signal amplifier; that is, the signal applied 
to its grid is only a fraction of a volt, so the valve will operate 
linearly no matter how it is biased. Furthermore, the stage is 
not required to produce any power and works into the 
constant load provided by the grid of the following stage. In 
ssb service few class A stages work under such favourable 
conditions. They are usually called upon to produce a 
reasonably large voltage swing, and perhaps several watts of 
output power as well. If they are to drive a class AB2 stage, 
the loading will require some kind of stabilization to mini¬ 
mize fluctuations. There is, therefore, limited scope for small 
receiving valves in ssb linears. It pays to follow the lead of 
the designer of high fidelity audio equipment who customarily 
builds an amplifier of far higher power handling capability 
than is really needed. By underrunning valves, the problem 
of distortion is avoided. 

The efficiency of a practical class A stage varies from zero 
under no-drive conditions to about 30 per cent at full input 
which means that the maximum output is limited to some¬ 
thing less than one-third of the rated anode dissipation of the 
valve used. Provided that the internal insulation is built to 
stand it, operation at high voltage and low current will give 
greater efficiency and better linearity than low voltage and 

Fig 6.184. Typical class A rf linear amplifier. For operating con¬ 
ditions, see Table 6.25. 

high current. It is impossible to list recommended operating 
conditions for all suitable valves under all circumstances, but 
Table 6.25 gives a representative set of typical working con¬ 
ditions for the valves already mentioned. Suitable conditions 
for valves not included in the table may be deduced from the 
audio frequency power amplifier ratings given in manu¬ 
facturers’ characteristic sheets. 
The construction of a class A stage follows common 

practice; input and output circuits should be well shielded 
from one another to prevent self-oscillation, and high fre¬ 
quency parasitics should be eliminated by the generous use of 
stopper resistors. If oscillation at operating frequency should 
prove troublesome, the capacitance bridge neutralizing 
arrangement will provide a sure remedy. 

Class AB Amplifiers—Triodes 
Although it would be technically possible to achieve 

sufficient output for amateur purposes by using class A 
amplifiers exclusively, the result would certainly be un¬ 
economical. Greater efficiency is essential in any practical 
transmitter, and this may be obtained by operating the high 
level stages in class AB or class B. For the purposes of this 
chapter, the precise shade of difference between a class AB 
amplifier and a true class B stage is unimportant and will be 
ignored. 

When examining the ratings of power valves, it is impor¬ 
tant to note that the efficiency and typical operating condi¬ 
tions occasionally quoted for rf amplifier service in valve data 
sheets refer to the amplification of carrier type a.m. wave¬ 
forms and are not directly applicable to ssb use. The linear 
amplifier is a variable efficiency device: its efficiency in the 
absence of drive is zero, rising in a regular manner to 
between 50 and 75 per cent at maximum drive. The greatest 

TABLE 6.25 

Typical operating conditions of a representative selection of rf tetrodes and pentodes in class A linear amplifier service. 

6AU6 EF89 6CH6 6CL6 EL84 5763 6146 807 

Va 
la 

•g« 
Vgi 
Rk 

250V 
10mA 

150 V 
4-5mA 

-1V 
680 

250V 
9mA 

100 V 
3mA 

-2V 
1800 

250V 
40mA 
250V 
6mA 

—4-5V 
100O 

300V 
30mA 

150V 
7mA 

-3V 
820 

250V 
48mA 
250V 
5-5mA 

-7-5V 
1350 

300V 
40mA 
225V 
2-4mA 

—7-5V 
1750 

500V 
40mA 
150V 
2mA 

-22 V 
4700 

500V 
50mA 
200V 
1-6mA 

-15V 
2800 

The fixed bias voltage and the cathode resistor in the table above are alternatives. 
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efficiency obtainable depends on a number of interdependent 
variables, as well as upon the valve itself, but 66 per cent may 
be taken as rough generalization. The figures given in 
manufacturers’ literature relate to de measurements under 
conditions of no modulation; on modulation peaks, input 
and efficiency double, and in troughs both drop to zero. !n 
ssb service there is no carrier to provide a reference point 
against which to strike an average, so peak input and peak 
power handling capacity are the standards of measurement 
normally used. Conveniently enough, these standards are 
used by manufacturers themselves when rating valves for 
audio frequency linear amplifier service. When available, 
these audio ratings provide a more convenient guide as to 
what may be expected in an rf linear than any other published 
data. 

In theory, any rf valve may be used as a class AB or 
class B linear, but there are a number of external factors 
which narrow the field considerably. Except in the special 
case of the zero-bias triode, fixed negative bias is essential, 
and if the stage is driven into grid current the voltage must 
have excellent regulation so that it does not vary over any 
part of the input cycle. Dry cells are inexpensive and may be 
used if the amount of grid current flowing through them is 
strictly limited. At high values of reverse current any battery 
will quickly develop enough internal resistance to cause the 
instantaneous bias voltage to fluctuate with input. The life of 
the cells under such conditions would be uneconomically 
short. Battery bias is therefore restricted to tetrode and 
pentode stages. 

Most important of all is the effect of the amplifier on the 
preceding drive stage. With any valve which draws grid 
current over only a part of the input cycle, the onset of grid 
current will cause the load presented to the driving stage to 
fall from something approaching infinity to a fairly low 
value. Wide fluctuations in loading would have a disastrous 
effect on the linearity of the driver so some way has to be 
found to minimize the variation. The most practical method 
is to load the driver with a resistor chosen to dissipate at 
least ten times the peak load presented by the driven stage. 
In this way the load on the driver increases only 10 per cent 
at the onset of grid current, and distortion is kept within 
bounds. Resistive loading gives rise to no difficulty with 
tetrodes or pentodes, which require a watt or less of driving 
power, but rules out low-mu triodes, which would need far 
too large a driver stage to make them either practical or 
economical. 

One possible way to use low-mu triodes is to bias them to 
cut-off and to adjust the drive so that they will not operate 
beyond the negative grid-voltage region; that is, in class ABI. 
The peak efficiency in this mode of operation is only 40-50 
per cent, because the peak current which the valve can draw 
at zero grid voltage is relatively low. A high voltage bias 
supply has also to be provided. Zero bias triodes such as the 
805, 811 and TZ40 are a much more favourable proposition. 
As grid current flows throughout the whole of the driving 
cycle, the load presented to the driver during the time at 
which it is delivering power is virtually constant. 

Fig 6.185 shows a zero bias triode driven by a pure sine 
wave. Only that portion of the driving waveform which is 
depicted by the solid line can, however, result in rf output; 
when the driving signal enters the region represented by the 
dotted line the valve is cut off, and the positive excursion of 
the output waveform is provided by the flywheel effect in¬ 
herent in the anode tank circuit. As the valve itself is cut off. 

it cannot produce intermodulation distortion, and it isolates 
its output circuit from any distortion which may occur in the 
driver stage because of the change in loading. Some distor¬ 
tion close to the cross-over point is, of course, inevitable, but 
practice has proved that this has negligible effect on the 
signal. It is the distortion at maximum point which causes 
trouble. 

Triode valves have the disadvantage in rf amplifier service 
of requiring neutralization which is more difficult to accom¬ 
plish in a class AB amplifier than it is in a class C amplifier 
because of the high power gain. In order to ensure that 
neutralization is effective and the amplifier stable on all 
bands, both the theoretical circuit and the physical layout 
must be symmetrical. For this reason the valves should 
preferably be operated in push pull as shown in Fig 6.186 
with a balanced tank circuit instead of the more usual 
parallel operation with a pi output network. 

The 805 was originally designed as a high quality class B 
audio amplifier, and it is difficult to find a better valve for 
linear service at peak outputs up to 150W. A pair in push-
pull (or parallel) will deliver 300W and require only 6W 
of driving power, which can be supplied fairly comfortably 
by a single 807 in class A. The circuit diagram is self-
explanatory, but the factors governing the design of the 
various tank circuits will be examined in detail so that those 
wishing to adapt the design for use with different valve types 
may be able to do so without difficulty. The makers’ recom¬ 
mended operating conditions for the two in push-pull are 
given in Table 6.26, from which it will be seen that the opti¬ 
mum load for highest undistorted output is 6,700D. An output 
circuit Q of about 15 is desirable which necessitates that the 
reactance of both the tank capacitor and the inductor at 

, 6700 
resonance shall be -jy- or 430Q approximately. 

The required tank capacitance may easily be calculated 

from the formula Xc — —77.. This is, however, the total ¿TtjC 
value of C3 and Ct in series, so the value of each half of the 
split stator capacitor requires to be double that obtained by 
calculations. Suitable values for all amateur bands from 3-5 
to 28MHz are given in Table 6.27, together with coil wind¬ 
ing instructions based on the Eddystone 2|in diameter 
ceramic formers. 

If a different type of valve is used, it is advisable to obtain 
the manufacturers’ recommendation about anode loading, 
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-OHT+ 
I25OV 

Fig 6.186. Zero bias triode linear amplifier 
employing two 805 triodes in push-pull. 
For circuit values not shown above, see 

Table 6.27. 

grid circuit arrangement it does not require neutralization 
and construction is thereby simplified. 

and to calculate capacitor and inductor values in the manner 
demonstrated. Loading information is readily available for 
most of the valves likely to be encountered, but if it should 
prove difficult to locate for any particular valve, it can be 
calculated by the methods already discussed under the 
heading “Theory of Linear Amplification” on p6.89. 

The calculation of circuit values for the grid tank may be 
performed in exactly the same manner as for the anode 
circuit, and the results will be shown in Table 6.27. Some 
manufacturers do not quote the grid load impedance in 
direct form, but for zero-bias valves this may be calculated 
from the stated grid driving-power and peak grid-to-grid 
input voltage by means of the simple formula 

(Peak Input Voltage}2
R grã 2 X Driving Power 

The relatively large values of capacitance for the grid 
circuit are neither the result of miscalculation nor misprint; 
they arise from the characteristics of the valve under con¬ 
sideration. A two-gang receiving type variable capacitor will 
probably be found more convenient than a standard trans¬ 
mitting component, for under no circumstances should the 
tabulated values of capacitance be reduced, because the 
proper operation of linear amplifiers in general is vitally 
linked with the choice of correct component values in the 
tuned circuits. 

PRACTICAL SSB DESIGNS 

The following sections give the circuits and complete 
constructional details of a valve transmitter, a valve linear 
amplifier, an ic transceiver and two solid state linear 
amplifiers. 

G2DAF TRANSMITTER MARK 3 

Design Considerations 
The basic requirements for the Mark 3 transmitter may be 

summarized as follows. 
1. Reduction of frequency translation processes to two, 

in order to simplify the construction and present a 
design that would appeal to the relative newcomer to 
ssb. 

2. A reduction in the total number of valves used, and 
simplification of the circuitry wherever this was possible 
without compromising the overall performance in any 
way. 

3. Straightforward setting up and alignment procedure. 
4. First-class carrier, sideband and intermodulation 

product suppression, together with natural speech 
quality. 

5. No complicated constructional methods. 

TABLE 6.27 

Class AB Amplifiers Employing Tetrodes 
The tetrode or pentode linear amplifier has become 

deservedly popular because it is capable of a much higher 
power gain than comparable triode valves. In the passive 

TABLE 6.26 

Recommended operating conditions for two type 805 triodes in 
class B push-pull zero bias. 

DC anode volts 1250V 
Grid excitation—peak-to-peak 235V 
Anode current—zero signal 148mA 
Anode current—maximum signal 400mA 
Grid driving power—maximum signal 6W 
Anode input—maximum signal 500W 
Power output—maximum signal 300W 
Anode-to-anode load 67OOÍ2 

Anode and grid circuit values for push-pull zero-bias class B 
amplifier using type 805 triodes. 

Band 
Anode Grid 

C L C L 

3 5MHz 
7MHz 
14MHz 
21 MHz 

28MHz 

200 + 200pF 
100 + 100pF 
55 + 55pF 
35 + 35pF 

25 + 25pF 

20 turns CT 
14 turns CT 
8 turns CT 
8 turns CT 

double spaced 
6 turns CT 
double spaced 

300 : 300pF 
150 ; 150pF 
75 + 75pF 
50 + 50pF 

40 + 40pF 

32 turns CT 
20 turns CT 
12 turns CT 
12 turns CT 
double spaced 
10 turns CT 
double spaced 

Anode inductors are wound on Eddystone or similar 2|in diam ceramic 
formers. The 21 and 28MHz coils should be double spaced, and because 
stray inductance has an appreciable effect at these frequencies, pruning 
may be necessary in individual cases. 
Grid inductors are wound on Jin or 1 in diam. formers, threaded 20 or 21 
turns/in. Capacitor settings are ‘'in use” values and include valve capaci¬ 
tances and circuit strays. 
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Front view of the G2DAF transmitter Mark 3. 

6. The use of push-pull frequency conversion throughout, 
giving a high discrimination against breakthrough of the 
heterodyning frequency, and a clean output with a low 
order of distortion products. 

7. Wherever possible, standard production easily obtain¬ 
able valves and components, avoiding high-cost items. 

Constructional features considered to be desirable were 
also itemized. 

1. Unit construction. 
2. Home-made coils using standard, readily available coil 

formers, dust cores and screening cans. 
3. Simple press-to-talk control. 
4. Clean layout with good accessibility and professional 

appearance. 
5. Separate power supply. 
A block diagram of the Mark 3 transmitter is shown in 

Fig 6.187 and the circuit diagrams in Figs 6.188-6.192. 
Various aspects of the design in detail follow. 

Audio Amplifier 

Any residual hum modulation from the audio amplifier 
would unbalance the diode modulator and impair the 
carrier suppression. A common source of hum leakage is via 
the cathode heater insulation of the first amplifying stage. 
Accordingly an EF86, a valve specifically designed for the 

input stage of a low-noise audio amplifier and intended to be 
used with a crystal microphone, was chosen for VI. 

The second audio stage, V2, uses a 12AT7 with one half as 
a voltage amplifier and the second half as a cathode follower, 
to give a low-impedance output to drive the OA7 diode 
balanced modulator. 

Both valves have cathode resistors without bypass capaci¬ 
tors giving negative current feedback to each amplifying 
stage, and it will be noted that the coupling capacitors have a 
low value of O-OOS^F, giving a low frequency roll-off to 
further improve the unwanted sideband suppression. 

Carrier Oscillator 

Because the final conversion process uses a heterodyning 
frequency above the 160, 80 and 40m bands, and below the 
20, 15 and 10m bands, the transmitter automatically gives 
the correct sideband output for each of the six bands in use.* 
It is, however, an operating convenience to be able to switch 
sidebands to obtain suppression reports and on occasions to 
temporarily dodge interference. 

The carrier oscillator uses the first half of a 12AT7 valve in 

• It has become an accepted convention adhered to by all ssb stations, to 
transmit low sideband below 10MHz and high sideband above 10MHz as 
the result of a CCIR (International Radio Consultative Committee) 
recommendation. 

455 kHz 
2nd IF 

5- 5«5MHz 
Six amateur bands 

160,80,40, 20,15 and 10 metres 

Fig 6.187. Block diagram of the frequency conversion processes and the stages in the G2DAF Mark 3 transmitter. 
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a modified Colpitts circuit, chosen to allow the cathode to be 
earthed to rf. This avoids any possibility of carrier leakage 
along the common heater wiring impairing the carrier 
suppression in the balanced modulator. This oscillator does 
not require a tuned anode circuit, and the customary 455kHz 
i.f. transformer that requires modification in order to pro¬ 
vide a low-impedance balanced output is not required. 
Switch SI is operated by a panel-mounted control knob and 
selects the required carrier crystal XI or X2. The second 
half of the 12AT7 is used as a phase splitter to provide the 
push-pull rf drive to the diode balanced modulator. This 
method has proved in practice to have very good stability— 
an important requirement if the diode modulator is to hold 
its balance setting. 

A proportion of the carrier oscillator output is taken via a 
coaxial cable coupling link to a panel-mounted carrier 
injection control (carrier). This control enables a pre¬ 
determined amount of carrier to be fed round the mech¬ 
anical sideband filter, for tuning up and netting purposes. 

Balanced Modulator 

There are many types of balanced modulators using either 
low-impedance semiconductor diodes, or high-impedance 
thermionic valves. The two-diode modulator using a pair of 
OA7 diodes has been chosen for its simplicity, long-term 
stability and proven performance. The diodes receive audio 
in parallel and rf in push-pull, the rf being balanced by the 
potentiometer R.V2 and the 50pF preset phasing capacitor. 
The modulator can be balanced to obtain a carrier suppres¬ 
sion of better than 40dB, and this together with the 20 to 
25dB suppression in the following sideband filter gives an 
overall suppression of not less than 60dB. This figure repre¬ 
sents a very acceptable amateur transmitter performance. 

Sideband Filter 

The major design requirement for the Mark 3 transmitter 
was simplicity of construction, with the less experienced 
amateur constructor very much in mind. Accordingly, 
crystal etching and grinding and the relatively highly-
skilled half-lattice filter alignment and response curve plot¬ 
ting have been avoided by the choice of a mechanical filter 
on a nominal frequency of 455kHz, for unwanted sideband 
suppression. At the current market price the Kokusai 
MF455-15K filter represents excellent value for money, gives 
very acceptable performance and has proven long-term 
stability. 

In regard to filter bandwidth (6dB points) the author is 
firmly of the opinion that 2-2kHz is too narrow, giving an 
un-natural "boxey” speech quality, and that a much more 
natural and pleasing transmission is obtained by a filter that 
will pass all voice frequencies up to 3kHz. 

The Kokusai filter also has the advantage, compared to a 
two half-lattice crystal filter, of compact construction and 
uncomplicated mounting, enabling a simpler and smaller 
chassis layout to be adopted. The nominal centre passband 
frequency is 455kHz, but because of manufacturing toler¬ 
ances the actual centre-frequency may vary ±0-8kHz. For 
this reason, each filter is packed with a data sheet giving the 
filter serial number and the measured bandwidth at the 
6dB and 60dB points for the filter concerned. Each band¬ 
width is given as ± A kilohertz relative to the design centre 
frequency of 455kHz—not relative to the actual filter centre 

Top side of the transmitter. 

frequency. As an example, the data sheet may quote, “band¬ 
width at 6dB attenuation, 4- 2kHz and — l-2kHz”. 

For good speech quality it is desired to pass all audio 
frequencies down to 0-3kHz. It therefore follows that the 
two carrier crystal frequencies should be 0-3kHz outside the 
6dB points. They would then be at + 2-3kHz and — 1 -5kHz 
relative to 455kHz, giving actual frequencies of 457-3kHz 
and 453-5kHz for the example quoted. 

When the correct carrier frequencies have been deter¬ 
mined for the Kokusai filter that has been purchased, crystals 
should be ordered quoting the actual frequencies required, 
and stating that operation is required on the parallel reso¬ 
nant frequency with 30pF shunt capacitance. More detailed 
information on this topic can be found on p6.8l. 

Filter Amplifier 

Owing to the low output from the diode modulator, and 
the insertion loss of the filter, the filter amplifier is required to 
give a high order of amplification. It must, however, do this 
with a high degree of stability—not only under static con¬ 
ditions but under speech conditions as well. Any tendency 
towards self-oscillation will completely ruin the sideband 
signal and must be avoided at all cost. 

The amplifier valve for the filter is an EF85 with a medium 
gm, and as a further aid to stability the grid resistor is 
reduced in value to 22kil Because of the greater dynamic 
resistance of the anode tuned circuit at 455kHz there is 
adequate stage gain, and high slope valves of the EF80 or 
EFl83 class should not be used. 

Coupling to the following converter valve is by a standard 
Denco type I FT 11465 i.f transformer. The secondary is 
required to provide a push-pull output to the double-triode 
valve V5, and in order to avoid the difficulty of rewinding the 
secondary pi, the centre tap is obtained by a capacitance 
divider made up with two silver mica capacitors of double 
the original value—the grid returns of V5 being by suitable 
value resistors. 
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First Conversion 

A sideband signal—initially generated at the low frequency 
of 455kHz—has to be raised in frequency to the required 
amateur band by a process of heterodyning. Unfortunately 
the converter output contains not only the wanted sum or 
difference frequency, but also the strong heterodyning input, 
together with the image frequency and many other unwanted 
spurious frequency combinations. See p6.84 for detailed 
analysis. The problem of obtaining a clean output from the 
converter can be greatly eased by bringing the ssb signal on 
to the required amateur band in a series of steps. This is the 
reason why the original G2DAF transmitter used three con¬ 
version processes with an intermediate i.f. of 2MHz. 

In the Mark 3 transmitter the intermediate i.f. has been 
omitted in the interest of simplicity and to make the final 
alignment easier. This means that the initial sideband gen¬ 
erated on 455kHz is translated to the first i.f. of 5-5-5MHz in 
one step—a frequency ratio of approximately 11:1. The 
strong vfo heterodyning frequency is only 455kHz removed 
from the wanted converter output—less than 10 per cent 
away. It is therefore much more important to ensure that 
there is no vfo breakthrough, and to this end the design of 
the first converter stage and the discrimination in the tunable 
converter output circuits is the keystone of the Mark 3 trans¬ 
mitter design. 

As the initial sideband generation is on 455kHz and this 
frequency is less than the required tuning range of 500kHz, a 
wideband coupler cannot be used. The i.f. circuits will 
require to be continuously tuned. Two tuned circuits— 
coupled for optimum selectivity—will be required. 

In order to obtain an output waveform in linear relation¬ 
ship to the sideband input waveform it is necessary to have 

Underside view showing chassis box sections and component 
wiring. 

an injection level to the converter valve of approximately 10 
times (20dB) greater. Assuming the use of two tuned circuits 
at the converter output frequency of 5-5-5MHz and normal 
loaded-2 values, the attenuation to the heterodyning 
frequency 455kHz removed would not be sufficient to pre¬ 
vent vfo breakthrough. It is then vitally important to obtain 
additional rejection to the vfo output by a process of balanc¬ 
ing in the double-triode converter valve. 

It will be noted that the converter is operated in push-pull, 
balance in the anode circuit being obtained by a split-stator 
tuning capacitor, with the centre tap of the anode coil not 
bypassed for rf but being allowed to “float”. The wanted 
signal input is applied to the two grids in push-pull, but the 
vfo to the two cathodes strapped in parallel. The injection rf 
currents will flow in opposite directions in the push-pull 
anode tank circuit and cancel out, so that there will be almost 
no coupling of the vfo frequency into the secondary winding. 

Cathode injection was adopted after a series of experi¬ 
ments had shown that this method gave a high conversion 
efficiency, good long-term stability, an inherent balance of 
better than 30dB, and did not require an embarrassingly 
high vfo output level. The converter stage is further sim¬ 
plified because the customary cathode-balancing poten¬ 
tiometer was found not to be necessary. 

The two tuned circuits cover a range 5-5-5MHz, and they 
are gang-tuned to the vfo operating on the high side—5-455 
to 5 955MHz. As the tuning range of 500kHz is less than 10 
per cent of the tunable i.f. centre-frequency (5-25MHz) 
there is no tracking problem. In practice the vfo is adjusted 
to tune correctly at either end of the range by setting the core 
of L2 at the low end and the 50pF trimmer at the high end. 
Finally the vfo is set by the main tuning control to mid¬ 
frequency (5-7O5MHz) and the two dust cores of T2 and T3 
adjusted to resonate at 5-25MHz. It will be found that the 
three tuned circuits hold tracking quite satisfactorily through¬ 
out the 500kHz tuning range. 

Because the converter is a push-pull triode and it is also 
required to feed a second push-pull triode in the final con¬ 
verter stage, the whole of the tunable i.f. is balanced to 
earth, and this, together with the single ended vfo coil, 
necessitates a five-gang variable capacitor of 5-40pF each 
section. The five-gang capacitor used by the author was pur¬ 
chased many years ago from surplus sources and measures 
6in long (excluding the spindle) by 2|in high by 1 fin wide. 
The assembly screws have BA threads, indicating that the 
unit was made by a British manufacturer. Unfortunately the 
maker’s name is not known, and five-gang capacitors are not 
shown in any of the current catalogues in the author’s 
possession. 

This should not, however, deter a prospective constructor, 
because there are at least three alternatives open : 

I. Jackson Bros Ltd are able to supply the Type ME or 
Type E gang capacitor with a spindle extending through the 
back plate. This would enable standard two- and three-gang 
units to be coupled together, in line, to make up a five-
gang tuning capacitor. 

2. Many of the standard three-gang variable capacitors 
lying around in amateur junk boxes are of approximately 
lOOpF maximum and have the stator plates supported by two 
ceramic pillars on each side. It is a relatively simple job to 
saw through the centre of each stator bar—in between the 
ceramic pillars—with a model-maker’s saw. This procedure 
converts a three-gang into a six-gang of slightly less than 
half the original maximum capacitance. (The sawing process 

6.109 



RSGB—RADIO COMMUNICATION HANDBOOK 

“loses” the odd number stator plate.) If the original capaci¬ 
tance is more than lOOpF—provided the value is known—it 
will be necessary to count the number of air gaps in each 
section and by simple division determine the capacitance per 
air gap. From this one can determine the number of air gaps 
for 40pF maximum per “half section” and saw out addi¬ 
tional stator plates as necessary. 

3. Wingrove & Rogers Ltd currently list the C28-141 (one-
section) and the C28-421 (two section) obtainable with 18 
air gaps per section, giving a capacitance range of 7-80pF. 
The one-section capacitor has jin spir.dles at both ends and 
may be ganged to the two-section capacitor in line. These 
tuning capacitors are of compact construction and would 
occupy a chassis space approximately 5in long, including the 
shaft coupler. The stator sections are supported by two 
ceramic pillars on each side and can be split with a model¬ 
maker's saw as already described. This procedure will result 
in a six-gang having 4^WpF (approximately) capacitance 
swing. Five sections will be wired up in the transmitter and 
one section left unused. (The Polar C28 type units were used 
in the surplus RF27 units, familiar to a large number of 
RSGB members.) 
The capacitor manufacturer would no doubt be horrified 

to contemplate his precision tuning unit being operated on 
with a metal saw. Nevertheless, in practice variable capaci¬ 
tors modified in this manner continue to work very well with 
apparently no adverse distortion of the frame. The author 
has used successfully a Polar type C28-142 (75pF two-gang), 
modified with a saw to a 30pF four-gang, in an experimental 
push-pull Mark 3 receiver for more than five years. 

The two tuned circuits are inductively coupled for optimum 
selectivity by low-impedance link windings positioned cen¬ 
trally round each coil in order to offer additional attenuation 
to higher frequency products. 

It will be appreciated that the major function of the tunable 
i.f. is to pass the required ssb signal in the range 5-5-5MHz, 
and greatly attenuate all other signals, including the strong 
vfo injection. The rejection of these two tuned circuits must 
not be degraded by vfo leakage across the wiring. For this 
reason the coupling link between T2 and T3 is by a short 
length of ^in outside diameter 750 coaxial cable, with the 
outer screening effectively bonded to chassis earth. The 
unscreened vfo coil L2 must be positioned as near to the 
gang tuning capacitor as practicable, and the rfc and L2 
positioned as far away from T3 and V7 as is practicable. 

Variable Frequency Oscillator 
The long-term drift taking place continuously over the 

operating period of a couple of hours or so is a major 
annoyance. This slow drift is caused by the changing 
temperature of the two components that make up the 
frequency-determining resonant circuit, ie the inductor and 
capacitor. Apart from the temperature rise of the air in the 
cabinet and the air in the transmitting room, a considerable 
amount of heat from the valves—through the valveholders, 
the screening cans and skirts—warms up the chassis and this 
in turn warms up the vfo tank coil and tuning capacitor. 
Stability can be materially improved by omitting the screen¬ 
ing cans of those valves in close proximity to the vfo resonant 
circuit, and in this design the valveholders of V5, V6 and V7 
are standard B9G types without skirts. Additionally the 
holders are positioned in the chassis as far removed from the 
vfo coil, L2, as practicable. The variable capacitor is largely 

protected from conducted chassis heat by its positioning and 
by its physical size. 

The vfo is an EF80 pentode, V6, arranged as a Colpitts 
parallel-tuned oscillator with capacitive swamping across the 
grid input, tuning being effected by one section of the five-
gang main tuning capacitor. A small amount of temperature 
compensation is provided by the NTC capacitor (nominal 
value 15pF) mounted close to, and across, the coil L2. 

White noise from the oscillator is reduced by incorporating 
an inductive anode load, L3. This has the further advantage 
of holding the valve anode voltage constant, unaffected by 
cathode current, and also increases the available drive to the 
converter V5. 

For good vfo stability it is most important that the coil L2 
can be adjusted initially to the precise inductance value 
required and that it will hold its setting over a long period of 
time. The dust core should be held in position by a screwed 
brass rod, running through the mounting bush of the coil 
former, and capable of being locked in position by either a 
spring-loaded clutch, or alternatively a locking nut, so that 
there is neither end- or side-float of the core within the wind¬ 
ing. Ideally the vfo coil-former should be ceramic, with the 
coil winding put on under tension. Should difficulty be 
experienced in obtaining a suitable fin diameter ceramic 
former, the next best substitute is the baked-paper type of 
former as used in the coil-pack of the CR100 receiver. As this 
former is fin outside diameter and has a larger dust core, the 
winding turns will have to be reduced by about 25 per cent 
using a larger gauge of wire—22 or 24swg enamelled would 
be suitable. 

Second Conversion 
The second and final conversion process translates the 5-

5-5 MHz ssb signal into the required amateur band. It will be 
noted that this stage, V7, is also operated as a balanced con¬ 
verter with push-pull input and output circuits, and parallel 
cathode injection from the crystal-controlled heterodyne 
oscillator V8. 

Switch banks S4 and S5 select the required coil for each 
band. As optimum performance is required, no attempt has 
been made to make one coil tune more than one band. There 
are, in fact, six separate coils—each with its own secondary 
winding—in order to control the optimum level of rf output 
into the following class A stage. 

When the 80m or the 40m band coils are selected, the 
swing of the preselector tuning capacitor (preselector) of 
75pF each section is sufficient to tune across the incoming 
5-5-5MHz i.f. signal. When this happens the converter valve 
momentarily becomes a tuned-grid/tuned-anode triode 
amplifier with sufficient feedback across the grid anode 
capacitance to behave as a class C oscillator. In order to 
prevent this possibility of unwanted regeneration, the valve is 
cross-neutralized by the two 2-8pF trimmer capacitors. 

The anode circuit is balanced by the split-stator tuning 
capacitor—two Polar Type C28-142 of 75pF each section, 
with the common centre-tap of each coil not bypassed to rf 
and allowed to float, ht being fed via the lOkQ resistor. 

Five crystals are required in the heterodyne oscillator to 
cover the six amateur bands from 160m to 10m inclusive, and 
provision is made to select two additional crystals to give 10m 
band coverage in two more steps up to 29-5MHz, by the use 
of eight-way switch wafers. The lowest injection frequency is 
7MHz for the 160m band and the highest 24 0MHz for the 
top of the 10m band—a frequency ratio of approximately 
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3-5:1. Additionally it will be appreciated that the crystal 
output will be greater on the lower frequency bands and less 
on the higher frequency bands. For these two reasons it is 
permissible to use a single anode coil, with the band-change 
switch S2 selecting the right value of capacitance to tune the 
output circuit to the required heterodyning frequency. With 
this arrangement the L. : C ratio is lower on the low ranges 
and therefore the dynamic resistance of the tuned circuit and 
the oscillator voltage developed will also be lower. This is 
compensated by the greater output with the lower-frequency 
crystals used on the fundamental, and the smaller output 
with the 15m and 10m band crystals used on the second har¬ 
monic, and should result in a reasonably constant amplitude 
of output voltage throughout the six bands required. 

The serious shortcoming of the single-ended converter lies 
in its inability to discriminate against the unwanted energy 
from the heterodyning oscillator if the ssb signal is to be 
raised in frequency by a ratio of more than approximately 
4:1. For instance, when operating on the 10m band the 
heterodyning input will be 23MHz. A single-tuned circuit of 
high Q, tuned to 28MHz, will present approximately 10 times 
the impedance to the wanted signal as it will to the steady off-
tune oscillator signal. However, the oscillator input voltage 
will be five to 10 times the amplitude of the peak ssb input 
(this is necessary to prevent distortion of the modulating 
waveform) so despite the selective effect of the output tank 
circuit, the steady oscillator voltage across it will be just 
about the same as the peak ssb voltage. Under these condi¬ 
tions it would be quite easy to tune up the following pa grid 
and anode circuits to the 23MHz output frequency instead of 
the required 28MHz ssb signal. Even if care were taken to 
ensure that all signal frequency circuits were correctly reso¬ 
nant in the 10m band, enough energy at 23MHz could leak 
through to produce a spurious signal outside the amateur 
band. 

This, in fact, is the basic reason for accepting the addi¬ 
tional complication of a balanced-converter anode circuit, 
and in order to obtain optimum performance at any fre¬ 
quency within the amateur band in use, continuous tuning 
right across the 500kHz range is needed. In practice, in order 
to avoid an additional panel control, the converter anode¬ 
tuning capacitor is ganged to the following class A ampli-
fier/pa grid input tuning capacitor. This is the preselector 
tuning control and after setting the required transmitting 
frequency on the calibrated tuning scale, is used in much the 
same way as the preselector tune control on an amateur band 
double-superhet receiver. 

Output Stages 

A perfect single sideband transmitter would do exactly 
what the title describes and radiate a single sideband contain¬ 
ing only the required voice modulating frequencies. The 
attenuation of the carrier and the unwanted sideband would 
be infinitely great. In fact, the transmitter output signal would 
be truly a single sideband signal. In practice this ideal state of 
affairs is not obtainable, and an amateur ssb transmitter is 
considered to be in the top class if the carrier suppression 
approaches 6OdB and all signals in the vestigial sideband are 
40dB down or better. 

Most prospective constructors of ssb equipment will have 
sufficient knowledge to be aware that non-linearity in the 
final class A amplifier and class AB output stages produces 
intermodulation distortion products that appear close in on 

either side of the nominal carrier frequency and are not 
attenuated by the selectivity of the tuned circuits. Under 
correct operating conditions the distortion products on the 
wanted sideband are masked by the output signal. However, 
on the other side of the suppressed carrier they appear to the 
receiving station as a distorted (completely unintelligible) 
sideband that is much greater in amplitude than the true 
(clean and readable) remnant sideband that has not been 
completely suppressed in the mechanical bandpass filter. 

Obviously there is no point whatsoever in using a filter that 
will attenuate the unwanted sideband to a level 45dB down, 
and then allowing this sideband to be put back again in the 
following stages in the form of distortion, and at a much 
higher level. 

The class A amplifier stage V9 is required to provide an 
output of 50V peak to drive fully the pa valves. It is most 
important that while it is doing this it is operating in the 
most linear manner, over the straight part of its characteris¬ 
tic curve. However, the achievement of good linearity is made 
difficult in practice because it is also necessary to be able to 
control the total voltage amplification from this valve. In 
general, control of gain by alteration of bias or screen poten¬ 
tial shifts the operating point and this is not compatible with 
a high order of linearity. A simple solution would be to put 
the rf drive control in some other part of the transmitter 
circuit. There are, however, good reasons for controlling the 
amplification of the ssb signal in the band-switched circuits 
following the final conversion process. These will now be 
considered in detail. 

All amateurs with past constructional or transmitting 
experience know that it is much more difficult to get voltage 
amplification and sufficient drive to the pa on 10m than it is 
on 160 or 80m. This occurs because the circuit losses become 
greater as the frequency goes higher. These losses are due to 
a number of factors. 

1. the reduction in dynamic resistance of the tuned cir¬ 
cuits; 

2. greater losses due to absorption by stray coupling; 
3. lower conversion efficiency of the converter valve; 
4. increased input damping losses in the pa valves. 
These losses add up to quite an appreciable amount, and 

taking the drive into the pa on 80m as a reference level, 
switching to the 10m band will show a drop of approxi¬ 
mately 20dB. It follows that the total gain requirement in the 
transmitter—from the microphone input to the pa grids— 
can vary over a ratio of 10 : 1. Therefore, when changing 
bands it is necessary to have some manual control to set the 
total amplification to a value that will give the correct drive 
into the pa grids. This is the rf drive control, and as the 
variation in circuit loss is taking place in the band-switched 
stages, a logical place for a drive control is in the circuitry 
associated with the class A amplifier stage following the 
final conversion process. 

It is important to remember that in an ssb transmitter all 
stages in front of the final converter are running with a 
constant-peak sideband input and with a constant heterody¬ 
ning output that is not affected by the position of the band¬ 
change switch. A good design will provide the optimum 
operating conditions to obtain the best signal to distortion 
ratio in the balanced modulator and the following converter 
stages. The audio gain control should never—repeat never— 
be used as a drive control. Its function is to enable the opera¬ 
tor to set the audio level to suit the microphone in use and 
the characteristics of his voice to obtain optimum working 
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conditions in the balanced modulator. Too much audio gain 
will cause over-modulation, and too little will impair the 
ratio of peak signal to resting carrier in the modulator, and 
the available carrier suppression will suffer. Once the audio 
gain control has been set correctly, it should not be touched 
again. 

In the Mark 3 transmitter, linearity in the class A stage is 
improved by negative current feedback across the unby¬ 
passed cathode resistor, gain being controlled by varying the 
screen potential of the EF80 valve by means of a 25kQ 
re drive control. 

The 180W p.e.p. input pa stage comprises two 6146 valves 
operated without grid current in class ABI, using a con¬ 
ventional pi tank output circuit, switched for six bands. The 
intermodulation distortion product level in the pa stage is 
kept to the lowest practicable level by : 

1. a “stiff” bias supply; 
2. generous stabilization of the screen voltage; 
3. correct choice of L : C ratio in the pi tank circuit giving 

the optimum value of anode load; 
4. a “stiff” ht supply with good dynamic regulation. 
Under these conditions, with the pa correctly loaded, (ie a 

maximum signal—under single-tone conditions—screen 
current of 15mA for both valves) on-the-air reports indicate 
that the overall distortion product level from the trans¬ 
mitter is 40 to 45dB below the wanted sideband level. Note 
that this figure can only be obtained with correct driving of 
the pa—that is, strictly in class ABI. Overdriving is fatal to 
a clean signal, and 6146 valves have been specifically designed 
to be driven without grid current. 

Muting 
In addition to muting the filter amplifier valve, it is neces¬ 

sary to mute at least one stage in the output side of the trans¬ 
mitter to prevent feedback into the receiver. Accordingly, the 
muting bias is taken to the bottom end of the bias setting 
potentiometer in the pa bias supply. The two 6146 valves are 
therefore held at cut-off during transmitter standby periods, 
and allowed to take normal standing current when the 
press-to-talk button is depressed for transmit. 

Circuit Description 

Chassis Section A 
The audio stage V1 (EF86) and the first half of V2 ( 12AT7), 

have cathode resistors without bypass capacitors giving 
negative current feedback to each amplifying stage. The 
second half of V2 is connected as a cathode follower to 
present the correct impedance to the OA7 balanced diode 
modulator. Although the EF86 introduces an additional 
valve type, it has been specifically designed as a low-noise 
af voltage amplifier, with characteristics exhibiting low 
microphony and low cathode-heater leakage, and is well 
worthwhile as the first stage in a high-gain audio amplifier 
intended to be used with a crystal microphone. 

Output from the carrier oscillator V3a is connected to the 
12AT7, V3b, operating as a phase splitter to provide a push-
pull drive to the OA7 diode balanced modulator, and the 
carrier balance potentiometer RV2. 

The switch, SI, sideband, selects the required carrier 
crystal (XI and X2) to obtain final transmitter output on 
either the “Normal” or the “Suppressed” sideband as 
required. A proportion of the carrier oscillator output is fed 
via the 47pF capacitor to the panel-mounted carrier insertion 
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A 

Fig 6.189. Circuit diagram, chassis Section B. 

1000p 

T 
I 

Chassis Section D 
The two 6146 pa valves are strapped in parallel and con¬ 

nected to a conventional pi tank circuit. Coil taps are 
selected by S8 ; resonance being obtained by the 400pF 
variable tuning, and the three 350pF loading capacitors. 

Correct operation of the pa can only be obtained by using 

tuned by the preselector capacitor (three-gang 75pF each 
section) together with the grid input of the pa valves. 
Transformers T4-T9 and coils L4-L9 are selected by the 
remaining banks (S4, S5, S6 and S7) of the range switch. 

RF drive is controlled by varying the potential applied to 
the screen grid of the EF80 class A amplifier V9. 2ZP 

Sm 

41 ■ 
100p 

5 gang - 10-40p each section 

I MAIN TUNING I 

Vl6 °/d coaxial cable 

control RV3, and this enables an rf signal at carrier fre¬ 
quency to be fed round the sideband filter and be used for 
carrier insertion or netting purposes. 

The double sideband suppressed carrier output from the 
balanced modulator is fed into the capacitor impedance¬ 
matching network of LI to drive the Kokusai mechanical 
band-pass filter. 

Chassis Section 13 
The low-level ssb output from the mechanical filter is 

amplified by V4 (EF85) operating in class A, and fed into a 
455kHz i.f. transformer TT feeding a push-pull output into 
the grids of the balanced converter V5 (12AT7). The hetero¬ 
dyning input from the vfo V6 (EF80) is fed to the two cath¬ 
odes strapped in parallel. 

Push-pull anode circuits of V5 are link coupled to push-pull 
grid input circuits of the final balanced converter V7 ( 12AT7). 
Transformers T2 and T3 and the vfo coil L2 are the 

frequency-determining circuits tuned by a five-gang variable 
capacitor of 10-40pF each section, and make up the tunable 
i.f. covering the range 5-5-5MHz—this is the transmitter 
main tuning control frequency (kilocycles). 

the correct value of anode load (RLY The L and C values for 
each of the amateur bands have been calculated for an Ri. of 
2,0000 and an external load of 750, and these are given in 
Table 6.30. 

The VR150 stabilizer valve V12 provides 150V regulated 
for the vfo and the carrier oscillator, together with 200V 
regulated for the screens of the 6146 valves—obtained by 
tapping the ht feed made up with the 2-5kO and l-5kO 
resistors in series. 

All control functions for transmit-receive are controlled 
by the two-pole changeover relay having a high resistance 
coil energized by current obtained from the main 300V ht 
rail, and operated by a simple press-to-talk foot switch. The 
second pair of contacts marked aerial relay should be 
connected in series with the coil of an external low resistance 
relay of the GPO 600 type and an external 6-12V de supply. 
The relay is shown in the non-energized receive position, the 
negative muting voltage to the receiver being short-circuited 
and the full 100V bias being fed to the grid return of V4 and, 
via the bias-setting potentiometer RV5, to the grids of the 
two 6146s; these three valves are therefore held at cut-off 

TABLE 6.28 

Chassis Section C 
The required injection frequency to convert the tunable i.f. 

to each of the six amateur bands is provided by a crystal-
controlled switched oscillator V8 (EF80). Output circuit T10 
is resonated to the correct frequency by a combination of 
fixed silver-mica capacitors and pre-set trimmers selected by 
S2 wafer of the five-bank range selector switch; the required 
crystal being selected by wafer S3. 

The anode circuits of the final conversion valve V7 are 

Final conversion crystal frequencies 

Band Crystal Freq 
(MHz) 

Mode Output Freq 
(MHz) 

160 
80 
40 
20 
15 
10 
10 
10 

7 0 
9 0 
6-25 
9 0 
8 0 

11 5 
11 75 
12 0 

Fundamental 
Fundamental 
2nd harmonic 
Fundamental 
2nd harmonic 
2nd harmonic 
2nd harmonic 
2nd harmonic 

70 
90 

12-5 
9 0 

16 0 
23 0 
23 5 
24 0 
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All valve heater bypass capacitors are O«O1uF 

Fig 6.192. Valve heater bypass capacitors. 
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TABLE 6.29 
Resonant circuit component details 

Compo- Freq 
nent or band 
L1 455kHz 

L2 5-455-
5955MHz 

L3 5 7MHz 

L4 160m 

L5 80m 
L6 40m 
L7 20m 
L8 15m 
L9 10m 
L10 10m & 15m 

L11 20m, 40m & 
80m 

L12 160m 

T1 455kHz 

5-5-5MHz 
5-5-5MHz 
160m 

Description 
Half standard Denco type IF11-465 i.f. 
transformer. 
28t 28swg enam, on £in od Cambion former 
with 20063 slug (3-3mH). 
20t 28swg enam, on 0-3in od former, core 
in centre of coil. 
75t 38 dsc close-wound, single layer wire, 
1 35pF, padding capacitor across coil, fit two 
dust cores in coil former. 
78t 38 dsc, close-wound, single layer. 
3ót 36swg enam, close-wound, single layer. 
20t 24swg enam, close-wound, single layer. 
11t22swg enam,close-wound, single layer. 
9t 18swg enam, close-wound, single layer. 
Sit 16swg tinned copper, spaced to 1|in 
long, tap 3t from hot end, 1 in od. 
Total 19t 18swg tinned on 1|in od ceramic 
former, grooved 18t per inch, wound 9t—3 
groove gap—7t—3 groove gap—3t. 
30t 22swg enam, close-wound on 1 in od 
ceramic former. 
Denco type IFT 11-465 with secondary 
capacitors modified. 
32t—ct—32t 28swg enam, 5t link over centre. 
32t—ct—32t 28swg enam, 5t link over centre. 
Primary 75t—ct—75t 38 dsc close-wound, 
s ngle layer, secondary 35t 38dsc over centre 
of primary wire, 135pF padding capacitor 
across primary. 

T5 80m 

T6 40m 

T7 20m 

T8 15m 

T9 10m 

T10 7-24MHz 

Primary 78t—ct—78t 38dsc, close-wound 
single layer, secondary 40t 38dsc over centre 
of primary. 
Primary 36t—ct—36t, 36swg enam, close¬ 
wound single layer, secondary 24t 38dsc 
over centre of primary. 
Primary 18t—ct—18t 24swg enam, close¬ 
wound single later, secondary 20t 28swg 
enam, over centre of primary. 
Primary 111—ct—111 22swg enam, close¬ 
wound, single layer, secondary 11t 28swg 
enam, over centre of primary. 
Primary 9t—ct—9t 18swg enam, close¬ 
wound single layer, secondary 9t 28swg 
enam, over centre of primary. 
Primary 13t24swg enam, close-wound single 
layer, secondary 4t 24swg enam at cold end 
of primary. 

All coils wound on Neosid or Aladdin 0-3in dia formers with OBA 
dust cores, unless otherwise specified, and in 2fin by in by in 
seamless aluminium cans. 
S1 

S2, 3,4, 5,6,7 
S8 

SH1 
SH2 
S9, S10 

“Normal-suppressed” sideband switch sp/2-
wa/. 
Yaxley sp/8-way six-bank band-change switch. 
Pi tank band change switch, h/duty ceramic, 
sp/6-way. 
42t 38swg enam wound on 1W 10kQ resistor. 
6t 36swg enam wound on 1W 10ki2 resistor. 
Yaxley sp/3-way two-bank ceramic, break-
before-make. 

All resistors |W unless otherwise specified. 

and there is no output from the transmitter. When the 
press-to-talk button is depressed the relay closes, allowing 
the 100V muting bias to cut off the receiver, and at the same 
moment of time to short-circuit the bias rail to earth, allow¬ 
ing V4 to conduct. The bias on the pa valves is now a propor¬ 
tion of the negative 100 V supply, determined by the setting of 
the 5kO potentiometer RV5 which is now the centre part of a 
potential divider between the 100V bias rail and chassis 
earth. RV5 is adjusted until the two 6146 valves are taking a 
total of 50mA standing anode current. 

Panel Meter 
A panel meter having a basic 5mA movement is provided 

to monitor the operating parameters of the pa. Grid, screen 
or anode current can be selected as required by the two-pole 
three-way meter switch S9, S10. 

Shunts SHI and SH2 are adjusted to obtain a full-scale 
current of 50mA in the G2 position and 500mA in the A 
position. The constructional details of the shunts given in the 
circuit diagram will only be correct for the type and make of 
meter used in the original transmitter. Any other meter 
having a different internal resistance will require adjustments 
to SHI and SH2 to obtain the correct x 10 and X 100 
multiplying ratio: see Chapter 18—Measurements. 

Construction 
The chassis is made up of four separate box sections of 

16swg aluminium to give a total size of 16in by 12in by 2|in 
deep, with a 17£in by 9in front panel. This enables the trans¬ 
mitter to be constructed and wired in units; in fact each unit 
can be individually tested and aligned before final assembly 
should this be considered necessary. These box sections are 
machine pressings, are true to size, have sharp radius cor¬ 
ners, and are available in the required sizes shown on Fig 
6.193 from North West Electrics, 769 Stockport Road, 
Levenshulme, Manchester. 

A pair of 6146 valves will give an appreciable output, and 
as a precaution against any possibility of stray rf fields the 
two valves and the components in the anode circuit are 
screened with a 16swg aluminium box measuring 6in by 
5 Jin by 5 jin high. This is, in fact, a U-shaped assembly with 
fin lips top and bottom, permanently fixed to the main 
chassis with PK self-tapping screws. The pi tank switch and 
coil, the anode tuning and loading capacitors and the rf 
choke are all supported by the screening box. It is most 
important that there is a free flow of air throughout the pa 
compartment; accordingly a ring of ^in diameter holes is 
drilled round each octal valve holder, and the box top and 
back are made from expanded aluminium mesh, also held in 
position by PK screws, and removable for access to the 6146 
valves. 

The chassis layout showing the principal components is 
given in Fig 6.193, and a panel layout with suggested 
positioning of the dial aperture and the control knobs in 
Fig 6.194. It is necessary to remember that the three Jin 
diameter shafts from the pa box to the front panel control 
knobs have to pass over the top of the five-gang main tuning 
capacitor. The height of this capacitor will therefore deter¬ 
mine the final vertical positioning for the loading, tuning 
and range-mc/s control knobs. 

The Yaxley two-pole changeover switch bank SI must be 
mounted reasonably close to the two carrier crystals XI and 
X2, and the oscillator valve V3, and is supported by a small 
L-shaped bracket bolted to the chassis side apron. A clear 
space should be kept down the centre of this section to clear 
the switch control rod and support bearing before connec¬ 
tion to the Eddystone flexible coupler and the shaft to the 
front panel control knob. In order to avoid the possibility of 
induced rf currents bypassing the balanced modulator and 
the filter it is important that the whole of the shaft length is 
insulated, and jin diameter polystyrene rod is recommended. 

The details of the assembly and the positioning of the main 
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All chassis sections art 18 swg aluminium 

Chassis section A 12'x 3'x 2 1/2* 
B 8' x 6* x 21/2“ 
C 12' x 5“ x 2 V2" 
D 8' x 6* x 2 ’/2* 

indicates hole drilled through box 
section side apron, immediately 
below top face, to accomodate 
wiring harness and interconnecting 
wires carrying rf 

Wdia 

Fig 6.193. Chassis layout showing principal components. 
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single-pole eight-way five-bank range switch assembly is 
shown clearly in the photograph of the underside of the 
chassis. These are standard Yaxley paxolin wafers. It will be 
noted that the use of individual coil cans on top of the 
chassis, and switch banks running underneath, gives a clean 
accessible layout together with very short connecting wires. 
Switch sections S2 and S3, together with the indexing mech¬ 
anism, are supported by the chassis apron, sections S4 and 
S5 by the front cross screen, and S6 and S7 by the rear cross 
screen—these can conveniently be assembled before the 
screens are bolted in position in the main chassis. Section C. 

Also shown in the under-chassis photograph is a 50pF 
air-spaced variable capacitor (Polar Type C28-141) fitted 
with a fine-toothed sprocket and spring-loaded “latch" as an 
indexing mechanism. This assembly is in a central position, 
bolted to the front chassis apron, and is the 50pF pre-set 
trimmer shown in the circuit diagram across the vfo coil L2. 

A balanced bridge circuit is used for neutralization of the 
6146 valves, and this requires that the cold ends of the six 
coils and the frame of the 75pF grid tuning capacitor are 
taken to a common bus-bar which is insulated from the 
chassis and bypassed with a lOOOpF mica capacitor. The 
two remaining 75pF tuning capacitors have their frames at 
chassis earth. However, in order to keep the drive shafts in 
line, all three capacitors are mounted on an insulated plate 
made from dry hardwood, |in thick—the mounting screws 
for the grid tuning section being well countersunk into the 
wood to guard against an inadvertent short circuit to the 
chassis—and the shaft coupled by a length of Jin internal 
diameter paxolin tubing. These three capacitors are Polar 
Type C28-141 (available in the surplus RF27 units). The 
frames of the two sections tuning the converter anode ( V7) 
are connected to the chassis by short lengths of 18swg tinned 
copper wire. 

The pi tank inductance is made up of three separate units. 
The 160m coil L12 is on a separate ceramic former at right 
angles to the main winding Lil and adjacent to its “cold" 
end, with the self-supporting 10m coil LIO positioned at the 
“hot” end to form the connecting link between LI 1 and the 
stator plates of the anode tuning capacitor. 

The 400pF anode tuning capacitor was obtained from sur¬ 
plus sources. Overall dimensions are 3 Jin long, 1 Jin wide and 
1 fin high—a convenient size to fit into the available space. 

TABLE 6.30 
Pi network data—two 6146 valves 

Rl = 2,00012 
XC1 = 20012 XL = 25012 XC2 4612 

80 m 
40 m 
20m 
15m 
10m 

220pF 
110pF 
56pF 
38pF 
28pF 

11 OmH 
5-5mH 
2-7mH 
1-8mH 
1 4mH 

900pF 
450pF 
225pF 
160pF 
115pF 

The rotor vanes are semi-circular giving a straight-line 
capacitance law, and the air gap is 0 02in. 

A standard pi-wound rf choke is unsuitable for use with a 
shunt-fed tank circuit and this component must be specially 
wound to have a low self-capacitance and no self-resonant 
points within the required amateur bands. There is insuffi¬ 
cient space in the pa screening box for the full size pi tank 
choke described in this chapter. However, the smaller 
version actually employed appears to give a satisfactory 
performance. This consists of 250 turns of 36swg enamelled 
wire wound in unequal sections of 150, 60, 30 and 10 turns 
on a ceramic former, fin diameter and 4in long, with a fin 
spacing between each of the sections. 

It is convenient to use a standard broadcast type three-
gang variable capacitor of 350pF each section for the aerial 
loading capacitor. As this would not have a large enough 
value for use on the lowest amateur band, the l-5MHz 
position of the pi tank band-change switch is used to bring 
into circuit a further fixed loading capacitor of 600pF. A 
standard single-pole, six-way, Yaxley ceramic switch S8 is 
supported by the front apron of the pa screening box and 
the switch in turn supports the coil LI 1 by means of the two 
ends and the three tapping connections. S8 and Lil are 
conveniently made up as a unit before fitting into position. 

On the 160m band, power is reduced to the equivalent 
p.e.p. of a 100 per cent modulated 10W de input A3 trans¬ 
mitter by switching the anode feed to the pa valves from the 
normal 7OO-75OV line to the 275-3OOV rail feeding the re¬ 
mainder of the transmitter. 

As the transmitter is controlled by a press-to-talk button 
(this may be a circular bell-push screwed to a block of wood 
and placed on the floor for foot operation) there is no relay 

Fig 6.194. Panel layout. Dotted 
line shows the relative position of 
the main chassis, the five-gang 
tuning capacitor and the reduc¬ 
tion drive gearbox. The shaft 
centre-line of the five-gang capaci-* 
tor used by the author is 1|in 
above the chassis top face; a 
different type of five-gang may 
require re-positioning of the dial 
cut-out and the drive gearbox 
tuning knob. Front panel material 

is |in thick aluminium. 
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Power supply unit. 

clicking while the operator is actually talking. The type 3000 
relay does not require a flexible rubber shock mount and 
may be screwed directly to the chassis. 

The meter switch S9 and S10 is a single-pole, three-way, 
two-bank Yaxley type. This may be paxolin, but ceramic is 
preferred to eliminate any possibility of tracking. It is most 
important that this switch is the break-before-make type, 
otherwise ht would be momentarily connected to the 6146 
grids as the switch poles moved over. If this type of Yaxley 
wafer is not available, standard make-before-break single¬ 
pole six-way banks can be used with each adjacent contact 
left blank (ie the three positions of the control knob would be 
at 60° instead of the customary 30°). 

Any good quality moving coil meter of 5mA full scale 
deflection is suitable. However, the constructional details of 
the shunts SHI and SH2—giving a multiplying ratio of 
X 10 and X 100—are only correct for the type of meter used 
by the author; this is a Kyoritsu Model MR-2P. The 1W 
carbon resistors used as formers for the shunt windings may 
be any available value of 1 kit or greater. 

The calibrated tuning dial can be seen clearly in the chassis 
photographs. This is constructed in a simple manner by 
cutting a piece of 20swg aluminium 9in by 1 Jin, and cement¬ 
ing it with Araldite to the rim of a standard 4Jin diameter 
cord drive drum (Jackson Part No 4029 or similar). The 
calibrated scale is hand printed with Indian ink on a piece of 
glazed drawing paper 8 Jin by 1 Jin held in position by self-
adhesive tape along either end. This enables the calibration 
points to be initially marked up in pencil and the paper scale 
removed for the final hand printing, without having to upset 
the alignment by removing the drum from the five-gang 
capacitor. 

A worm-drive gearbox with a ratio of 50 : 1 is very con¬ 
venient, because with a tuning range of 500kHz, one turn of 
the frequency knob represents a tuning rate of 10kHz. This 
ratio allows precise frequency setting without being too 
tedious when it is desired to traverse completely across the 

band. The gearbox used by the author was obtained from a 
scrapped Collins CT12 transmitter. Equally suitable is the 
50 : 1 worm drive used in the BC22I frequency meter. In the 
event that these items are no longer available from surplus 
sources, a possible alternative is the 25 : 1 worm drive from a 
TU5B tuning unit, still available in many amateur junk boxes. 

Alignment 
An ambitious project such as the construction of an all¬ 

band ssb transmitter is only likely to be undertaken by an 
amateur with past constructional knowledge. For this reason 
it is felt that step by step detailed alignment instruction is 
not necessary. 

In the interest of valve life the 6146s should be run with the 
power supply ht switch in the 275-3OOV position—at least 
until the anode and grid tuning has been checked and the 
valves correctly neutralized on all bands. 

A serviceman’s signal generator is really the minimum 
requirement, and, assuming that this is available, each 
chassis section can be individually aligned before final 
assembly. Assuming that this has not been done and that the 
signal generator is only available for a short space of time 
—after final construction is completed—the most satis¬ 
factory alignment procedure is to start at the back and 
finish at the front. That is from the pa tank coil back to the 
carrier oscillator, using the serviceman’s generator as a 
signal source. 

All oscillators should be checked for satisfactory opera¬ 
tion. It is most important that the dust core of L2 is adjusted 
at the low end, and the trimmer VC1 at the high end to 
obtain the correct tuning of the vfo over the frequency range 
of 5,455-5,955kHz. 

All coils are in screening cans and a grid dip oscillator 
cannot be brought up to the coil to check alignment, neither 
is it possible to use the usual pick-up loop feeding into an 
absorption wavemeter. This may cause difficulty when it is 
required to set each of the pre-set trimmers across the final 
conversion oscillator coil T10, because it is important on 
some ranges to know that the circuit is resonant on the 
correct harmonic. There are two ways to overcome this 
limitation: 

1. A pick-up loop tucked into the wiring close to the valve 
anode will deflect a sensitive absorption wavemeter 
using a diode and lOOjiA meter; alternatively the 
“signal” can be fed into the station receiver via a 
length of coaxial cable. 

2. A pick-up loop can be constructed by winding six 
turns of 24swg enamelled wire round the end of a 6in 
length of Jin diameter Systoflex sleeving, the loop 
connections then feeding back down the centre of the 
sleeving and terminating with a length of twin flex 
or coaxial cable. This “probe” can then be pushed 
down towards the dust core inside the former of the 
circuit to be checked. 

The tunable i.f. must tune accurately over the range 
5 O-5-5MHZ. As it is relatively easy to inadvertently tune the 
frequency determining circuits to the strong vfo signal of 
5-455-5-955MHz, it is advisable to disable the vfo by remov¬ 
ing the oscillator valve V6 while the correct tunable i.f. 
alignment is being undertaken. The signal generator, set to 
5-25 MHz, should be connected to one of the grids of V5, the 
kilocycles dial set to the centre band position, and the dust 
cores of T2 and T3 adjusted for maximum output. It will be 
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found that the ganging holds quite accurately right across the 
500kHz tuning range and that (assuming the five-gang 
variable capacitor has semi-circular rotor plates giving a 
straight-line capacitance law) the dial calibration is linear 
right across the scale. 

It will be noted that there are eight positions of the main 
range switch, one each for the five bands from 160 to 15m 
and three for the 10m band to give a 28-29-5MHz coverage. 
A separate signal frequency coil is used for each of the six 
amateur bands, T4-T9 in the anode circuit of V7, and 
L4-L9 in the anode circuit of V9. As the 10m coils (T9 and 
L9) cover the three sections of the 10m band, the respective 
switch contacts of S4, S5, S6 and S7 are strapped together. 

The two Philips pre-set capacitors of 2-8pF are soldered 
directly to the valveholder pins of V7 and can be seen in the 
chassis underside photograph. They are initially fully un¬ 
meshed and their capacitance increased equally until neu¬ 
tralization is complete and V7 fully stable at all settings of 
the preselector tuning control (range switch set to the 3-5 
MHz or the 7MHz band). 

Alignment of the conversion oscillator V8 is initially 
undertaken with the range switch in the 29MHz position; 
the dust core of TI0 is adjusted for maximum oscillator 
output at 24MHz. The range switch is then set to the 28-5 
MHz position and the appropriate 60pF trimmer adjusted 
for maximum oscillator output at 23-5MHz. With the range 
switch in the 28MHz position the next 60pF trimmer is 
adjusted for maximum output at 23MHz...and so on 
throughout the eight amateur bands to l-5MHz. On certain 
ranges the oscillator output is the second harmonic of the 
crystal frequency and it is important to ensure that the 
correct harmonic has been selected and that the oscillator is 
not inadvertently tuned to the fundamental or the third 
harmonic. At each adjustment the output signal frequency 
should be monitored using an absorption wavemeter or the 
station general coverage receiver. 

The transformer Tl is a standard item purchased on the 
surplus market, believed to have been made originally by 
Parmeko and often referred to as a “table topper” type. An 
alternative for T2 is a centre tapped secondary winding 
125-0-125V at 50mA with one DRM-1B rectifier (or 
similar) in the usual full wave circuit. A suitable type may be 
obtained from Radio Communication advertisers, or from 
RS Components Ltd through local radio retailers. 

Power Supply 

An rf power amplifier can only operate in a linear manner 
and give an undistorted output if it is provided with grid, 
screen and anode voltages that remain constant in potential 
and do not vary under differing load conditions. Addition¬ 
ally, the heavy anode current demand is at syllabic rate and 
the main ht power supply must have good regulation under 
dynamic conditions. 

It will be appreciated that the carrier of an ssb transmitter 
is attenuated in the modulator by a process of balancing, and 
that normally the modulator will give an attenuation of 
40dB or more. It will also be appreciated that any hum 
ripple, either on the ht supply to the carrier oscillator or to 
the audio valves, will unbalance the modulator and produce 
a hum-modulated carrier that cannot be removed by the 
balancing control RV2. A rough “carrier” will also be 
produced if there is any 50Hz mains ripple induced into the 
cathode of V2b from the 6-3V heater line. To overcome 

Under-chassis view of the power supply unit. 

these difficulties it is good practice to provide ( I ) two-stage 
smoothing and a large value of reservoir capacitance in the 
275-3OOV power supply, (2) a two-wire heater circuit that is 
balanced to earth. 

In regard to the high voltage supply to the pa valves, the 
conditions are different because the anode current of a 
tetrode is almost independent of small changes in anode 
potential and hum ripple will not “anode modulate” the 
signal. However, dynamic regulation over the range 50-
250mA is important because a fall in anode voltage at the 
moment of peak current demand would prevent the pa 
handling the peak signal and could cause fiat-topping and 
distortion. In the 650-700V supply the customary smoothing 
chokes are therefore omitted and a large value of reservoir 
capacitance is placed directly across the rectifier output. 

The bias supply is made “stiff” by the use of a generously 
rated mains transformer and rectifier stack, together with 
ample capacitance and a relatively heavy bleed current of 
approximately 20mA through the resistive load network. 

A circuit diagram of the power supply used at G2DAF is 
given in Fig 6.195. All components can be mounted on an 
aluminium chassis 14in by Win by 3in deep (see Fig 6.196). 
Points to note are: 

(a) The heater voltage of 6-3 V ac is balanced and “float¬ 
ing” above earth. This prevents hum being induced 
into the bias and ht lines in the cable harness between 
the power pack and the transmitter, and also ensures 
that the heavy heater current is not superimposing 
50Hz ripple on the ht negative return connection. 

(6) The bias supply is “stiff” and also provides a wide 
range of adjustment. 

(c) The 32/rF capacitor between the 200V rail and earth 
ensures, together with the bleed through the series 
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Fig 6.195. Power supply circuit. The two 160mF 450V capacitors are standard 100 + 60m F electrolytics, with the two sections strapped in 
parallel. T1 may be two separate transformers, operated from the common ht on/off switch. 

resistors and the stabilizer valve, a “stiff” screen 
supply to the pa valves, with a low impedance to the 
demand that will vary at audio rate (see Fig 6.191). 

(rf) The high value of effective capacitance of 80/rF across 
the 5R4 rectifier valves gives an output voltage of 
650-700V and ensures excellent dynamic regulation. 

SI is provided so that the anode ht can be reduced to 
permit operation on the 160m band without exceeding the 
licensed power limit. This switch must never be used for 
tuning and loading purposes on the other bands. A 6146 
valve fully driven with a low voltage on the anode and nor¬ 
mal voltage on the screen will take excessive screen current, 
the rated screen dissipation will be exceeded and the valve 
may be destroyed. 

Conclusion 

For cw operation the transmitter is best controlled by the 
press-to-talk foot switch. A key jack socket of the closed 
circuit type can conveniently be connected in the cathode 
return of the final balanced converter valve V7—between the 
68OÍ2 resistor and chassis earth; this connecting point must 
be bypassed to rf by a 0 01/xF capacitor. The keying charac¬ 
teristic is clean and free from chirp. The audio gain control 
should be turned to zero and the carrier control (RV3) 
advanced until the required amount of drive is available to 
the pa valves. 
For the benefit of those amateurs who have—or can 

borrow—a thermionic diode probe valve voltmeter, Table 
6.31 gives details of the rf voltage readings of the conver¬ 
sion oscillator, and the sideband voltage readings at the grid 
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AC MAINS 

o 

MAINS 
FUSES 

7- way Power socket 
Belling-Lee L726 
Mating plug L530 

2-way fusebox 
Belhng-Lee L1O33/C4 
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Fig 6.196. Power supply chassis and front apron layout showing the principal components. Material—16swg aluminium. 

-100 V — 
700V O 
O OH 

of the class A amplifier V9 and the available drive to the 
6146 grids. The values quoted are rms values and were 
measured with a Salford Instruments valve voltmeter Type 
BW 21 IB. When measuring the voltages at the grid of the 
EF80 amplifier V9, it should be remembered that the input 
capacitance of the diode probe will de-tune the anode circuit 
of the converter V7 and give a false low reading. When the 
probe is in position each circuit must be brought back to 
resonance by adjustment to the preselector tuning control 
until maximum reading is obtained. Similarly, when measur¬ 
ing the voltage at the grids of the 6146 valves the diode probe 
should be connected to the V9 anode side of the lOOpF 

coupling capacitor and the capacitors should be temporarily 
disconnected from the grids of VlOand VI1. This is essential, 
otherwise any peak rf drive that exceeds the negative bias 
potential (about 50V) will cause the pa valves to draw grid 
current, the input impedance will fall to a few hundred 
ohms and severely damp the resonant circuit, thus giving a 
false low reading. Before taking the valve voltmeter reading 
the circuit must be correctly resonated, with the diode probe 
in position, by slightly unscrewing the dust core of the 
appropriate coil (L4 to L9) at the same time rocking the 
preselector tuning control to ensure that the anode circuit of 
V7 is also correctly resonated. 
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TABLE 6.31 
Valve voltmeter rms check voltages 

RF Conversion oscillator injection 
160m 3-4V rms 20m 4-1V rms 
80m 4-1Vrm$ 15m 4-4V rms 
40m 4-8V rms 10m 50V rms 

Measured at output of T10 

Volts at grid of V9 
160m 3-4V rms 
80m 63V rms 
40m 9-8V rms 
20m 6-5V rms 
15m 7 4V rms 
10m 6-2V rms 
Measured with V9 
removed from valve 
holder 

Volt« at anode of V9 
> 150V rms 
> 150V rms 
> 150V rms 

120V rms 
107V rms 
92V rms 

Measured with 100pF 
grid capacitor to V10 
and V11 removed 

Note: For all readings, sideband signal obtained by adjusting 
carrier injection potentiometer to position giving maximum valve 
voltmeter reading. (Audio gain control set to zero). KILO¬ 
CYCLES tuning at mid band position, PRESELECTOR correctly 
resonated for maximum output on each band. 
Measuring instrument: Salford Instruments valve voltmeter 
Type BW211B. (Thermionic diode probe into 5OM12 input 
impedance.) 

The various output voltages of conversion oscillator V8 are 
not particularly critical and are quite satisfactory if within 
± 20 per cent. If the oscillator output is low on some bands 
re-check the alignment and examine the position of the rotor 
vanes of the appropriate trimmer. If the trimmer is either 
fully meshed or fully unmeshed the circuit may not have fully 
reached the peak of the resonance point; adjust the value of 
the parallel fixed silver mica capacitor as necessary. If all else 
fails suspect a faulty crystal. 

This transmitter has greater overall sideband gain than the 
Mark 2 version; due partly to the greater conversion effi¬ 
ciency of the cathode injection balanced converters, and 
partly to the use of a continuously tuned circuit in the anode 
of V7. On the lower frequency bands the rf drive control is 
normally set half on, and only increased beyond this position 
for the 15m and 10m bands. There is also reserve of audio 
gain (sufficient for a low level microphone). The correct set¬ 
ting of the pre-set audio gain control (RV1 ) when using a 
normal crystal microphone is between half and two thirds of 
the maximum position. 

In regard to performance, the unwanted sideband sup¬ 
pression at 1kHz (measured at the transmitter output 
terminal) is better than 55dB. The low-impedance diode 
modulator makes the carrier balance particularly stable. The 
carrier suppression is better than 60dB. Due to the use of 

double triode balanced converters in each of the frequency 
translation stages and negative rf feedback in the penultimate 
amplifier, the transmitter gives a clean output with a low 
level of distortion products. 

THE “CLASSIC"—A GROUNDED-GRID 813 LINEAR 
AMPLIFIER 

This equipment is intended as a companion amplifier for 
any ssb transceiver in the nominal 50 to 100W output 
range and is designed to increase signal level to the maximum 
allowed in the terms of the amateur (sound) licence. The 
factors deciding the choice of valves and circuit for this 
particular application are summarized as follows: 
1. Conventional grid-driven class AB tetrode linears do not 

adequately load transceivers (exciters) in this power range, 
and a matched resistive pad must be connected in the input 
line to the pa. Separate bias packs and regulated screen 
supplies are necessary and neutralization is essential, 
which involves complication and expense. 

2. Passive grid ABI stages readily accommodate high drive 
and do not require neutralizing, but they still retain the 
other disadvantages. 

3. Over the last decade or so, several original designs have 
done much to overcome these problems and some have 
deservedly become very popular. Nevertheless, grounded-
grid linear amplifiers have retained their attraction for the 
following reasons: 
(a) zero-bias operation of high-mu triodes and certain 

triode-connected tetrodes in class B mode eliminates 
the need for grid bias packs and screen supplies; 

(b) adequate exciter loading due to the “feedthrough" 
property of grounded-grid stages—the exciter contri¬ 
butes to amplifier output ; 

(c) highly degenerative circuit ensuring good linearity 
and often making neutralization unnecessary; 

(d) few critical operating parameters; will perform 
satisfactorily over wide range of ht voltage. 

It is unfortunate that many valves suitable for operation at 
the power level envisaged are rather expensive, but the 813 
is still reasonably priced and is capable of exemplary per¬ 
formance as a zero-bias triode. A pair are capable of dissi¬ 
pating 250W and will deliver 400W p.e.p. output on 28MHz 
with excellent linearity; third order distortion products being 
better than — 30dB below maximum output. 

TABLE 6.32 
DC voltage check 

Valve Stage Type Pin No 
1234 5678 9 

V1 1st audio EF86 135 — 33 H H 170 — — — 

V2 2nd audio 12AT7 150 — 2 6 H 300 — 4-5 H 

V3 Carrier ose 12AT7 55 Neg — H 150 — 3 6 H 
1-5 

V4 IF amp EF85 3-7 Nil or 3-7 H H — 270 195 — 
—105 '-V--

V5 1st converter 12AT7 255 — 4 2 H 255 — 4-2 H 
V6 VFO EF80 — Neg — H H — 150 104 — 

0-12 '-y-' 
V7 2nd converter 12AT7 255 — 4 6 H 255 — 4 6 H 
V8 Conversion EF80 2 — 2 H H — 297 150 — 

Oscillator 
V9 RF amp EF80 3* — 3* H H — 305 Oto250 — 
V10 PA 6146 — H 205 — Neg 45 — H — 

V11 PA 6146 — H 205 Neg 130 — H — 
V12 Regulator VR150 Anode —150 

Main ht + 310V 
Pa ht + 670V at standing pa current of 50mA. 
Bias —33 to —120 (limits of bias pot) 
♦DRIVE control at max position 
1-5V DRIVE control at mid-way position. 

H Denotes 6-3V ac heater connection. 
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RF Circuit Description 
Details of the circuit are given in Fig 6.197. The drive 

impedance of the grounded-grid 813s is approximately 140Í1. 
This value is stepped down to 500 through a band-switched 
L network with manual tuning. This network could be 
omitted with exciters capable of loading into the higher 
impedance, but it is not recommended since the Q imparted 
by the network is valuable in suppressing waveform distortion 
arising from non-linear loading over the input drive cycle (see 
page 6.105). 
The Q is very low and tuning so flat that a slow motion 

drive is not essential. However, a graduated dial allows 
resonance to be set quickly, and it can be left for operation 
over the whole telephony band. 

An ordinary two-gang 500pF “broadcast” tuning capacitor 
is used to tune the network, the spacing being quite adequate 
for the low rf voltage encountered at this point. One gang, 
reduced to about 150pF by removing all but three of the 
moving vanes, is used on the 14-28MHz range; on the 3-5 
and 7-0MHz bands the other gang is connected in parallel 
by the input bandswitch. 

The filament choke, RFC1, consists of a 5in long jin dia¬ 
meter ferrite rod close bifilar wound with 12swg enamelled 
copper wire over its full length. Regrettably, the specification 
of the ferrite material is unknown and it might be advisable 
for the intending constructor to equip himself with one or 
two rods of various grade material and select that which 

provides the most satisfactory all-band performance. 
The choke is bound with adhesive tape and dipped in copal 
varnish to secure the core. 

The filament transformer is situated in the pa enclosure 
close to the valves with the terminal panel facing downwards 
through a cut-out in the chassis. It is unavoidably subjected 
to a hot blast from the fan and is protected by a fin-thick 
slab of asbestos secured to the exposed side. 

The valves are orientated so that the filament pins face 
one another. For maximum stability, the grids, screens and 
beam plates are earthed as directly as possible by soldering a 
“horseshoe” of copper braid around the relevant socket 
contacts and making direct connections to solder tags secured 
to each of the socket mounting bolts. Care should be taken to 
ensure that the ceramic material is not subjected to excessive 
compression, and the “double-nut” technique is advisable 
when securing the tags. 

The metal shells surrounding the bottoms of the 813s are 
earthed in metal receptacles which are standard socket 
attachments. Should these items prove difficult to obtain, the 
spring clips found in certain types of fuse carrier may be 
put to good effect by bolting a number of them on to the 
chassis so that they butt firmly against the shells with the 
valves in situ. 
The anode harness consists of short lengths of braid 

soldered to a jin wide copper strap secured to the top of 
the anode choke, RFC2. 
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The anode choke used is no longer manufactured, but it 
is very easily reproduced. A ¡in former is wound with four 
sections of 34swg enamelled copper wire, the bottom section 
is 145 turns, followed by two sections of 30 turns each and a 
top section of 15 turns. The top winding is spaced à >n from 
its neighbour and the others are spaced jin apart. 

The combined output capacitance of the 813s is almost 
30pF, and strays are in excess of this figure. In an attempt 
to keep tank circuit Q within bounds on the higher fre¬ 
quencies, the minimum capacitance of the anode tuning 
capacitor is made as small as possible. To this end a twin¬ 
gang assembly was contrived by mating two 156pF variables 
taken from BC375 tuning units. One gang is reduced to 
approximately 60pF by removing eight rotor vanes, and it is 
used to cover all bands, except 3-5MHz when both gangs are 
used together. 

TABLE 6.33 

Frequency C1 Cl 

3-5MHz 
3 8MHz 
7MHz 
14MHz 
21 MHz 
28MHz 

180pF 
170pF 
90pF 
45pF 
30pF 
23pF 

1,800pF 
1,700pF 
900pF 
450pF 
300pF 
230pF 

To gang the capacitors remove the rotor bearing studs 
and bonding wipers, drill and tap each shaft 4BA then screw 
the rotors on to either end of a short length of studding. 
With a little patience it is possible to bring the moving vanes 
into radial alignment as the end plates meet, thus allowing 
the capacitors to be bolted together. 

An aluminium bracket is secured at the junction of the 
two sections, the bonding wipers are replaced and connected 
to the bracket which serves as the main earth return, and 
additional support is provided by two pillars mounted inside 
the front panel. 

The optimum anode load for the valves is 5.000Q (Al), and 
the desired output impedance 50Í1 (Août). A target loaded 
circuit Q of 20 was chosen, taking care to note that this value 
would be exceeded on the higher frequency ranges. 

R\. -
The ratio —— = 100, and V100 = 10, which is the 

Août 

reactance ratio of Cl to C2. 

Now, ACi = — 

and, Aca = 

5,000 
“2Õ" 

25OQ 

250 
TÕ 

250 

The pi-tank capacitor values which equate these reactances 
are shown in Table 6.33. Bearing in mind the large extra¬ 
neous capacitance shunting Cl, it is evident from these 
figures that operating Q runs appreciably higher than datum 
on the 21 and 28MHz ranges. To minimize losses, large 
diameter coil material is employed and tank inductance 
is split into sections which are orientated to reduce undesir¬ 
able absorption effects. Lengths of jin-wide copper strapping 
are used as coil taps on 21 and 28MHz, and 12swg copper 
wire for the lower frequencies. More detail of the assembly 
may be had by relating Table 6.34 to the photograph of 
the pa. 

The bandswitch is modified by filing extra indexing detents 
and adding fixed contacts to bring the number of positions 
up to five. The rear wafer is used to shunt the two sections 

TABLE 6.34 
Coil details 

L1 10 turns 18swg tinned copper on 1 jin diameter ribbed ceramic 
former.* 10 tpi with taps at 2 turns and 6 turns from junction 
with L2. 

L2 6 turns |in copper tube, 1 {in inside diameter, 1 Jin long. Tapped 
3J turns from cathode end. 

L3 4{ turns ¿in copper tube, 1 jin inside diameter, 3in long. 
L4 7J turns |in copper tube, 1 |in inside diameter, 2¿ in long. 

Tapped 3 turns from junction with L3. 
L5 9 turns plus 10| turns 16swg tinned copper on 2in outside 

diameter ex-BC375 former. 10tpi |in space between sections. 
• "non-standard" item. 

of Cl on 3-5MHz, and, since the shaft is earthed, the back 
rotor contact ring is removed from this wafer to prevent 
arcing. Since this halves the contact area an extra wiping 
contact is added to mate with the front ring. This particular 
alteration could have been avoided by mounting the switch 
on insulators and using an insulated coupling to the front 
panel control. 

Connection between the switch and Cl sections is effected 
by means of jin-wide low-inductance copper straps. C2 
gangs are connected in pairs which are marshalled by the 
bandswitch to provide a maximum capacitance of 2,000pF 
on 3-5MHz and l.OOOpF on the 7-28MHz bands. 

RLA 
The aerial relay, —-—- was taken from a surplus “Switch 

type 78”, and modified by removing the auxiliary 
contacts and replacing them with a normally open pair 
(RLA3). Since the relay is not energized during reception, 
R7 biases the pa to virtual cut-off to reduce temperature 
and prevent “diode noise” in the receiver; on send RLA3 
contacts short out R7 and the valves draw 70mA of static 
anode current in zero-bias condition. 

RLA 
The 24V supply for —— is fed via SKT2 on the chassis 

back-apron to allow the transceiver send-receive relay to 
control the whole station; the transceiver may be operated 
“barefoot” by opening S5 (amp in-out), which inhibits the 
aerial change-over function and holds the pa cut-off. In 
both S5 positions the exciter “sees” the same impedance, 
therefore no retuning is needed and S5 behaves as an instant 
QRO/QRP selector. 

It is appreciated that many intending constructors may 
find the surplus relay difficult to obtain, and in this case 

Power amplifier. HT enters via the insulator to the left of C1 ; C7 
and C8 are mounted on the chassis and RFC3 is suspended between 
them. C1(a) is the foremost gang. C6 and coil L3 are supported by an 
insulator mounted on C1 frame. L4 is supported off the rear end plate 
of C2 where it joins L5. The screening can to the right of L5 houses 

the rf output monitor; RFC4 may be observed nearby. 

6.124 



HE TRANSMITTERS 

it is suggested that the range of aerial relays manufactured 
by the Dow Company may offer a suitable alternative. 

Power Supply and Metering 

The anode supply voltage may range from F5kV to 3kV 
with corresponding values of efficiency and output. The 
■‘Classic” ht voltage is 2 5kV on load and single tone effici¬ 
ency ranges from 60 per cent on 3-5MHz to 50 per cent on 
28MHz. On tune the anode voltage drops to l-75kV or less, 
depending on loading. 

The power transformer T3 is taken from a T1131 trans¬ 
mitter modulator supply which delivered 1,000V de in a 
conventional full-wave centre tap circuit. A full-wave bridge 
comprising 24 BYI00 silicon diodes is connected across the 
secondary in series with R2 and R3 for surge protection; 
each diode is shunted by a 150k£2 AW resistor to even up 
inverse voltage. 

Fig 6.198. Simplified metering diagram. 

The metal-cased smoothing capacitors are mounted above 
chassis on an insulating board so that any leakage to case 
does not appear across R9, Ml and possibly M2. Since the 
cases could assume high positive voltage under certain fault 
conditions, the tops are painted red to warn that a potential 
hazard exists. An ht on panel neon has not been fitted, but 
one should be provided and connected at points Y-Y in 
Fig 6.197. 
A 100mA meter, Ml, reads combined grid and screen 

currents, while M2 is a 1mA instrument scaled 0-300mA 
which measures anode current when shunted across R8 by 
means of S8. In the alternate S8 position M2 monitors 
relative rf output, and to avoid personal risk and the possi¬ 
bility of meter insulation breakdown R8 is connected in the 
ht supply negative return rather than in the positive line. 
See Fig 6.198. 

Constructional Features 

The chassis layout is shown in the photograph. The pa and 
power supply are combined on a 17in by 16in by 2jin deep 
aluminium chassis in an assembly with detachable panels of 
top, bottom and rear, the bottom panel being equipped with 
castors. The top cover is finely perforated over the rf section 
and an air filter is attached to the rear panel in line with the 
valves. A hole 5in in diameter is cut in the partition which 
divides the interior to allow a fan to play on the valves from 

Chassis top view. HT bridge rectifier and fuse are mounted on the 
power transformer. Bleeder resistors R4 and R5 are to the left, R1 is 
alongside but not visible. The anode choke is mounted on 1|in 
insulators to level with the valve caps. Note the asbestos shield 

protecting the filament transformer. 

immediately inside the power supply section. The ht bleeder 
resistors R4 and R5 are positioned on a perforated metal 
panel placed behind the fan in the path of cool air drawn 
through the filter. A safety interlock switch, S7, is let into the 
upper lip of the partition at the opposite end. 

The sub-chassis view photograph shows T2 mounted on a 
shallow channel which also lends support to the bottom 

Sub-chassis view. The aerial relay and MEDCO low pass filter are 
positioned along the left side with T2 near the centre. Input circuit 
L-net controls are grouped on a metal bracket near the front. L2 is 
mounted behind S1 on small ceramic insulators with L1 to the left 
RFC1 is located between the filament transformer terminals and 
the valve bases. C4, C5 and R7 are also visible in the same area. 
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TABLE 6.35 
Component details 

Cl 60 + 156pF (ex-BC375, see text) 
C2 4-gang 500pF, receiving type 
C3 150 + 500pF, receiving type(see text) 
C4, 5 0-01 pF 600V de wkg mica (ex-BC375) 
C6,7,8 Erie Ceramicon 0-001 pF 15kV de wkg type 

CHU410 
C9,10,11,12,19 Disc ceramic 0-001 pF 500V de wkg 
C13 Electrolytic 500pF 50V de wkg 
C14 (a, b, c) Pyranol 4pF 6kV de wkg (3 off) 
C15 Paper 0-1 pF 350V de wkg 
C16,17,18 Disc ceramic 0-01 pF 350V de wkg 
D1,2,3,4 Lucas DD000 or equivalent 
D5 Diode, type 1N34 or similar 
F1 3A Belling Lee 1 ¿in 
F2 5A Belling Lee 1|in 
F3 0-75A Belling Lee 1{in 
LPF Medco FL50B 
R1 Bowl fire element 600W 
R2, 3 Wirewound 50Q10W 
R4, 5 50kQ 85W wirewound 
R6 Carbon 1-7kQ3W 
R7 Wirewound 25kQ10W 
R8 300mA shunt (see text) 
R9 Wirewound 500Q10W 
R10 Carbon 22kQ2W 
R11 Carbon 2-2kQ1W 
R12 Carbon variable 25kQ 
RFC1 Filament choke (see text) 
RFC2 LabgearE5032 
RFC3 2-5mH, 300mA 
RFC4 1 mH, 600mA (National R154U or similar) 
S1 Ceramic 2-gang, 1-pole 5-way 
S2 Fand E. 2-gang 1-pole 5-way (modified) 
S3 Dpst toggle 10A 250V ac 
S4 Spst toggle 3A 250V ac 
S5 Rotary wafer spst 
S6 Dpdt toggle. 3A 250V ac 
S7 Microswitch 1A de 
SKT1 Mains connector 3-pole 5A 
SKT2 2-pole connector, female, 1A 
T1 Filament transformer 10V 10A, tapped primary 

220-250V ac 
T2 24V T-5A, tapped primary 220-250V ac 
T3 1200-0-1200V ac. 300mA tapped primary repre¬ 

sentative values, see text) 

-y Aerial relay, 24V de coil (see text) 

-y 2-pole contactor, 10A at 230V ac, 24V de coil 

N1 Neon panel indicator 230V ac wkg 

cover. Rectifier and smoothing components associated with 
T2 are supported on a terminal strip to the rear. 

The valve socket filament contacts are interconnected by a 
pair of 12swg copper buss wires and the filament choke is 
suspended between these wires and the filament transformer 
terminals. 

The 17in by 10|in 12swg aluminium front panel is dressed 
with a 16swg sub-panel to mask the unsightly heads of screws 
which secure the tank circuit components to the inner panel. 
A small box and a vertical channel are secured to the inner 
panel to shield the panel meters and wiring from the strong 
internal rf field. 

Adjustment and Tuning 
WARNING. Before making any internal adjustment, switch 
off and disconnect the supply mains, then, using a well-
insulated screwdriver, earth the ht line to confirm that the 
filter capacitors are discharged. 

A two-tone audio source, monitoring oscilloscope, and a 
5OÍ2 load with p.e.p. reading output meter are necessary 
to assess satisfactorily the performance of the amplifier and 
also to ensure that the terms of the licence are not subse¬ 
quently exceeded. Modus operandi and the characteristic 

TABLE 6.36 

HT = 2*5kV Output - 400W p.e.p (Two-tone drive) 

Freq 
(MHz) 

Grid 
current 
(mA) 

Anode 
current 
(mA) 

Input 
tuning 

(0 10 div) 

Anode 
tuning 

(0-100 div) 

Output 
loading 

(0 100 div) 

3-5 
7 
14 
21 
28 

40 
40 
42 
50 
58 

170 
200 
220 
295 
300 

8 
2 
7 
3 
2 

50 
50 
18 
12 
8 

85 
80 
68 
50 
40 

display patterns to be expected have been thoroughly dealt 
with elsewhere in this chapter and will not be repeated here 
(see page 6.99). 

Preliminary checks are necessary to confirm that the input 
circuit and pi-net resonate correctly on each band; they 
should be conducted at reduced power (S4 on tune), and 
with drive from the exciter held to a minimum. Anode circuit 
tuning and loading should be adjusted with the aid of the 
relative rf output monitor. 

On 10m L3 should be deformed if necessary to ensure 
that Cl just begins to mesh at 29-7MHz. Dial readings should 
approximate the values given in Table 6.36. 

Now, switch to operate, apply two-tone audio to the 
exciter mic socket, and adjust pa tuning and loading to 
obtain 400W p.e.p. output with optimum linearity as shown 
by the familiar oscilloscope pattern. The related parameters 
to be expected are given in Table 6.36. 

Speech may now be applied and level adjusted to ensure 
that speech peaks do not exceed the maximum amplitude 
of the two-tone oscilloscope pattern obtained at 400W p .e.p. 
output ; grid and anode meters will kick up to approximately 
half the values shown in the table. 

For the benefit of operators favouring an input impedance of 
80ÍI the procedure adopted in arriving at the L-net values is as 
follows: 

Beginning with 28MHz, insert carrier and adjust the 
exciter into an 8012 load with the aid of an swr bridge. Shift 
the load to the pa, apply ht and transfer the drive to the pa, 
retaining the bridge in circuit; make no further adjustment 
to the exciter except to regulate drive as necessary. 

Now tune the L-net (C3) for maximum grid current and 
load the pa normally. Then, keeping C3 in tune, adjust the 
tap on LI until maximum grid current coincides with 
minimum swr on the input line. (Remember to switch off pa 
ht and check for safety before each adjustment). Repeat the 
process on the remaining bands, tapping L2 as necessary. 
This method should result in an swr of <1-5 : 1 on 

28MHz and <1-25 : 1 on all other bands; without the L-net 
the figure may rise to as high as 3 : 1 on some bands. 

AN SL600 SERIES SSB TRANSCEIVER 

This section describes the i.f. and af signal circuitry of 
a single-sideband transceiver designed by the applications 
department of Plessey Semiconductors using their SL600 
series integrated circuits. The unit consists of a single 
printed-circuit board which requires only the addition of a 
local oscillator, preselector, linear amplifier, volume control, 
microphone and loudspeaker to make a complete trans¬ 
ceiver. The transceiver may be used at any frequency from a 
few kilohertz to 500MHz. The complete circuit is shown in 
Fig 6.199 and is described below. 
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Fig 6.199. Circuit diagram. 

Receiver 
The receiver consists of a single-conversion superhet with a 

9MHz i.f. In order to optimize its intermodulation per¬ 
formance there is no rf amplifier, and the incoming signal 
is fed directly to a hot-carrier diode ring mixer and then to the 
crystal filter. The i.f. sensitivity is such that at frequencies of 
30MHz or less no rf amplification is required if a reasonable 
aerial is used (as it would be with a transceiver) but if the 
receiver is used at frequencies of over 30MHz. or with a less 
than ideal aerial, some rf gain may be necessary to obtain 
the necessary noise figure. The rf amplifier used should have 
the lowest gain consistent with the frequency and aerial to be 
employed and must have good large signal-handling cap¬ 
ability if the receiver performance is not to be degraded. 

The mixer is an Anzac MD108 hot-carrier diode ring. This 
was chosen for its conveniently small size, high performance 
and low cost, but doubtless similar devices from other 
manufacturers could be used. All the ports of this ring are 
50ÍI, and two have a frequency range of 5 MHz to 500MHz 
while the third has a frequency range of de to 500MHz. 
The input from the aerial is applied to this de to 500MHz 
port via a preselector, and the local oscillator at a level of 
+ 7dBm (500mV rms) is applied at pin 8. The mixer output 
from the last port passes a ferrite toroidal transformer to 
match it to the 500Q input impedance of the filter. If other 
filters are used the impedance-matching transformer may 
need to be altered. 

Once the signal has passed the crystal filter, a 2-4kHz 
bandwidth 9MHz filter with 90dB stopband suppression (the 
SEI QC1246AX), there is little further risk of cross-modula¬ 
tion or intermodulation. The i.f. strip consists of three 
cascaded SL612C i.f. amplifier circuits followed by an 
SL640C product detector. Without age applied, each SL612C 
has 34dB gain and 15MHz bandwidth. A broadband i.f. strip 
of three SL612Cs has over lOOdB gain and 15MHz band¬ 
width and can very easily become unstable. The circuit board 
layout used for this transceiver is critical if the i.f. strip is 
to be stable. It is relatively easy to make a three-stage broad¬ 
band strip on double-sided printed circuit board if the 
component side is left as a plane of grounded copper, but on 
single-sided board the layout used in this description should 
be rigidly adhered to. 

The beat frequency oscillator for the product detector 
is a fet crystal oscillator. It delivers about 100mV rms to 
the SL640C product detector and also supplies the carrier for 
the transmitter modulator. One of two crystals for upper or 
lower sideband is selected by diode switches. 

The detected audio from the product detector drives an 
SL630C output stage, which is capable of providing about 
65mW to headphones or a small loudspeaker and also drives 
an SL621C age system. The SL630C has voltage-controlled 
gain so the volume control consists of a potentiometer pro¬ 
viding the control voltage to the SL630C. If 65mW is insuffi¬ 
cient output (it is worth listening to it before deciding as it is 
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Fig 6.200. PCB pattern, actual size. 

Fig 6.201. Component layout, actual size. 
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6V 

TRANSCEIVER BOARD 100 mW 
500mV 

Local 

control 

+ 6V 
Select 

Or relay 

OV 

Pre - selector 
f i iter Fig 6.202. Block diagram of 

transceiver. 

the impedance-matching transformer and is mixed with the 
local oscillator to give the final transmitter frequency (and 
an image which is removed by the preselector). This is ampli¬ 
fied by the linear amplifier and transmitted. The output from 
the preselector is about 70mV rms. 

Manual 
Tx Gain 

Low impedance 
microphone 

usually adequate for domestic listening), an external higher 
power audio amplifier may be driven either from the SL63OC 
output or directly from the product detector. 
The age is provided by an SL621C audio-derived age 

system. Its output is buffered by a transistor TR2 to enable 
an S-meter to be connected if required. Since TR2 reduces 
the available age voltage swing, age is applied to all three 
i.f. stages to ensure that the age can cope with the receiver’s 
!14dB dynamic range. If R7 is replaced by a germanium 
diode there will be a delay to the first stage age which may 
improve the receiver noise figure very slightly on small 
signals—this is barely worthwhile. The capacitors Cl6, Cl8 
and C20 are kept down to 4,700pF in order to retain the 
ignition suppression characteristics of the system. 

TX output 

Rx input 

Transmitter 

The transmitter is also single conversion. It generates 
single-sideband at 9MHz by the filter method, using the same 
crystal filter as the receiver. The 9MHz ssb is then converted 
to the final frequency by the MD108 ring mixer with the 
unwanted product being removed by the preselector. This 
system entails no signal switching between the aerial side of 
the preselector and the transmitter/receiver side of the crystal 
filter on the change-over from receive to transmit. All the 
transmit/receive switching on the board is achieved by turn¬ 
ing on the appropriate power line (transmit or receive) and 
grounding the unused line. The grounding of the unused line 
is most important and instability can result if it is not done. 

The audio input from the microphone is amplified by an 
SL622C age amplifier which will give a constant 100mV 
rms output for a 60dB range of input. If a single ended input 
is used rather than a balanced input this dynamic range is 
reduced to about 46dB. In most systems, 60dB input dynamic 
range is too large, 40dB being sufficient, so R5 has been 
included in the circuit. If 60dB is required R5 should be 
omitted and C9 reduced to 4,700pF. 

The audio output from the SL622C goes to the SL640C 
double-balanced modulator. The carrier input to this modu¬ 
lator is fed by the bfo (which works on both transmit and 
receive since its power may be derived from either line via 
diodes D5 and D6). The output of the SL640C consists of 
double-sideband with low carrier leak (usually —40dB on 
signal) which is amplified by an SL610C which may have its 
gain controlled either by an ale signal derived from the trans¬ 
mitter linear amplifier or manually by a de gain control. 
This amplified dsb is applied to the filter to yield ssb. 
Resistors RI and R2 ensure a correct match to the filter both 
on transmit and receive. 

The ssb output from the filter passes to the diode ring via 

Construction 

The system is built on a single-sided printed circuit board 
(Figs 6.200 and 6.201) with two wire links—one in the receive 
supply, the other in the transmit supply. If only a receiver is 
required the components RI to R5 inclusive, Cl to C13 
inclusive, C40, and the semiconductors IC9, IC10, ICI I, D5 
and D6 must be omitted, a wire link connected where D5 was, 
and a 5OOÍ2 resistor connected from the filter end of R6 to 
earth. 

The layout of the board is critical and changes of printed 
circuit design will almost certainly lead to instability unless 
double-sided board is used. The design shown may be built 
on double-sided board quite safely. 

The components used in the original are given in Table 
6.37. Bead tantalum capacitors are used where possible 
for their small size but since they are hard to obtain in high 
capacitances at high voltages aluminium electrolytics have 
been specified in two places. The WeeCon capacitors 
specified may be replaced with other miniature high-K 
ceramic capacitors but the values of any components should 
not be altered without very good reason. The resistors are 
all JW 10 per cent types. 

Transformer T2 is made on an ITT CR 071-8A ferrite core. 
In fact any small ferrite or iron dust toroid with cross-section 
greater than 3mm2 and diameter between 7 and 12mm, 
capable of working at 9MHz, may be used. Square-loop 
materials, however, are not suitable. Four 5cm lengths of 
26swg wire are twisted together, and two turns are wound 
on the core with the twisted wire. The ends are then opened 
and three windings are connected in series for the filter 
winding and the fourth is used as the winding connected to 
the diode ring. Transformer T1 is wound on a core of the 
same type and has a nine-turn primary and a single-turn 
secondary. 
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TABLE 6.37 

IC3.4. 5, SL612C 
IC7 SL63OC 
IC9 SL622C 
IC6.10 SL640C 
IC8 SL621C 
IC11 SL610C 
R1,3,7-9 100Q |W hi-stab carbon film 
R2 430Í2 |W hi-stab carbon film 
R4 30kil |W hi-stab carbon film 
R5 1 ki2 |W hi-stab carbon film 
R6 50Q |W hi-stab carbon film 
R10,12 33OQ |W hi-stab carbon film 
R11 100kQ |W hi-stab carbon film 
R13 10Q |W hi-stab carbon film 
01,2,3,4,11,12. 
22,29,41 1nF 

C5,8,23,26 10mF 6-3V 
C6.14.15.17.19, 
21,37 100pF 

C7,32 47mF 6-3V 
C16.18.20 4-7nF 
C10 2MF 16V 
C13.25.39 0-1 mF 
C27 150mF6V 
C31.33 1OOmF6-3V 

Wee Con 
tantalum bead 

ceramic 
tantalum bead 
Wee Con 
tantalum bead 
Wee Con 
electrolytic 
tantalum bead 

C9.24.28. 38, 40 10nF Wee Con 
C30 1pF 35V tantalum bead 
C34 500/iF 16V electrolytic 
C35,36 68pF ceramic (see text) 
D1-6 1 N4148 or similar low capacitance switching diode 
TR1 2N3819 or similar N channel jfet 
TR2 2N706 or similar low-cost silicon npn transistor 
Filter SEI QC1246AX with sideband crystals (or KVG 

XF-9B) 
Mixer Anzac MD108 hot carrier diode ring mixer 

Component List 

The values of C35 and 36 may require slight adjustment 
under test conditions to ensure satisfactory oscillator 
operation. If this is done, both values should still be kept 
equal. 

A small number of the transceivers built from this design 
suffer from apparent age instability. The symptoms are 
generally motor-boating at certain signal levels. 

The problem is not, in fact, due to the age but to instability 
caused by i.f. feedback through the unused transmitter 
section of the circuit. It may easily be cured by connecting 
a single 0-1 ;iF capacitor with low rf resistance between the 
transmitter section power supply rail and ground—as near 
as possible to the SL610C amplifier. 

Installing this capacitor does not remove the necessity of 
grounding the transmitter power rail during reception, and 
vice versa. 

Conclusion 
A block diagram of the system’s use in a single band 

transceiver is shown in Fig 6.202. Obviously it may be used 
in many different transceivers, the one in Fig 6.202 being the 
simplest. 

This transceiver is probably the simplest which may be 
made using the SL600 Series but its performance is not 
compromised. It has a sensitivity of better than 0-5¡xV for 
lOdB s/n, it can handle signals of over 200mV rms at the 
diode ring with minimal intermodulation, and the board 
uses less than 500mW on transmit or receive. It has been 
designed so that anyone with basic technical competence but 
without previous experience in ssb transceiver design can 
build a successful ssb transceiver. 

A complete kit of parts for this design is available from 
Amateur Radio Bulk Buying Group, Communications House, 
20 Wallington Square, Wallington, Surrey. 

A 30MHz SOLID STATE LINEAR AMPLIFIER 

The theoretical principles of solid state linear power 
amplifiers are similar to those applying to their valve counter¬ 
parts. In recent years hf power transistors with characteristics 
sufficiently linear for ssb applications have been developed. 
In the interests of efficiency these are normally operated in 
class B, and this mode of operation demands a small forward 
bias to establish a zero-signal collector current of typically 
2-20mA. The design of the biasing circuit is important, 
mainly with regard to the low impedance which is necessary 
to minimize variations in the bias over the operating cycle. 
The design techniques relating to interstage coupling and 
output matching are as described earlier in this chapter. 

Fig 6.203. A 30MHz linear amplifier delivering 15 to 20W p.e.p. 
(Motorola). 

The 30MHz amplifier shown in Fig 6.203 is capable of 
delivering 15 to 20W p.e.p. with all odd order distortion 
products at least 30dB below the desired signal in a two-tone 
ssb test. The transistor is a 2N3297 npn silicon unit in a 
TO-3 (diamond) package. 

The input circuit is a tapped network for which the primary 
function is impedance matching for maximum power 
transfer. 

The transistor is bolted to the chassis for heat sinking, 
and two mica spacers isolate the collector electrically while 
providing the required thermal conductivity. Two spacers 
are used instead of one to reduce the capacitance between 
chassis and the collector, the latter being electrically con¬ 
nected to the transistor package. The total output capacitance 
of the 2N3297 with two spacers is about lOOpF and the out¬ 
put circuit is designed to operate with this output capacitance 
in parallel with C4 and C5. 

The forward bias required for linearity is supplied by the 
bias source in the base circuit and the impedance of the 
bias divider is selected for the best combination of linearity 
and collector efficiency. Collector current is 5mA with no 
signal at the input. 

The performance data for this circuit is given in Table 6.38. 
More power output can be obtained at the expense of 
linearity. As shown, power output can be increased to 30W 
p.e.p. but in doing so the signal-to-distortion ratio is reduced 
to 22dB. Power output can also be increased by connecting 
transistors in parallel. 

TABLE 6.38 
Performance data of 30MHi linear amplifier 

Power output 
(P-e.p) 

3rd order 
distortion 

(dB) 

5th order 
distortion 

(dB) 

Power gain 

(dB) 

Collector 
efficiency 
(per cent) 

15 
30 

—32 
—22 

—37 
—37 

12 
9-6 

52 
51 
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Fig 6.204. Two basic transmission line transformer configurations. 
(a)1 : 4 transformer (b) 9 : 1 transformer. 

The linearity of the amplifier of this type is optimum if it is 
slightly more heavily loaded than for the conditions of 
maximum power output. This entails tuning and loading the 
output pi-network in the usual manner to obtain maximum 
power output as indicated on a reflectometer. The loading 
capacitor is then decreased slightly and the tuning capacitor 
re-adjusted. 

A 100W BROADBAND LINEAR AMPLIFIER 

The solid state linear amplifier requires careful matching 
for satisfactory operation and this results in a more compli¬ 
cated tuning procedure than is necessary in valve amplifiers. 
Band changing is a particularly daunting task. This has 
prompted the development of broadband linear amplifiers 
which may be driven from ssb exciters at any frequency from 
2 to 30MHz and which produce reasonably constant power 
output over this range with no adjustment. 

The basis of this technique is the use of transmission line 
transformers as a means of obtaining impedance transforma¬ 
tion over a wide range of frequencies. The transmission line 
transformer may be more familiar in its role as a matching 
device between a transmission line and an aerial and particu¬ 
larly in its simplest form, the balun, which is used to couple 
a balanced aerial to an unbalanced line. The use of ferrite 
ring cores greatly reduces the length of lines required in these 
transformers while still providing satisfactory transformer 
action. Operation over a wide frequency range is assisted 
by the fall in core efficiency which occurs as frequency 
increases, and this tends to keep the reactance of the line 
constant. Only certain transformation ratios, such as 1 : 1, 
4 : 1 and 9 : 1 are available with this type of transformer. 
The transmission line which is wound on the ring core is 
usually in the form of miniature coaxial cable or a twisted 
pair of enamelled copper wires. Two basic configurations 
are shown in Fig 6.204, that shown in Fig 6.204(a) being 
utilized in the following design. 

The circuit of the broadband amplifier, which is of Mullard 
design, is shown in Fig 6.205. It uses a matched pair of 
BLX14 transistors in class AB push-pull and can deliver 
up to 100W p.e.p. over the frequency range 1-6 to 30MHz 
with a maximum intermodulation distortion level of —30dB. 
The overall gain over the band is 16-75 ±O-75dB and the 

Fig 6.205. Circuit diagram of the 100W broadband linear amplifier (Mullard). 
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Fig 6.206. Bias compensation circuit. 

minimum two-tone efficiency at 30MHz is 42 per cent. The 
vswr is less than 1-4:1. 

Circuit Description 

The input and output transformers T1 and T3 are both 
transmission line types with impedance transformations 
of 1 : 4 and 4 : I respectively. Each comprises a Ferroxcube 
toroid wound with 50Í1 coaxial cable. 

The BLX14 transistors are adjusted in class AB, each 
with a quiescent collector current of 70mA. A suitable 
temperature-compensated bias supply is described below. 
Variations in the gain and input impedance of the transistors 
over the band are compensated for by an LCR network 
between the input transformer and the push-pull pair. 
Blocking capacitors C3 and C4 also compensate for the 
shunting effect of the input transformer inductance on the 
LCR network. 
The collector choke T2, wound on a Ferroxcube rod, 

provides tight coupling between the collectors of the tran¬ 
sistors for even-order harmonics. This coupling, very nearly 
100 per cent, together with the cross-neutralization provided 
by CIO and CH, results in reduced second-harmcnic 
distortion. 

Because of the practical difficulty of centre-tapping T2, 
two separate decoupling capacitors Cl2 and Cl3, each 
consisting of three parallel lOOnF capacitors, are employed. 
Ferrite chokes L7 and L8 eliminate the possibility of in-band 
parallel resonance by reducing the resonant frequency of the 
collector choke circuit to a value below 1M Hz. 

Blocking capacitors C14 and CI5 provide low-frequency 
compensation for the inductance of the collector choke 
and transformer T3. Resistors R6 and R7 in series with 
the neutralizing capacitors CIO and Cl I prevent oscillation 
in the 100MHz region if the 50Q output load is removed. 

Bias Compensation 

Bias compensation is needed to prevent changes in 
quiescent collector current due to variations in temperature. 
A suitable circuit is given in Fig 6.206. The output voltage is 
equal to the sum of the base-emitter voltage of the sensing 
transistor TR3 and the voltage across R9. The potentiometer 
R9 is used to adjust the quiescent current in the BLX14 
transistors to the required value. The three capacitors C16, 
C17 and C18 prevent oscillation and provide a low-reactance 

TABLE 6.39 
Component details for the 100W broadband linear amplifier 

R2,3 
R4, 5 
R6.7 
R8 

R10 
R11 
C1 
C2 
C3, 4, 7,16,17, 

18 
C5.6 
C8.9 
C10.11 
C12.13 
C14.15 
T1 

T2 

T3 

L1.2 

L3.4 

L5.6.7.8 

2-2Q 0-3W 
3 x 27Q in parallel 0-3W 
15Q 0-3W 
3-3 Q 0-3W 
1-5kQ 0-5W 
6-8Í2, 1W ww, 4.10 per cent pot. 
2 X 1 20Í 2, 5-5VV ww, ±10 per cent pot in parallel 
15OÍ2 0 3W 
10pF ceramic 
270pF polystyrene 

100nF metallized polyester 
330pF polystyrene 
2 X V2nF in parallel, polystyrene 
82pF ceramic 
3 X 100nF in parallel, metallized polyester 
3 X 22nF in parallel, metallized polyester 
PTFE jacketed 2-5mm outer diam 5OÍ2 coaxial 
cable wound on a 4C6 Ferroxcube toroid, 23 by 
14 by 7mm, Philips type 4322 020 91070, as shown 
in Fig 6.207. n, = 9 turns and nt = n3 = 4-5 
turns. Suitable alternative cores are Mullard 
toroids FX1582 (25-4mm diam) or FX1588, 
FX1589 (38mm diam). 
6 turns, twisted-pair 07mm enam copper wound 
on a 4B1 Ferroxcube tube, 7-7 by 4-6 by 50mm, 
Philips type 4322 020 34320, as shown in Fig 6.208. 
Suitable alternative cores are Mullard FX1159 tube 
or FX1099 rod. If these are unavailable use a 
length of 8mm diam ferrite rod. 
PTFE jacketed 2-5mm outer diam 5OÍ2 coaxial 
cable wound on a 4C6 Ferroxcube toroid, 36 by 
23 by 15mm. Philips type 432202091090, paralleled 
as shown in Fig 6.209. n( = n2 = 3-5 turns and n3 = 
7 turns. Two stacked toroids of type FX1 588 or 
FX1589 can be substituted for the Philips toroid. 
27nH; 2-5 turns, 07mm enam copper, close¬ 
wound, internal diameter 3-2mm, leads 3-2mm. 
40nH; 2-5 turns, 07mm, closewound, internal 
diameter 4'2mm, leads 4-2mm. 
3 turns, 0-6mm enam copper wound on FX1898 
Ferroxcube core. 

path for rf signals entering the circuit from the output side. 
The sensing transistor TR3 is mounted on the heat sink 
as close as possible to the BLX14 transistor. 

Construction 

Component details are given in Table 6.39, and the winding 
details of the broadband transformers are given in Figs 6.207 
to 6.209. 

The rf circuit components are mounted on a glass fibre 
printed circuit board, dimensions 200 by 135 by 1-6mm (see 
Fig 6.210). The board is double-clad, that is, the lower side 
is left unprocessed and functions as the earth plane. Isolated 
parts on the upper side are used for mounting and inter¬ 
connection. For components connected to earth, leads are 
fed through holes in the board. If leads cannot be used, or if 
low-inductance connections are required, 2mm tubular rivets 
are inserted in the board. 

A separate printed circuit board is used for the bias 
circuit (Fig 6.211). This circuit, with the exception of the 
potentiometer R9 which is mounted on the upperside of the 
rf circuit board, is screwed on to the heat sink. 

A length of finned aluminium heat sink is used with one 
of the fins removed to make room for the bias circuit wiring 
board (see Fig 6.212). A solid block of aluminium, 130 by 
30 by 30mm, provides thermal coupling between the transistor 
studs and the heat sink. The estimated thermal resistance of 
the modified heat sink with a low-velocity forced airflow 
amounts to 0-5° C/W. Total maximum dissipation (at 100W 
single-tone and 28MHz) is about 80W, neglecting the dissipa¬ 
tion of the bias circuit transistors. 
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Fig 6.207. Winding of transformer T1 with interconnection detail 
shown enlarged. 

Fig 6.208. Winding of transformer T2. 
Fig 6.209. Winding of transformer T3 with interconnection detail 

shown enlarged. 

Fig 6.210. Main circuit board 
layout. 

Fig6.212. Heat sink assembly. 
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CHAPTER. 7 

VHIF AND UHF TRANSMITTERS 

TRANSMITTERS for use in the amateur vhf and uhf 
allocations, the frequency spectrum above 30MHz, 

employ the same general principles as those designed for the 
lower frequency areas, that is to say, they utilize a stable 
signal generating source, a chain of frequency multipliers and 
a final power amplifying stage. There the resemblance ends: 
the design of transmittersforvhf/uhf (known for convenience 
as the metre-wave bands) calls for great attention to be given 
to such factors as stray capacitance, excessive lead inductance 
and the self-resonance of certain components. Moreover, 
transmitters for the metre-waves, unlike those intended for 
the hf spectrum, customarily cover one amateur allocation 
only, in the interests of maximum efficiency. 
In the UK the vhf/uhf bands are those commonly known 

as 4m, 2m, 70cm and 23cm, of which the last three are in 
partial harmonic relationship (Fig 7.1(a)), a circumstance 
that permits the design of a three-band exciter capable of 
furnishing drive to multipliers for the next bands up. 
Fig 7.1(b) shows the proximity of these bands to broad¬ 
casting services. 

In Fig 7.2 the block diagram illustrates the stages 
required to realize multiband output. The earlier stages 
of the exciter unit would need to be either tunable or broad¬ 
banded enough to cover the whole range of output frequen¬ 
cies required. 

CHOICE OF FREQUENCY 

different starting frequency; a high starting frequency may be 
used with crystals (provided they are operated within their 
ratings), but adequate stability in a vfo becomes more diffi¬ 
cult to achieve as the starting frequency is raised. 

Choice of multiplier frequency is governed by a further 
factor: the need to ensure that no undue radiation occurs on 
unwanted frequencies. For this reason it is desirable to oper¬ 
ate exciter stages at low power levels even if this necessitates 

70-025 70.7 

2m ► 

433.5 440 
70cm ► 

1298 
23cm ► t 

Frequency (MHz) 

2m, 
70 & 23cm 

Fig 7.1 (a). The harmonic relationship of four of the UK metre-wave 
bands, the frequency extent of which is: 

4m 70 025 to 70 7MHz 
2m 144 000 to 146 000MHz 
70cm 432 000 to 440 000M Hz 
23cm 1,215 000 to 1,325 000MHz 

The communications sections are shown shaded. Other amateur 
services occupy the remainder, eg amateur television above 433-5 
MHz. Fig7.1 (b) (below) shows the UK metre-wave bands in relation 

to television sectors 

The actual number of stages required in the exciter section 
of a vhf/uhf transmitter is governed by the starting frequency 
of the oscillator and the final operating frequency. In between 
a number of doubling or trebling stages are provided. At 
lower frequencies quadrupling may be used. Table 7.1 
shows typical oscillator starting frequencies for four metre¬ 
wave bands, the multiplication factors required, and the final 
output frequencies. For convenience a 2MHz span is shown 
for the 70cm and 23cm bands, though in fact these bands 
extend considerably beyond these limits, and in their upper 
reaches accommodate amateur television transmissions. 
Voice communication in the 70cm band in the UK is con¬ 
fined to the area 432 000 to 433-5OOMHz. 

In addition to the multipliers in a vhf/uhf transmitter chain 
additional amplifier stages are occasionally called for in such 
services as a buffer (isolation) amplifier between a variable 
frequency oscillator (vfo) and a subsequent stage, to prevent 
frequency pulling, or as an amplifier after the last multiplier 
to provide sufficient output to drive a large final amplifier. 

The choice of the frequencies to be used in the oscillator 
and following frequency multiplier stages will be governed by 
the crystals or vfo which the constructor has available to him. 
Each of these two sources of frequency control may require a 

70 MHz 

1296MHz (23cm) 

2300 MHz (13cm) 

70MHz-3rd harmonic 

144 MHz-2nd harmonic 

432MHz 

432 MHz-2nd harmonic 

70MHz - 2nd harmonic 

144 MHz 

41«5 

TV 
BAND 

_66-75 x& 

88 — 
1On MM? 97 _ i%2 

[l44 146 ‘—■— 

176 

Frequency 214 — 
in MHz 

288 292 

471 
581 
615 

853 — 
IOOOMMy 

[1215—1325 

I 2300-24 60 '—— 
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the addition of a driver-amplifier stage later in the design. 
Such an amplifier both raises the power level to the final 
stage and attenuates in its tuned circuits unwanted harmonics 
generated earlier. 

Study of the figures given in Table 7.1 will assist in the 
selection of a starting frequency (crystal or vfo). For example, 
an oscillator at 72MHz will require no more than a single 
doubler after it to reach the 144MHz (2m) band. By adding a 
tripler stage 432MHz may be reached. A further tripler will 
deliver output in the 1,296MHz band. At such a high starting 
frequency separation of harmonics at the higher frequencies 
is an easy matter. 

OSCILLATORS 

In the design of a vhf/uhf transmitter for the amateur bands 
three basic types of oscillator are available, the traditional 
crystal controlled oscillator, the variable crystal oscillator 
(vxo) and the variable frequency oscillator. The advantages 
and disadvantages of each are as follows: 

Crystal controlled oscillator: reliable frequency location, 
negligible short-term or warm-up drift and the ability to 
achieve a clean note (important when Al cw is to be used) 
are important advantages provided by this form of oscillator, 
coupled with the fact that no control is needed, apart from a 
selection switch if several crystals are to be used. Two dis¬ 
advantages of crystal control are that care to avoid output on 
unwanted frequencies must be taken (which applies to any 
form of signal source), but perhaps more important is the 
operator’s inability to move frequency in the presence of on-
channel interference. 

Variable crystal oscillator (vxo): the small variable tuning 
range provided by a vxo permits the user to avoid on-channel 
interference when this occurs. Like the crystal oscillator, the 
vxo displays acceptable short-term and warm-up drift, and 
reliable frequency setting. A small disadvantage is that 
it is slightly more complex and requires care in the mechanical 
construction and layout. In some designs of vxo it is not pos¬ 
sible to depart far from the nominal frequency of the crystal in 
use without endangering the quality of the emitted note. 

Variable frequency oscillator: The choice of frequency range 
to be covered by a vfo for use on the metre-wave bands may 
be made by the operator to suit his particular operating 
habits and preferences. Almost certainly he will wish to em¬ 
ploy a design capable of covering the whole of the communi¬ 
cation areas of the bands in which he is interested rather than 
the restricted spots within the bands which the use of a crystal 
oscillator or vxo compels. This frequency freedom is ob¬ 
tained at a price: great care must be exercised in the con¬ 
struction of a vfo to achieve stability, a low order of frequency 
drift and a clean note. 

Each of these forms of signal source—crystal oscillator, 
vxo and vfo—will now' be dealt with in more detail. 

The Crystal Oscillator 

Crystal oscillators required for vhf/uhf converters or for 
the control of metre-wave transmitters will operate on the 
fundamental frequency of the crystal or in the case of har¬ 
monic generators on multiples of it, eg a converter crystal of 
a fundamental frequency of 35MHz could be used to provide 
the fourth harmonic at 140MHz simply by tuning the anode 
circuit to this higher frequency. 

Parallel resonance crystal oscillators are shown at Figs 7.3 
to 7.6. 

TABLE 7.1 
Multiplication factors required for four vhf/uhf bands 

Multiplication 
Factor 

4m Band 2m Band 
70.025-70.7 144—146 

x2 
x3 
x4 (x2x2) 
x5 
x6 (x2x3) 
x8 (x2x2x2) 
x9 (x3x3) 
x10 (x5x2) 
x12 (x3x2x2) 
x16 (x2x2x2x2) 
x18 (x3x3x2) 
x20 (x5x2x2) 
x24 (x3x2x2x2) 

35.013-35.350 
23.342-23.566 
17.507-17.675 
14.005-14.140 
11.671-11.783 
8.753- 8.837 
7.781- 7.855 
7.025- 7.070 
5.836- 5.891 

72-73 
48-48.6 
36-36.5 

28.8-29.2 
24-24.3 
18-18.25 

14.4-14.6 
16-16.2 
12-12.16 
9- 9.125 
8- 8.11 

7.2- 7.3 
6- 6.083 

Multiplication 
Factor 
x2 
x3 
x4 (x2x2) 
x5 
x6 (x2x3) 
x8 (x2x2x2) 
x9 (x3x3) 
x10 (x5x2) 
x12 (x3x2x2) 
x16 (x2x2x2x2) 
x18 (x3x3x2) 
x20 (x5x2x2) 
x24 (x3x2x2x2) 
x32 (x2x2x2x2x2) 
x36 (x3x3x2x2) 
x40 (x5x2x2x2) 
x48 (x3x4x4) 
x64 (x4x2x2x2x2) 

70cm Band 
432-434* 

23cm Band 
1296-1298** 

144-144.667 

6.75- 6.7813 

108. 
86.4 
72 
54 
48 
43.2 
36 
27 
24 
21.6 
18 
13.5 
12 
10.8 
9 

-108.5 
- 86.8 
- 72.3 
- 54.25 
- 48.2 
- 43.4 
- 36.165 
- 27.125 
- 24.1 
- 21.7 
- 18.0825 
- 13.653 
- 12.05 
- 10.85 
- 9.04125 

432-432.667 

144 -144.2 
129.6 -129.8 
108 -108.16 
81 - 81.125 
72 - 72.1 
64.8 - 64.9 
54 - 54.08 
40.5 - 40.563 
36 - 36.05 
32.4 - 32.45 
27 - 27.04 
20.25- 20.2813 

* For’convenience the band 432-434MHz is shown although in the UK there 
is little amateur voice communication above 433’5MHz. 
♦♦ Communication Section. 

Control 
frequency 

Fig 7.2. Block diagram to show how operation in the three harmoni¬ 
cally related areas of the 2m, 70cm and 23cm bands may be achieved. 
Inter-unit switching may be by coaxial relays in the linking coaxial 

leads 
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Series resonance crystal oscillators include such circuits as 
the Squier (Fig 7.7), suitable for fundamental frequency or 
overtone crystals but calling for care in setting up, and the 
Butler (Fig 7.8), again suitable for fundamental or overtone 
use. In the Butler the output inductor in the anode of V1B is 
tuned to the second, third or fourth harmonic. Matched 
resistors should be used in each cathode circuit of the values 
shown. At Fig 7.9 is shown a typical semiconductor harmonic 
generator in which the fifth harmonic is extracted from one 
set of inductors and the fifteenth from another pair, crystal 
connected in the emitter circuit of the transistor. 

Fig 7.3. A standard crystal oscillator in which the anode circuit is 
tuned to the fundamental of the crystal. A triode valve is shown for 

the sake of simplicity 

Fig 7.4. Basic Colpitts crystal oscillator. As a harmonic generator 
this circuit would require capacitance and inductance in the anode 
circuit tuned to f2, f3 or higher. Crystal starting is sometimes 
facilitated if a bypassed resistor of approx 380 Q is included at the 

earth end of the cathode choke 

Fig 7.7. The Squier oscillator, in which the position of the tap on 
the inductor determines the amount of feedback : as the tap is moved 
from the grid end feedback is increased until eventually instability 
ensu es. The circuit is suitable for use with fundamental and overtone 

crystals 

Fig 7.8. The Butler circuit: L2 is tuned to the crystal frequency and 
L1 to the required harmonic. Output may be taken from the cold 

end of L1 by means of a two-turn loop 

Fig 7.5. The basic Pierce 
oscillator is suitable, with 
no tuning, for crystals up 

to 20MHz 

Fig 7.6. Modified Pierce oscillator in which the anode circuit is tuned 
to the required order of harmonic. A high slope valve such as the 

E180F should be used in this circuit 

Fig 7.9. A transistor harmonic generator for series-resonant 
crystals. Any transistor rated to work in the 150MHz region will be 

suitable, PNP as shown or NPN if preferred 
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The Variable Frequency Crystal Oscillator (VXO) 
A transmitter intended to operate anywhere within the 2m 

band would require an inordinate number of individual 
crystals to provide complete coverage from 144 to 146MHz. 
It is possible, however, to “pull” the frequency of many 
crystals to a limited extent; for example, a crystal which in a 
“frequency pulling” circuit showed itself capable of providing 
a change of frequency of say 20kHz at 12MHz fundamental 
would at 144MHz provide a change of frequency of twelve 
times this value, ie 240kHz. It will be seen that quite a small 
number of crystals may therefore be used in the vxo mode to 
provide full frequency coverage in the 2m band. 

Crystals of similar type will not necessarily provide 
identical frequency excursions; some if pulled too far will 
produce a poor note and endanger the stability of the trans¬ 
mitter in which they are used. 

Typical vxo circuits are shown at Figs 7.10 and 7.11 for 
fundamental and harmonic output respectively, using any 
standard rf pentode of reasonable slope. A transistor equiva¬ 
lent is shown at Fig 7.11(b); any transistor rated to work at 
the frequency of the crystal in use may be employed. In this 
case the 9MHz output would be used to feed a chain of 
multipliers through 18MHz, 36MHz, 72MHz and 144MHz 
to the 2m amateur band. 

The Variable Frequency Oscillator for VHF 
From the profusion of available oscillator circuits amateur 

experimenters have evolved two distinct techniques for adap¬ 
ting the variable frequency oscillator to the vhf/uhf spectrum. 

One method is to use a vfo in place of a crystal at, say, 8 or 
12 MHz and to multiply its output through a chain of doublers 
or tripiers into the 2m band. An exceptionally stable design, 
both electrically and mechanically, is essential, for any drift 
or instability will be multiplied accordingly. 

The other approach uses the mixer/master oscillator tech¬ 
nique in which the output from a stable vfo at say 6 or 8MHz 
is mixed with that from a crystal chain at 138 or 136MHz to 
provide a 144MHz drive source. 

In either instance the vfo dial may be calibrated directly in 
terms of the frequency coverage in the 144-146MHz band. 

A vfo for the 2m band must conform with the following 
requirements : 

(a) the stability should be comparable with crystal control; 
(b) spurious emissions, both in band and out of band, 

must be reduced to the minimum; 
(c) the design should be realizable from ordinarily avail¬ 

able components. 

A MIXER-VFO FOR 2M 

A design of mixer-type vfo meeting the above criteria and 
developed by G2UJ and G5OX is shown at Fig 7.12. Output 
is provided at 72-73MHz to drive a transmitter final doubler 
at half the radiated frequency, thus preventing output from 
the pa stage from feeding back into the low level mixer. 

The following factors governed the choice of frequencies 
for the crystal and variable oscillators: 

(a) thestabilityshouldbe comparable with crystal control; 
(b) spurious emissions, both in and out of band, should be 

reduced to the minimum. 
With regard to (b) it was found essential to employ an over¬ 

tone crystal with output only on the frequency required for 
injection into the mixer. In the final design this frequency was 
set at 55-525MHz and this in turn governed the choice of 

Fig 7.10. A simple vxo using an 8MHz crystal-, o give 8MHz output 
in the anode circuit. The split stator grid capacitor should be 
calibrated to show the frequency swing available without instability 

HT + 250V 

Fig 7.11. A vxo circuit for use with 6, 8, 9 or 12MHz crystals to give 
multiplied output: (a) valve version; (b) transistor version 
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Fig 7.12. Diagram of a mixer vfo due to G2UJ/G5OX. The products 
of a high frequency crystal and a low frequency variable oscillator 
are added in the mixer to give output at 72-73M Hz to feed the final 

doubler of a 2m transmitter 

frequency coverage for the variable oscillator, a fet Vackar, 
namely 16-475 to 17-475MHzto provide the required 72MHz 
output. This output is applied through two buffer stages to 
the emitters of the push-pull mixer; the 500ß variable resistor 
connecting the two emitters allows exact balance to be 
achieved. 

The output of the 55-525MHz crystal oscillator and ampli¬ 
fier unit is coupled to the push-pull base inductor of the mixer 
pair, is added to the 17MHzinput at the emittersand appears 
as 72MHz at the push-pull collectors. Precautions are taken 
to minimize unwanted harmonic output, for example, by 
careful selection of the source resistor RI (the best value to 
reduce fourth and lower harmonic output may be found by 
experiment). 

Direct coupling between the drain of the fet oscillator and 
the base of the first buffer will give far greater output from the 
latter stage without any deterioration in performance, in fact 
as much as 7V rf could be realized from the output of the 
second buffer amplifier. The optimum drive to the mixer will 
be found to lie around only 1-5V rf. Adjustment may be made 
by varying the value of R2, which should be replaced by a 
fixed resistor when the correct value has been ascertained. 
The output of the variable oscillator remains constant over 
90 per cent of the band. 

The variable oscillator and two stage amplifier may be 
built as a separate unit, the crystal and single stage amplifier 
as another unit, and the mixer as a third, all screened from 
one another and the individual supplies decoupled. 

Setting up: The output from the crystal chain should be 
adjusted, by varying the link coupling, to be approximately 
3V at the base of each of the mixer transistors. The circuit 
may be detuned by the valve voltmeter probe used to 

measure the rf voltage, and temporary retuning may be 
required. About IV of rf should then be injected from the 
variable oscillator, its tuning range having been previously 
checked on an hf bands receiver. The collector circuit of the 
mixer is tuned to resonance in the band 72-73MHz by means 
of an rf indicator connected across the output link. Coupling 
should be quite light at this stage. The point of resonance may 
be checked by listening on a 2m receiver, to avoid the possibil¬ 
ity that the circuit might be tuned to the crystal frequency, 
though with the considerable separation between the crystal 
and output frequencies this is unlikely. 

With the trimmer across the mixer collector circuit at maxi¬ 
mum capacitance it should be possible to detect a signal 
from the crystal frequency : this should be reduced to as low a 
value as possible by adjustment of the 500 Í2 potentiometer 
in the emitter circuits. Next listen to the vfo output on the 2m 
receiver, if necessary disabling the converter rf stage to pre¬ 
vent overloading. This test will enable the presence of any 
gross spurious output to be discovered, and if any appears it 
will almost certainly be caused by excessive drive to the mixer 
from the variable oscillator. 

A valve voltmeter measuring both de and rf is invaluable in 
ascertaining transistor operating conditions and the rf output 
from the various circuits. Secondly, the use of a valve type 
grid dip oscillator in its ordinary mode can be dangerous to 
transistors as excessive rf voltage may easily be induced into 
the tuned circuit under test. A grid dip oscillator may be 
employed quite safely if, instead of using the indication of 
resonance of its built-in meter, a low reading milliammeter 
(say, 1mA fsd) is connected across the battery leads of the 
circuit being tested—battery disconnected. This auxiliary 
meter will give an indication of resonance with the coil of the 
gdo much farther away from the tuned circuit under test than 
would normally be the case and possible damage to the 
transistors thereby avoided. 
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A DIRECT DRIVE VFO UNIT 
The other approach to vfo design is to employ a unit 

(Fig 7.13) that may be used as a crystal substitute at 12MHz 
and will drive the 144MHz or 432MHz transmitter through a 
chain of multipliers. The following design (due to G8CGA) 
includes a small power supply unit and stabilizer (suitable 
equally for the mixer vfo already described). 

The Oscillator 
The oscillator operates at 12MHz and the circuit is shown 

in Fig 7.13. The trimmers VC2, VC3 and VC4 are all air di¬ 
electric variable types giving control of tuning range, 
feedback and frequency respectively, although all are inter¬ 
dependent. VC5 is a Tempatrimmer of 6-5pF capacitance, 
and provides an adjustable temperature coefficient from 
+ 2,000 to —2,000ppm/ C. Frequency modulation may be 
produced by a varactor but its effect is reduced by a small 
series capacitor and a large shunt capacitor, the overall 
effect being to produce 3kHz deviation at 2m for an audio 
signal of IV peak. 

The varactor is biased to one half of the stabilized oscil¬ 
lator supply voltage by a potential divider of33ki2 + 330k. 

The deviation for a IV audio signal can conveniently be 
checked by shunting the lower 33ki2 resistor with another of 
equal value. This changes the bias from 3V to 2V approxi¬ 
mately; if the required frequency shift does not occur, either 
the series or shunt capacitors may be modified. Care is 
needed to prevent rf being fed into any associated audio 
amplifier. 

The correct setting of the feedback capacitor V C3 is impor¬ 
tant in achieving good frequency stability. Only sufficient 
feedback to provide reliable operation over the band should 
be used. This can be achieved when the trimmer is about half 
meshed (approximately 12pF). 

With the feedback set and VC2 and VC4 adjusted so that 
the required tuning range is just covered by the full range of 
VC1, the frequency drift should be examined with the 
Tempatrimmer in its mid position. A likely result is an in¬ 
crease of frequency of some 9kHz at 2m during the first two 
minutes, due mainly to heating in the transistor, followed 
by a similar drift over the following 20 minutes as the whole 
unit reaches a stable operating temperature. This second 
drift can be almost entirely eliminated by careful adjustment 
of the Tempatrimmer, and frequency stability from hour to 
hour of ± 100Hz is achievable. 

During construction care must be taken that no connecting 
leads are in a state of mechanical stress: such leads tend to 
move with time and during heating cycles which cause 

changes of calibration. The coil is wound on a polystyrene 
rod and heavily doped with polystyrene cement. The fixed 
capacitors are anchored to solid objects with Araldite. 

The output lead should also be clamped to prevent move¬ 
ment in the hole in the cast box. 

The Amplifier 
The oscillator output is only a few tens of millivolts and 

this must be raised to about IV. 
To do this a four-stage amplifier is used. The first amplifier, 

TR4, is a fet as a source follower feeding a bipolar transistor, 
TR5, with rf grounded base. The collector output from TR5 
drives a conventional feedback amplifier, the resistor R14 
controlling the current drive to the base of TR6; this may be 
any value from zero upwards and in the original design was 
2-2kß. 

01 04 
4 X OA202 

Fig 7.15. The power supply unit and stabilizer for use either with the 
direct-drive vfo or the mixer-vfo described earlier. For battery 

operation omit all to the left of the dotted line 
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The Power Supply 
The vfo is mains driven using OA202 diodes in a bridge 

rectifier followed by a capacitor-resistor-capacitor filter. 
The source resistance of the supply plus the smoothing 

resistor adequately limits the current through the 12V zener 
diode to about 10mA, the current drain of the amplifier and 
oscillator being 24mA. The highly stable supply for the oscil¬ 
lator and first buffer amplifier uses a GET103 as a controlled 
series transistor, the output voltage being that of the zener 
diode plus the forward drop across one OA202 diode. 
Should it be desired to operate the oscillator from a battery 
supply, this stabilizer circuit will give substantially constant 
output until the battery has fallen to 6V. If a 9V battery is 
used to supply the entire vfo, the total battery drain is 22mA. 

Construction 
The oscillator must be rigidly built into a cast box 4i by 3j 

by 2in deep and the amplifier and power supply in a similar 
box. The two boxes may be fixed together, allowing a small 
space between them to reduce heat transfer from the power 
supply to the oscillator components. Fig 7.16 shows the 
approximate component layout of the oscillator unit; this 
may be varied to suit the components available. The tuning 
capacitor is bolted directly to the base of the box and all the 
air-spaced trimmers mounted off the base by 2BA bolts. 
TR3, R8, C8 and C9 are mounted on a piece of 015in 
matrix Veroboard about lin square also mounted on a 2BA 

Fig 7.17. Calibration curve for the 12MHz vfo in terms of 2m 
frequencies 

C1, X 1,000mF15V 
C3 I.OOOpF 
C4 100pF silvered mica 
C5 4-7pF silvered mica 
C6 150pF silvered mica 
C7 22pF silvered mica 
C8 1,000pF silvered mica 
C9 22pF silvered mica 
C10 1,000pF silvered mica 
C11-14 1,000pF 
D1-6 OA202 
D7 BA141 
L 17 turns close wound 

18swg enamelled on 
jin diam polystyrene 
rod (1-1/xH) 

R1 1500 
R2 100kQ 
R3 2-7kQ 
R4 22kQ 
R5, 6* 33k£2 
R7* 3-3kQ 
R8 5-6kQ 
R9 2-2MQ 
R10 2-2kQ 

* These resistors are mounted 
on the amplifier board 

R11 4-7kQ 
R12 1kQ 
R13 2-2kQ 
R14 see text 
R15 1-5kQ 
R16 12kQ 
R17 47kQ 
R18 680Í2 
T1 Radiospares minia¬ 

ture mains—2, 6V 
secondaries in series 

TR1 GET103 
TR2 BC107 
TR3 2N3819 
TR4 2N3819 
TR5 BC107 
TR6, 7 BSX20 
VC1 Polar type C28. 6 

gaps of 0 015in (5-5-
28pF) 

VC2, 3, 4 Polar type C31, 9 
gaps of 0 015in (4-21 
pF) 

VC5 Oxley Tempatrim-
mer 6-5pF 

RFC1.2 1mH 
ZD1 12V 
ZD2 5-6V 

TABLE 7.2 
Direct drive vfo: components list 

bolt. The 6V supply, audio and rf output leads pass through 
clearance holes in the walls of the two boxes, Araldited to 
prevent movement. 

The amplifier and the stabilizer are mounted on a strip of 
Veroboard 3 J by Hin; an important connection is the rf 
ground to the base of TR5, which should be short and direct. 
The mains transformer, rectifiers, smoothing components and 
zener diode occupy the rest of the box and could of course be 
replaced by a battery for mobile operation. 

Calibration 
Calibration should not be attempted until the vfo when 

vigorously tapped shows little transient change of frequency 
and no permanent change at all. It should also be heat cycled 
a number of times, preferably to a higher temperature than it 
will ever reach in practice (say 50° C), as this helps to 
relieve mechanical strains in the wiring and components. 
Screwing the lid on to the oscillator box has a considerable 
effect on frequency and the final adjustment of the trimmers 
for frequency and band spread will have to be done by cut 
and try. In the final stages the lid should be firmly screwed on 
at each corner. 

FREQUENCY MULTIPLIERS 
Because frequency generation sources usually operate at hf 

for reasons of stability and good output, they must be fol¬ 
lowed by a chain of multipliers in order to realize output in 
the vhf/uhf spectrum. These multipliers may use transistors 
or valves, according to the constructor’s requirements. In the 
case of valves tetrodes or pentodes provide greatest sensi¬ 
tivity and efficiency; high sensitivity is desirable because a 
large amount of grid drive may not be available from the pre¬ 
ceding stage, particularly as the frequency of operation is 
increased. As the frequency increases the efficiency of multi¬ 
plying stages falls off and for this reason it is advisable that 
any quadrupling or tripling is confined to the early stages of 
the transmitter and that doubling only takes place in the later 
stages where the efficiency is lowest. 
To minimize the generation of unwanted frequencies, 

which would increase the possibility of interference to other 
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services, multiplying stages should be designed to give 
maximum output at the desired harmonic and minimum 
output at all other frequencies. This is achieved by the use 
of high Q tuned circuits, inductive or link coupling between 
stages, and operation at the lowest power level consistent 
with obtaining adequate drive to the succeeding stage. 

At frequencies up to 145MHz single ended multiplier 
stages are usually employed. Suitable valves for low power 
operation are the EF91 (CV138, 6AM6), QV03-12 (CV2129, 
5763) and E180F/6688. RF double tetrode valves are 
commonly used as push-pull frequency tripiers and can also 
be used as push-push doublers with the two anodes connec¬ 
ted in parallel. 

Triode frequency multipliers are sometimes employed in 
low power fixed and mobile transmitters, and their use in 
crystal-oscillator/multiplier circuits has already been men¬ 
tioned in the section dealing with overtone oscillators. At 
higher frequencies, for example as tripiers from 144MHz to 
430MHz, triodes such as the A2521 (6CR4), 5842 (417A), 
DET22 (CV273, TD03-10), EC8010, DET23 (CV354, 
TDO3-5), and DET24 (CV397, TD04-20) will be found 
suitable. Varactor diodes and some uhf power transistors 
may also be used as frequency multipliers. 

POWER AMPLIFIERS 

Power amplifying stages may employ triode or tetrode 
valves, used either singly or in push-pull. Tetrodes have the 
advantage that the power gain is greater and a lower grid 
drive is required, an important factor at the higher fre¬ 
quencies where in many instances only a low output is 
available from the preceding driver stage. 

For low and medium power 2m and 70cm transmitters 
undoubtedly the most popular valve is the rf power double 
tetrode, some versions of which are suitable for operation up 
to 600MHz. In the low power class with up to 10W anode 
dissipation, these valves are of miniature single-ended con¬ 
struction; examples are the Mullard QQV02-6 (6939) and 
QQV03-10 (6360). For higher power ratings up to a maxi¬ 
mum of 40W anode dissipation a double-ended construction 
is exemplified by the Mullard QQVO3 2OA (6252/AX9910) 
and QQV06-40A. These valves incorporate internal 
neutralizing capacitances and no external neutralization is 
necessary provided that input and output circuits are shielded 
from each other. 

Alternatively, grounded grid triodes for use as frequency 
multipliers, and amplifiers, offer somewhat simpler circuits. 
With such valves as the A2521 (6CR4), EC8010 (8556), 
DET22 (TD03-10) and DET24 (TD04-20) good power gain 
above 430MHz may be attained. 

Single tetrodes are commonly employed in high power 
2m transmitters, or a pair may be used in push-pull; suitable 
valves are the Mullard QY3-65 and QY3-125. For 70cm a 
typical high power amplifier consists of a 4X150A forced air 
cooled tetrode in a coaxial circuit; such an amplifier can be 
operated at the maximum input of 150W at 432MHz. 
Amplifiers for 23cm make use of planar electrode triodes in 
a coaxial circuit. 

A list of valves suitable for operation as power amplifiers 
and in the later frequency multiplying stages of vhf and 
uhf transmitters appears in Table 7.3. Detailed information 
on these types and in many instances application notes may 
be obtained from the valve manufacturers. 

Linear Operation 
In some applications power amplifiers are required to 

operate in the Class C mode, driven into grid current by the 
nreceding stage. In other applications linear operation is pre¬ 
ferred, where the valve works over the straight (linear) 
portion of its characteristic curve. With an output amplifier 
operated under Class ABI conditions a theoretical efficiency 
of 66% is possible and 50-55% is readily realizable in a 
practical design, whereas with Class C the theoretical efficiency 
is 75% and 50-70% achievable. The difference in output is 
unlikely to be significant except in special cases. 

The advantages which a linear amplifier offers compared 
with a Class C operation may be summarized as: 

(a) suitable for all modes of operation, ssb, a.m., nbfm and 
cw; 

(b) harmonic generation much lower than in a Class C 
amplifier; 

(c) drive requirements much lower. 
From these facts it will be appreciated that there is a 

significant saving in cost and weight if the high level modu¬ 
lator needed with a Class C amplifier may be dispensed with. 
Further, reduced harmonic content will be passed by the 
amplifier, for it is by definition a linear device: harmonic 
output could well be 25dB or more below the fundamental. 
The stage will of course amplify any harmonics present in the 
input waveform presented to it. In the case of a Class C 
amplifier there will be generation of harmonics even with a 
pure input signal. Any reduction of harmonic output is an 
advantage in abating interference to television. 

A further advantage of the linear amplifier is that its 
lower drive requirements may be provided readily by a 
transistor exciter, because as far as the amplifier is concerned, 
only voltage and not power is needed to operate it, although 
some power will be absorbed in the input circuit and valve 
capacitance: also, to provide a reasonably constant input 
load some power will be dissipated in an appropriate loading 
resistor. 

TUNED CIRCUITS 

At frequencies up to approximately 150MHz lumped 
circuits are efficient and are generally used throughout 
any vhf transmitter multiplying and amplifying stages. 
Above this frequency the efficiency of an inductor-capacitor 
tuned circuit falls off and use is made of parallel resonant 
lines up to frequencies of approximately 500MHz. At higher 
frequencies the spacing between parallel lines becomes 
appreciable compared to the wavelength and loss occurs by 
radiation from the lines; for this reason coaxial resonant 
lines in which the outer conductor is at earth potential to rf 
are employed at ultra high frequencies. The transition from 
one type of tuned circuit to the other occurs gradually and 
some overlap exists in the choice of a particular tuned circuit 
for a given frequency; for instance although the majority of 
144MHz transmitters make use of lumped circuits through¬ 
out, a quarter wavelength line is sometimes employed as the 
tank circuit in a medium or high power amplifying stage. At 
430MHz the tendency is to use parallel-line circuits at low 
and medium powers and coaxial or cavity circuits in high 
power transmitters. 

The inductors used in lumped circuits should be of self-
supporting air spaced construction, and can conveniently be 
wound with soft drawn enamelled copper wire, having a 
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TABLE 7.3 

Make Type No. Class Base 
Cathode Limiting Va ues 

Max. 
freq, 
full 

Output 
at full 
ratings 
(W) 

Max. 
freq, 

reduced 
ratings 
(MHz) 

Output 

reduced 
ratings 
(W) Type V A Pa Va VO2 (MHx) 

Mullard 
U.S.A. 
CV 

ECC9I 
6J6 
858 

Double-triode B7G IH 6 3 0 45 2x15 300 — 80 3 5 — 10 at 
250 
MHz 

Mullard EC56 Disc-seal triode Octal IH 6-3 065 10 300 — — — 4000 05 

Mullard EC57 Disc-seal triode Octal IH 6 3 0 65 10 300 — — — 4000 18 

M-O Valve 
Mullard 

I CV 

DET22 
TD03-I0 
273 

Disc-seal triode — IH 6 3 0 4 10 350 — 1000 2 8 3000 °s 1 

S.T.C. 
CV 

33B/I52M 
1540 

Double-triode B9G IH 6 3 092 15 375 — 300 28 — — 1 

M-O Valve 
Mullard 
CV 

DET24 
TD04-20 
397 

Disc-seal triode — IH 6 3 10 20 400 — 600 23 2000 3 5 

_ 

S.T.C. 
CV 

3B/240M 
2214 

Triode B8G IH 6 3 II 24 375 — 200 24 — 

M-O Valve 
CV 

ACT22 
257 

Disc-seal triode — IH 6 3 40 75 600 — 1000 90 — “ I 

Mullard 
CV 

QQV02-6 
2466 

Double-tetrode B9A IH 6 3 
12 6 

0 8 
0-4 r 2x3 275 200 200 6 500 

5 1 

Mullard 
CV 

QV04-7 
309 

Tetrode B9G IH 6 3 06 75 400 250 20 79 150 43 

Mullard 
U.S.A. 
CV 

QQV03-I0 
6360 
2798 

Double-tetrode B9A IH 6-3 
12 6 

0 8 1 
0 4 

2x5 300 200 100 16 225 125 

M-O Valve 
CV 

TTI5 
415,4046 

Double-tetrode B9G IH 6 3 1-6 2 X 7 5 400 — 200 12 250 — 

Mullard 
U.S.A. 
CV 

QQV04-I5 
832A 
788 

Double-tetrode B7A IH 6 3 
126 

1-6 1 
09 

2 X 7 5 750 250 100 26 250 18 

M-O Valve 
Mullard 
U.S.A. 
CV 

TT20 
QQVO3-2OA 
6252 
2799 

Double-tetrode B7A IH 6 3 
12 6 } 

2 X 10 600 250 200 48 600 20 

Mullard 
U.S.A. 
CV 

QV06-20 
6146 
3523 

Tetrode Octal IH 6 3 1-25 20 600 250 60 52 175 25 

Mullard 
U.S.A. 
CV 

QQV06-40A 
5894 
2797 

Double-tetrode B7A IH 6 3 
12-6 

1-8 1 
09 J 

2 X 20 750 250 200 90 475 60 

Mullard 
U.S.A. 
CV 

QQV07-50 
829B 
2666 

Double-tetrode B7A IH 6 3 
12 6 

25 \ 
1-25 ? 

2 X 25 750 225 100 87 250 60 

Mullard 
U.S.A. 
CV 

QY3-65 
4-65A 
1905 

Tetrode B7A DH 6 0 3 5 65 3000 400 50 280 220 IIO 

Mullard 
U.S.A. 
CV 

QY3-I25 
4-I25A 
2130 

Tetrode B5F DH 5 0 6 5 125 3000 400 120 375 200 225 

Mullard 
S.T.C. 
U.S.A. 
CV 

QVI-I50A 
4X150 A 
4X150 A 
2519 

Tetrode— 
forced-air 
cooled 

B8F 

special 

IH 60 26 150 1250 300 165 195 500 140 

M-O Valve 
ST&C 
U.S.A. 
CV 

4CX250B 
4CX25OB 
4CX250B 
2487 

Tetrode— 
forced-air 
cooled 

B8F 
special 

IH 60 2-6 250 1500 300 175 235 500 225 
(at 2kV) 

ST&C 
U.S.A. 
CV 

2C39A 
2C39A 
2516 

Triode 
Disc seal — 

IH 6 3 1 100 1000 — 2400 20 — — 

M-O Valve 
CV 

DET29 
2397 

Triode 
Disc seal 

— IH 63 05 10 450 — 3800 1'5 7000 — 
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gauge between 12 and 22 swg, the wire gauge increasing as 
the power rating of the stage and the frequency of operation 
increases. For power ratings in excess of 100W, it is advisable 
to use & or Jin od copper tube, preferably silver plated to 
minimize loss due to skin effect which can be appreciable at 
the frequencies under consideration As a vhf transmitter is 
essentially a one band device, an inductor should be soldered 
directly across the associated tuning capacitor; this elimin¬ 
ates any plug and socket connection which could cause losses 
if used in an rf circuit. 

In tuned circuits associated with driver stages it is common 
practice to dispense with the tuning capacitor and to resonate 
the inductor with the stray and circuit capacitances. Tuning 
is effected by opening out or compressing the turns of the 
inductor. 

Linear tuned circuits are most conveniently employed in 
push-pull stages and may be any multiple of a quarter 
wavelength (X/4) long. This refers to the electrical length of 
the line, the actual length in practice being somewhat shorter 
due to the valve acting as an extension of the line, so that the 
added inductance of the leads and the inter-electrode 
capacitance result in a physical shortening of the line. A 
quarter wavelength linear anode circuit for a push-pull stage 
is shown in Fig 7.19 (a). Tuning may be effected either by 
varying the physical length of the line by adjustment of a 
shorting bar or by a variable capacitor Cl connected across 
the open circuited end of the line adjacent to the valve. To 
maintain circuit balance a split-stator capacitor should be 
used for tuning with the rotor left floating and not connected 
to earth. For the same reason the ht feed connection at the 
voltage antinode of the line should be left unbypassed. An 
electrical centre-tap on the circuit is provided by the valve 
inter-electrode capacitances. 

A push-pull anode circuit employing a half wavelength line 
is shown in Fig 7.19 (b). The valve and tuning capacitance 
are connected at opposite ends and ht is applied at the 
electrical centre of the line, ie the voltage node. Half 
wavelength lines are sometimes employed in grid circuits at 
the higher frequencies where the valve leads and input 
capacitances are such that the natural frequency of the valve 
grid assembly is lower than the frequency of operation. All 
parallel-line circuits should be shielded to minimize loss due 
to rf radiation from the lines which becomes greater as the 
frequency of operation increases. 
Linear tuned anode circuits can be used in single ended 

stages as shown in Fig 7.19 (c). The capacitor C2 is necessary 

Fig 7.18. Series tuned anode circuit for use with single ended valves 
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Fig 7.19. Transmitter output circuits using tuned lines: (a) quarter 
wavelength; (b) half wavelength with push-pull valve; (c) for use 
with a single ended stage, where C2 should be adjusted to balance 

the valve output capacitance 

Fig 7.20. Balance-to-unbalanced aerial coupling 

to balance the output capacitance of the valve connected 
across the other half of the line. 

Provision for adequate ventilation of the valve must be 
made to avoid excessive bulb temperatures being caused 
by enclosing this type of circuit. 

Aerial Coupling to Parallel-line Tank Circuits 
The usual method of coupling the output of the vhf 

transmitter to a low impedance coaxial feeder is by a one or 
two turn coupling winding located adjacent to the earthy end 
of the pa tank inductor. One side of the coupling circuit is 
invariably earthed, either directly or through a small preset 
capacitor which is adjusted to cancel out the inductive 
reactance of the coupling coil. With a parallel-line tank 
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circuit a hairpin loop is employed, as shown in Fig 7.19 (b) 
and (c). This arrangement is satisfactory with the unbalanced 
circuit of Fig 7.19 (c) but when used with the push-pull anode 
circuit of Fig 7.19 (b) it results in some unbalance being 
reflected back into the tank circuit. 

One method of overcoming this is to use a linear balance-

length of the balun lines which is dependent on the position 
of the shorting bar. 

Coaxial or Cavity Circuits 
Coaxial or cavity circuits are usually employed at 432MHz 

and above. At 1296MHz planar-electrode valves are incor-
to-unbalance and impedance transformer—balun (Fig 7.20). porated in grounded grid circuits with quarter wavelength 
The amount of coupling is determined by the distance 
between the balun and the anode lines, and also by the 

cathode and anode cavities, though three-quarter wavelength 
cavities are sometimes found. Use of a grounded grid 

Fig 7.21. Resonance curve for capacitively 
loaded transmission line resonators 

7.11 



RSGB—RADIO COMMUNICATION HANDBOOK 

amplifier obviates the necessity for neutralization but as the 
amplifier and its driver stage are effectively connected in 
series, both stages must be modulated for telephony trans¬ 
mission. The audio power is not wasted, however, as the 
modulated rf output of the driver stages is added to the 
output of the amplifier. 

Design of Transmission Line Resonators 
When designing a resonator to be used as a tank circuit 

it is necessary to know first how long to make the lines. The 
resonant frequency of a capacitatively loaded shorted line, 
open-wire or coaxial, is given by the following well-known 
expression: 

1 2-Z 
2nfc ~ z °tan X 

where F is the frequency 
C is the loading capacitance 
X is the wavelength 
I is the line length 
Z„ is the characteristic impedance of the line. 

The characteristic impedance is given by: D 
Z^- 13810gl„-I 

k2
for a coaxial line with inside radius of the outer Rv and 
outside radius of the inner conductor R2

2D 
or Z„ = 276 log 10 -j-

for an open wire line with conductor diameter d and centre-
to-centre spacing D. 

The results obtained from these expressions have been put 
into the form of the simple set of curves shown in Fig 7.21. 

In the graphs. Fl has been plotted against FC for different 
values of Z„, with F in MHz, C in pF and I in centimetres. 

In the case of coaxial lines (the righthand set of curves) 
r is the ratio of conductor diameters or radii and for open¬ 
wire lines (the lefthand set of curves) r is the ratio of centre-
to-centre spacing to conductor diameter. 
The following examples should make the use of the graphs 

quite clear: 

Example 1 
How long must a shorted parallel-wire line of conductor 

diameter 0-3in and centre-to-centre spacing l-5in be made 
to resonate at 435MHz, with an end-loading capacitance of 
2pF (the approximate output capacitance, in practice, of a 
QQ V03-20 (6252) push-pull arrangement) ? 

First, work out F X C, in MHz and pF. 
FC = 435 X 2 

= 870 
= 8-7 X 102. 

The ratio, r, of line spacing to diameter is: 

Then, using the curves marked “parallel-wire lines,” 
r = 5 0in project upwards from 8-7 x 102 on the horizontal 
"F x C” scale to the graph and project across from the 
point on the graph so found to the vertical “F x Z” scale, 
obtaining: 

Fl = 2800 
2800 

therefore, I = = 6-45 cm approximately. 

The anode pins would obviously absorb quite a good deal of 

this line length and if the lines were made 6 cm long with an 
adjustable shorting-bar they would be long enough. 

Example 2 
A transmission line consisting of a pair of 10 swg copper 

wires spaced I in apart and 10cm long is to be used as part of 
the anode tank circuit of a QQ 1'06-40 (5894) pa at 145 
MHz. How much extra capacitance must be added at the 
valve end of the line to accomplish this ? 

For a pair of wires approximately Jin diameter spaced 1 in 
r is about 8. Also F x I is equal to 145 x 10, ie 1450. 
Estimating the position of the “r = 8” curve for a parallel¬ 
wire line between "r = 10” and "r = 7,” F x C is found to 
be about 1-55 x 103, ie 1550. Hence the total capacitance 
C required is given by : 

145 X C = 1550 
C = 1550 4- 145 

10-7pF. 

Now the output capacitance of a QQV06 40A (5894) push-
pull stage is around 4 pF in practice, so about 7 pF is 
required in addition. A 25 pF + 25 pF split stator capacitor 
should therefore be quite satisfactory giving 12 to 15 pF 
extra at maximum capacitance. 

Example 3 
A coaxial line with outer and inner radii of 5 0 and 2-0cm, 

respectively, is to be used as the resonant tank circuit (short-
circuited at one end of course) for a 4X150A power amplifier 
on the 70cm amateur band. What length of line is required? 

In this case: 
Fx C 435 X 4-6 

2001. 
Using the “r = 2-5” curve for coaxial lines, 

F x I 4620 
Hence Z - 4620 4-435 

= 10-6cm approximately. 
This length would include the length of the anode and cooler 
of the 4X15OA of course but, as in Example 1, a line 10cm 
long would be certain to be long enough, especially as the 
output capacitance used in the calculations is that quoted by 
the manufacturers for the valve, the effective capacitance 
being somewhat greater in practical circuits. A shorting bridge 
would be the best method of tuning the line to resonance. 

Designing for Maximum Unloaded Q 
The tank circuit efficiency is given by: 

unloaded Q—loaded Q zlAnEfficiency (per cent) =-—-— X 100 
unloaded Q 

It is obvious that the highest possible unloaded Q is 
needed to get the greatest tank circuit efficiency. The Q is 
greater for radial and coaxial resonators than for compar¬ 
able parallel-wire circuits and the former types should 
always be used where possible. It should perhaps be ex¬ 
plained that unloaded Q is the Q of the tank circuit with 
the valve in position and all voltages and drive power 
applied, but with no load coupled up to it. The loaded 
Q is, of course, that measured when the load is correctly 
coupled to the tank circuit. 

For unshielded parallel-wire lines, the unloaded Q is 
usually quite low because of power loss by radiation from 
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the line, and the best value is obtained by using a small 
conductor spacing (low Zo). 

To obtain the best Q, the material of the line should be 
copper or brass, fairly smoothly finished, although a highly 
polished surface is not necessary. To improve its conduc¬ 
tivity, the surface of a coaxial or radial line can be silver 
plated. In an industrial or city atmosphere, however, the 
silver plating is rapidly attacked by atmospheric gases and 
the surface conductivity suffers far more than does that of 
a copper or brass line. The best solution is to apply a “flash” 
of rhodium to the silver plating but this is rarely possible for 
the amateur. The Q of a coaxial line depends also upon the 
ratio of conductor diameters and, for fairly heavily capaci-
tatively loaded resonators, which is true in most practical 
cases, this ratio should be between about 3 and 4-5 to 1. 

Care should be taken that the moving contacts on the 
bridge (if one is used) are irreproachable: they should 
preferably make contact with the line a little way from the 
shorting disc, where the line impedance is somewhat higher 
than at the current antinode. It is better to use a large 
number of springy contact fingers rather than to use a few 
relatively rigid ones. 

Attention to these points will often make all the difference 
between a reliable, satisfactory resonant circuit of high Q 
and one which possesses none of these qualities. 

Disc-Type Capacitors 

Parallel lines or concentric (coaxial) tuned circuits are 
conveniently tuned by means of a variable air capacitor 
comprising two parallel discs, but the calculation of the 
capacitance range of different size discs with differing spacing 
can be tiresome. 

The chart in Fig 7.22 gives the capacitance between two 
parallel discs of various convenient diameters with spacings 
between jin and l/128in calculated according to the formula 

0-244 X area (inches) CpF =----
spacing (inches) 

The diameter of the disc employed may be fixed by space 

considerations but it determines the minimum and maximum 
capacitance and the range available. Very close spacings 
should be avoided unless extremely accurate parallelism can 
be maintained, and must be avoided where high voltages 
exist, as in transmitters. 

For example, a cathode concentric tuned circuit tuned 
by a disc capacitor is required for a 2C39A valve to be 
used as a tripler from 432 to 1296MHz. This valve has an 
input capacitance of 6-5 ± 1 pF. If the cavity has an outer 
diameter of 2jin and an inner conductor of jin the ratio is 
7:1 and at 430MHz the curves in Fig 7.21 show that if C is 
taken as 7-5 pF plus a minimum disc capacitance of, say 0-5 
pF, ie 8 pF, the inner conductor length is 4-2cm or l-65in. If 
a Jin disc capacitor is chosen then the range of tuning is from 
0-2 pF at jin spacing to 1-5 pF at ¿in spacing. As the drive 
voltage is of the order of 100V closer spacing must not be 
used. It is clear that a jin disc will not do as the spread 
between top and bottom limit values is 2 pF so that jin discs 
will have to be used, giving a range of 0-4 to 3-0 pF which is 
sufficient for fixed frequency working; if it is necessary to 
cover a frequency band then a greater range is required. If 
at times the drive frequency were 420MHz then this would 
require a maximum capacitance across the tuned circuit of 
the original 8 pF multiplied by the square of the frequency 

(430)2
ratio, ie or 1means a maximum disc 

capacitance of 2-4 pF and the jin diameter will still just do 
but jin would not. 

If it is found that the range of the capacitance required is 
larger than that given by the maximum size disc that can be 
accommodated, then the solution is to use two sets of discs 
located, for example, each side of a cavity and use one as 
tuning and one as a kind of band-set. Valve capacitance 
limits must be taken into account otherwise the replacement 
of a valve can result in the circuit no longer tuning. Where 
the tolerances in input and output capacitance are not known 
they can be taken as ± 30 per cent which would adequately 
cover most cases. 

Fig 7.22. Capacitance between two 
parallel discs of various diameters 
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Neutralization 
With triode valves and tetrodes operating below their 

self-resonant frequency the normal methods of neutralization 
apply, ie the application of an antiphase feedback voltage 
from anode to grid of the valve. The residual anode-to-grid 
capacitance of modern vhf tetrodes is quite low, in some 
instances being less than 01 pF. Provided that adequate 
screening exists between grid and anode circuits, operation 
of certain types of valve in the lower part of the vhf spec¬ 
trum (up to 70MHz) is permissible without neutralization 
being required. At higher frequencies although the reactance 
of this capacitance is still not sufficiently low to cause oscil¬ 
lation, it will result in the stage being regenerative and 
neutralization will be necessary. 

A convenient method of providing the small capacitance 
required for neutralizing push-pull double tetrode stages 
consists in using each valve anode as one plate of the capaci¬ 
tor, and a wire connected to the grid of the opposite valve as 
the other plate. The neutralizing capacitance is varied by 
bending each wire nearer or further away from the respective 
anode. In single ended circuits the capacitance is formed by a 
wire connected at one end to the grid and positioned so that 
the other end is adjacent to the appropriate side of the anode 
tank circuit (Fig 7.23 (a)). Heavy gauge enamelled copper 
wire (12 to 16 swg) should be used, and a metal tab may be 
attached at the end of the wire to increase the capacitance if 
that provided by the wire alone is insufficient. 

When the valve is operated above the self-neutralizing 
frequency the neutralizing capacitor must be connected 
directly between anode and grid of the valve (Fig 7.23 (b)). 
Alternatively a variable capacitor may be connected between 
screen grid and earth and tuned with the screen lead induc¬ 
tance to form a series resonant circuit at the frequency of 
operation, thus providing a low screen-to-earth impedance 
and effectively placing the screen grid at earth potential with 
respect to rf (Fig 7.23 (c)). It must be remembered that this 
method of neutralization is frequency sensitive, and any 
considerable change in the operating frequency will necessi¬ 
tate re-adjustment of the variable capacitor. 

In some double tetrode valves such as the QQVO3-2OA 
(6252) and QQV06-40A (5894) internal neutralizing is incor¬ 
porated in the valve structure so that external neutralizing is 
unnecessary provided the circuit design and layout is good. 

Fig 7.23. Methods of neutralizing single ended valve stages (a) “hot” 
grid to “cold” end of tank circuit; (b) “hot” anode to “cold” end of 

grid input; (c) screen grid neutralization 
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MODULATION 

For telephony service a vhf transmitter may be modu¬ 
lated by one of several methods. For satisfactory modulation 
it is essential that there is adequate grid drive to the modu¬ 
lated amplifier and that the stage is correctly neutralized. 

Experience has shown that it is desirable to maintain a high 
average level of modulation in a vhf transmitter and the use 
of speech clipping or compression is therefore recommended. 

Instability in the modulator may be experienced due to 
rf feeding back into early stages of the speech amplifier. To 
eliminate this the microphone input circuit should be com¬ 
pletely shielded and the effect of inserting grid stopper resis¬ 
tors, or ferrite beads threaded on to the grid lead close to the 
valve socket connection, particularly in low level speech 
amplifying stages, and the inclusion of an rf filter in the grid 
circuit of the first valve should be investigated. 

Amplitude Modulation 
Amplitude modulation can be applied to the pa valve 

anode by any of the usual methods and must also be applied 
to the screen by: 
1. Series resistor from the modulated anode voltage; 
2. Separate winding on the modulation transformer, with 

series resistor to the anode ht voltage as shown in Fig 
7.25(a). The screen voltage dropping resistor must be by¬ 
passed to audio frequencies on the supply side. R is an rf 
stopper resistor. 

3. A tapped modulation transformer: the screen dropper 
which must be connected in series with the tap must be by¬ 
passed to audio frequencies (Fig 7.25(b)). 

4. A resistive potential divider across a standard modulation 
transformer: the values of the upper and lower resistor 
must be chosen to provide the proper screen voltage. 
(Fig 7.25(c)). 
For optimum operation the screen voltage is critical, and 

can never remain reasonably constant when supplied from a 
series resistor, since any change in anode current results in a 
change in screen current. The circuit of Fig 7.26 not only 
enables a definite value of screen voltage to be set, but also 
allows the correct amount of audio to be applied. 

In operation RV1 controls the value of the screen voltage 
and the values of RI and R2 must be chosen so that RV1 

Modulated HT 

Fig 7.26. A method of applying optimum voltage and optimum 
modulation to the screen of a pa valve. Any small pentode such as 

the 6V6, 6CH6 or 5763 may be used 

(b) 

(c) 

Fig 7.25. Methods of anode and anode-screen modulation of the final 
stage of a vhf transmitter: (a) screen supply by a separate winding 
on the modulation transformer (the resistor R is an rf stopper of 
typical value 47Q); (b) tapped modulation transformer; (c) by 
potential divider across the modulation transformer secondary 

winding 
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gives an adequate range. RV2 controls the amount of modu¬ 
lation applied to the grid of this cathode follower valve and 
hence to the pa screen grid. It should be adjusted so that the 
pa anode current meter does not move either up or down 
under modulation. 

The only disadvantage of this method is that the heater 
supply to the valve must be from a separate source, since 
the heater-cathode insulation is usually insufficient for the 
voltages involved. 

Screen (Series Gate) Modulation 

Probably the most satisfactory method of screen modu¬ 
lation—that known as series gate modulation—is both sim¬ 
ple and effective (Fig 7.27). The advantages of this method 
are: 
(a) The standing power amplifier anode current can be set to 

any desired level by the variable resistor RV1 in the cath¬ 
ode of the first section of the double triode series gate 
valve ; 

(b) Over-modulation on positive peaks cannot occur because 
the audio input voltage applied to the first section of the 
double triode will cause limiting and thus the voltage 
applied to the amplifier screen cannot rise too high; 

(c) Splatter caused by break up of the carrier due to over¬ 
modulation on negative peaks cannot occur because the 
screen voltage, which is set by the position of RV1, can¬ 
not fall below this value. A simple and effective means of 
speech clipping is available by suitable adjustment of the 
audio input voltage by the standing amplifier screen 
voltage as set by RV1 ; 

(d) It can be applied to existing cw or nbfm transmitters and 
to ssb linear amplifiers, with carrier inserted, when an 
a.m. signal is required. 

With the circuit shown, the cathodes of the series gate 
valve are returned to a negative voltage. This enables the full 
screen voltage of the amplifier to be taken from the cathode 
of the second triode of the series gate valve, because of the 
voltage drop introduced by the valve itself. 

An alternative arrangement would be to use a higher ht 
voltage and a lower impedance valve such as a triode pen¬ 
tode in which the pentode section is connected as a triode. 
A valve such as the ECL82 or ECL86 would enable a much 
higher voltage output available from the cathode to feed the 
amplifier screen, without the need for the negative voltage. 

A disadvantage of the series gate circuit is that due to the 
relatively high voltage output from the cathode of the con¬ 
trol valve, it is desirable to supply the heater from an isolated 
supply to avoid voltage breakdown between heater and cath¬ 
ode. 

Whatever form is used it should be remembered that at 
peaks of modulation the anode and screen voltage is almost 
doubled and the driver to the pa valve must provide sufficient 
power under this condition. Modulation of the driver is 
sometimes useful, taking the audio from the screen grid of the 
amplifier. 

Frequency Modulation 

Frequency modulation may be applied to the transmitter 
carrier oscillator by either direct or indirect means: 

(a) The direct method is the application of modulation to 
the frequency determining device, crystal or tuned 
circuit; 

Fig 7.27. Series-gate modulation of a vhf transmitter pa stage from 
a doubler triode such as a 12BH7 

(b) The indirect method (phase modulation) is to apply 
modulation to the output circuit of the crystal or 
variable frequency oscillator. 

Direct FM: To achieve direct frequency modulation, it is 
necessary to provide some form of reactance modulator, 
which may be either a thermionic or semiconductor device 
connected in parallel with the crystal or tuned circuit to act as 
a variable capacitance or inductance. 

The oscillator is operated at a relatively low frequency 
such as 6-18MHZ, followed by frequency multiplier stages to 
reach the final frequency. In the case of a crystal oscillator, 
the result obtained will be largely phase modulation because 
it is difficult to achieve sufficient frequency shift of the crystal 
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Fig 7.29. Basic methods of applying frequency modulation (a) direct 
fm, by the use of a varicap diode, and (b) indirect fm (phase modu¬ 
lation), in which a phase modulator is connected between the 
oscillator of a vhf transmitter and the following frequency multi¬ 

plier 

O-
HT+I5OV 
REGULATED 

Sim 

itself, although some additional shift can be attained when 
suitable inductance is placed in series with the crystal. 

For most amateur purposes, a variable capacitance diode 
suitably biased will be suitable for this purpose. The operating 
point (bias) should be chosen such that the variations in 
capacitance, in both the upward and downward directions 
for the range of audio frequency voltage, are equal and linear. 

Most variable capacitance diodes require a relatively 
small audio frequency voltage for a considerable change of 
capacitance. It is therefore usual to connect a small capaci¬ 
tor in series with the diode, feeding the audio frequency 
signal at the junction of these components (Fig 7.29 (a)). It is 
advisable to use an rf choke to feed in the audio frequency 
signal since supply voltage variations will cause frequency 
change in the oscillator, especially if it is a vfo. It is necessary 
to use some form of regulated supply both for the oscillator 
and the diode supply. 

Indirect FM: Phase Modulation: In this method, the audio 
frequency modulation is applied to the output circuit of the 
oscillator. The amount of frequency deviation that can be 
achieved is dependent on the degree of circuit detuning that 
can be obtained. The circuit should have a reasonably high 
loaded Q; about 20 is usually satisfactory (Fig 7.29 (b)). 

The phase shift that takes place when a circuit is detuned 
from resonance depends on the degree of detuning and on the 
Q of the circuit. The higher the Q, the smaller the amount of 
detuning needed to obtain a given number of degrees of phase 
shift. 

Because in this type of modulation the actual frequency 
deviation increases with the audio frequency modulation, it 
is necessary to cut off frequencies above 3000Hz before 
modulation, otherwise unnecessary sidebands will be 
generated. 

The following seven diagrams illustrate various methods of 
generating nbfm. See also Chapter 9—Modulation. 

Fig 7.30. Variable capacitance diode modulator, with diode and 
capacitor across the crystal. Operating bias voltage is provided 
from a potential divider. Circuit (a) is due to G6AG and circuit (b) 

to G6RH 

Fig 7.31. Reactance valve modulator by G6TA in which the reactance 
valve is placed across an inductor in series with the crystal. The 
inductance is varied by the reactance valve, thus causing frequency 

variation 
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Fig 7.32. Reactance valve modulators using a double triode as 
combined crystal oscillator and modulator. There is no direct action 
on the crystal itself. Circuit (a) by G3EDD, circuit (b) due to G3AWS/ 

G3SLF 

Fig 7.33. Direct frequency modulation of a Franklin vfo, due to 
G2HCG. The audio modulation is applied to the oscillator anodes 

via a small transformer 

Fig 7.34. Phase modulation of a transistor oscillator by a varicap 
diode. A deviation of 5kHz is obtained at 145MHz. The inductor 
requires 31t of 26swg wire close*wound on a 7mm former, slug-

tuned, when a 12MHz crystal is used 

Single Sideband 

There are basically two methods of achieving A3J single 
sideband output in the metre-wave allocations: by the con¬ 
struction of a purpose built transmitter, or by the use of 
existing hf bands ssb equipment together with a transverter 
to provide the appropriate frequency translation. 

Whatever method is chosen, it is a fact that any trans¬ 
mission will contain not only harmonics of the main output 
frequency, but harmonics of any oscillator involved in the 
final frequency generation, and mixing products of any 
frequency present. It is essential to take steps to attenuate 

these outputs to a minimum. Remember, however, that they 
will always be present even if at very low level. 

nfx + fnt = f out (Fig 7.35). 
This is the wanted result, but in addition the output will 
contain: 

(1) fx, 2fx, 3fx, 4fx, 5fx,... etc. 
(2) fnt, 2fnt, 3fnt, 4fnt, 5fnt, . . . etc. 
(3) nfx ± mfnt where n and m are any integers. 
All of these are important and it is not often appreciated 

how large n and m can be. They can (but admittedly rarely) 
reach three digits. 
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To take an actual case, as in Fig 7.36: 
Not only does (2 x 58) 4- 28 = 144MHz, but 

(3 X 58) - 28 = 146MHz 
In this case, since post mixer selectivity is invariably low Q, 
the unwanted 146MHz transmission could be expected to be 
at a high level. 

However, both Figs 7.35 and 7.36 are simplified. The actual 
generation of the hf ssb injection involves yet more frequen¬ 
cies, so that the full arrangements can be shown in Fig 7.37. 

The total arrangement thus involves three crystal oscil¬ 
lators and one vfo. The calculation of potential spurious 
emissions from this is a task for a computer. It should not be 
forgotten that the crystal controlled injection frequency can 
be higher than the output frequency. Some problems con¬ 
cerning spurious frequencies can be solved in this manner, 
but the approach does result in inverted tuning direction and 
sideband transposition. 

Measurements on transmitters where no deliberate attempt 
has been made to reduce spurious emissions show that 40dB 
spurious attenuation is typical. Thus if a local receiver 
receives an S9 + 40dB wanted signal from a vhf ssb trans¬ 
mitter, a spurious signal of S9 could also be received. 
Assuming 3dB per S point and an acceptable interference 
level of S2, the extra attenuation required is (7 x 3) dB ie 
21dB. We are looking for approximately 60dB spurious 
attenuation in this case. However, local signals can well be in 
excess of S9 + 40dB and a case can be made for a target of 
lOOdB spurious emission attenuation. 

Fig 7.35. The basic mixing process in ssb generation 

58MHz 

Fig 7.36. Crystal chain frequency and ssb input frequency into a 
mixer/transverter give 144MHz output. Reservations exist about 

the use of 28MHz ssb input injection 

Only the professional engineer with access to specialized 
test gear and who has had experience of attempting to design 
to this target can truly appreciate the size of the task. It is 
possible however to indicate lines of approach which will at 
least show a major improvement on the 40dB figure. 

Both hf and crystal frequencies should be chosen so that 
no spurious emissions produced by low order harmonics fall 
in the band or close to it. The crystal frequency should be as 
high as possible, but bear in mind the need to avoid use of a 
58MHz crystal with 28MHz hf for instance. 

Final Mixer: Although the double tetrode mixer has al¬ 
most universal acceptance, a number of other approaches are 
open if mixing is kept at a low level. Both conventional and 
Schottky diode bridges, and balanced transistor circuits are 
possibilities. Whatever arrangement is decided, the aim 
should be to arrange for maximum rejection of the vhf in¬ 
jection frequency. Provision for balance adjustment should 
always be provided. 

With a high level ssb input in which high power is dissi¬ 
pated in a resistive load, “hop over” effects can occur, in 
which appreciable ssb energy (with doubtful spectral purity) 
gets into both pre and post mixer circuits thus bypassing any 
selectivity in the ssb input. If this energy mixes with a second 
frequency to produce a third frequency within the band¬ 
width of either the oscillator or 144MHz circuits a spurious 
emission close to the wanted output frequency will result. 

Crystal Oscillator and Multiplier: In order to provide the 
mixer with injection of excellent spectral purity, coupled 
tuned circuits should be used throughout, with low impedance 
link coupling. 

HF SSB Input: The input level should be kept to a mini¬ 
mum. It is bad practice to use many watts of hf only to dissi¬ 
pate them in a resistor located on the converter chassis. On 
the other hand bad carrier rejection will result in the hf ssb 
transmitter if the level is turned down by reducing the audio 
drive. The best approach is to feed the input to the hf pa 
direct to the converter and it is often possible to obtain 
sufficient level by switching off the pa screen voltage and using 
the feed through voltage. Band pass filtering should be used 
in the converter hf feed in order to filter unwanted emissions. 

Post Mixer Filtering: Band pass filtering should be provided 
immediately after the mixer. A series of low working Q tuned 
circuits in successive amplifiers is not considered sufficient. 

Fig 7.37. Block diagram show¬ 
ing the stages necessary to 
generate vhf ssb using a 

transverter 
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Aerial: Use an aerial with the narrowest acceptable gain¬ 
bandwidth characteristic. A broad band antenna may have 
appreciable gain at the local oscillator injection frequency 
or the image frequency. It is important not to confuse the 
vswr bandwidth with the gain bandwidth; they can be very 
different and the latter is rarely quoted. 

Practical Design: A near perfect design can be unsuccessful 
if the engineering is poor, conversely an indifferent design can 
sometimes produce near acceptable results if the engineering 
is excellent. 

The following points should be borne in mind: 
(1) Every tuned circuit should be properly screened and 

preferably every stage should also be screened. 
(2) Decoupling must be effective not only at the desired 

frequency but also on high order harmonics. 
(3) Lt and ht feeds to individual stages must be thoroughly 

decoupled. 
(4) In-line layout should be employed with the oscillator 

at one end and the output at the other. 

The Final Solution ? From the above discussion it becomes 
clear that there are serious problems using an hf ssb trans¬ 
mitter as the ssb generator. The best answer appears to be a 
purpose built vhf ssb transmitter along the lines of Fig 7.38. 

The main problem is generating the ssb signal at a suffi¬ 
ciently high frequency. Filters at 10-7MHz are adequate, but 
20MHz would be better. For variable frequency operation 
the injection frequency should be varied. Again, this is a 
problem if full 2MHz coverage of the 2m band is required, 
but if ± 50kHz on the sideband channel is acceptable, a vxo 
offers a simple solution. 

Out of Band Radiations: Great care must be taken to ensure 
that no out of band spurious radiations occur. All rf circuits 
should be adequately screened and a bandpass filter with 
sufficient out of band attenuation should be included in the 
aerial feeder. 

In Band Radiations: To avoid interference between 144 and 
146MHz: 
(1) Every effort should be made to keep the spurious radia¬ 

tions down to 90dB below the wanted signal. 
(2) The following precautions should be taken when a 

transverter is used in association with an hf bands 
transmitter/transceiver as a ssb source. 
(a) Do not use the 28-3OMHz tuning range because 

the fifth harmonic is in the band and the level of 
spurious signals is likely to be higher at the highest 
frequency of the hf bands unit. 

(b) The transverter crystal oscillator should be on as 
high a frequency as possible (although certain high 
frequencies must be avoided, eg 58MHz). The use 
of fundamental crystal oscillators below 30MHz 
must be avoided unless very special design pre¬ 
cautions are taken. Any frequency that gives in-
band signals of less than tenth order should be 
avoided. 

(c) Precautions must be taken to minimize radiation of 
the crystal oscillator chain output frequency. This 
can be done by using a balanced mixer—which can 
attenuate this component by 20dB or more—and 
by subsequent tuned circuit selectivity. In the latter 
case a minimum of four tuned circuits are required 

Fig 7.38/Suggested arrangement for a purpose-built vhf ssb trans¬ 
mitter 

DISTANCE 
LINE OF SIGHT 

SIGNAL 

ATTENUATION OF 50dB 
WILL GiVE A SIGNAL 
STRENGTH OF 

¿ . J6mV . S9 + 6dB 

8M!.^-► . 19mV . 58 

2121LLU-2-25 mV. 56 

Fig 7.39. Diagram showing the signal strengths to be expected from 
a typical situation at various distances. A spurious transmission 
attenuated by 50dB from the desired signal will produce the 

strengths given in the third column 
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Fig 7.40. Spectrum analysis of a signal from a home constructed 
transceiver transverter combination 
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between the mixer and the aerial feeder. If two of 
these tuned circuits are coupled this should be 
done inductively. 

(d) A frequency of 58MHz must be avoided in the 
transverter—either as the oscillator frequency or a 
multiplier stage output—when a 28 to 30MHz ssb 
feed is used. 
Reason: 58 x 2 + 29 = 145MHz 

58 X 3 - 29 = 145MHz 
Another undesirable combination is a 43-333-

MHz crystal used with a 14MHz ssb feed. The 
third crystal harmonic is 130MHz and this with the 
addition of the feed frequency will give 144MHz 
output. However, the fourth harmonic is 
173 333MHz and if twice the feed frequency is 
deducted from this a frequency of 145-333MHz 
will be obtained. This is another unwanted in-
band spurious frequency. 

(e) There must be an adequate degree of frequency 
selectivity between the hf feed and the transverter 
mixer as most hf ssb transmitters or transceivers 
will have unwanted frequency components in their 
output. Even those far removed from the nominal 
feed frequency can cause serious problems if fed 
without further attenuation to the transverter 
mixer. A satisfactory method is to insert a suitable 
filter and, if necessary, a combined power attenu¬ 
ator between the hf feed and the transverter. The 
dummy load, if used, should always be well 
screened from the transverter. 

(3) Preference should be given to the use of equipment 
specifically designed for operation on 2m using a high 
frequency ssb generator. Recommended are 9, 10-7 or 
25 MHz as suitable for this purpose. 

(4) Care must be taken in all amplifier stages following the 
final mixer to ensure that the operating conditions are 
such that harmonic distortion does not produce spuri¬ 
ous frequency signals in the region of the unwanted 
sideband of level worse than —40dB relative to the 
wanted signal. 

Fig 7.41. The six-transistor transmitter/exciter unit: circuit diagram 
overleaf, general view below 

PRACTICAL TRANSMITTER DESIGNS FOR 144MHz 

In the following pages a number of 144MHz transmitter 
designs to be described put into practice some of the technical 
concepts outlined in the foregoing section of this chapter. All 
of them may be readily reproduced by the constructor of 
average ability. 

The first two designs adapt all-solid-state technology to 
the realization of one or two watts of rf generated from units 
intended for portable application or as exciters for following 
amplifier stages. The readily available transistors specified 
have a reasonably high voltage rating to reduce the liability 
to breakdown if they should happen to be operated into con¬ 
siderably mismatched loads. 

DESIGN “A”: A SIX-TRANSISTOR EXCITER UNIT 

The first all-transistor transmitter to be described delivers 
1W of rf from a pair of paralleled 2N2218 (or similar) 
devices. See Fig 7.41. 

The crystal oscillator uses a 24MHz overtone crystal and 
is built on the underside of the chassis. The emitter biasing 
components, RI and Cl, are soldered direct to the chassis at 
the one end with the other ends soldered direct to the emitter 
of TRI with no additional support. The normal base biasing 
resistors are R2 and R3. Feedback through the crystal is 
achieved by a centre tap on LI. Output from the oscillator 
stage is taken via C6 to the emitter of TR2. This transistor is 
connected in common base and its base lead should be cut to 
approximately iin and soldered direct to the chassis. The bias 
resistor R4 is beneath the chassis and soldered direct to it. 
Reference to Fig 7.42 should make the mounting of the tran¬ 
sistors quite clear. Transistor TR2 doubles to 48MHz and 
output is taken via CIO to TR3 tripling to 144MHz. Tuning 
for TR3 is by two concentric trimmers C14 and C15 connec¬ 
ted from TR3 collector to chassis. Cl5 has its centre connec¬ 
tions soldered direct to the chassis and C14 is supported by 
soldering one of its outer connections to the adjacent feed-
through insulator. 

Refer again to Fig 7.41. Capacitor C16 which is connected 
in parallel with Cl 5 is soldered below the chassis. Output 
from this stage is taken from the junction of C14 and C15 and 
by adjusting the two capacitors which in effect are tapped up 
the coil thus matching the impedance to the following stage. 
Transistor amplifiers of this type perform best when heavily 
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loaded and instability may result if the lower capacitor is 
screwed in too far. 

TR4 is the driver stage and feeds TR5 and TR6, the power 
amplifiers, connected in parallel through separate emitters, 
thus preventing “current hogging” by one transistor. Should 
one of the power amplifier transistors become much hotter 
than the other increase the value of R8 and R9 slightly. 
This will reduce the output somewhat but slightly increase the 
efficiency. Another way to overcome this trouble is to try 
various pairs of transistors until they appear to run approxi¬ 
mately at the same temperature. Testing with the finger is 
quite adequate. All the transistors in this transmitter run 
quite hot to the touch. To assist cooling TR5 and TR6 are 
fitted with small clip-on heat sinks. Silicon transistors can run 
quite safely to 200°C. 

Fig 7.42. How transistors TR3 (tripler) and TR4 (first buffer amplifier) 
are mounted on the chassis in relation to their associated 

trimmers 

The output stage has been designed to work into a 750 
load and lamps which do not approximate to this resistance 
when hot may give a false indication of the output. A 6V, 60 
mA type is probably best for initial tuning but it should be 
possible to light a 6V 01A bulb to the point of burn out 
when the circuit is peaked for maximum output. 

Alignment 
Alignment of the completed transmitter will be assisted by 

connecting a 6V, 60mA pilot lamp as a load across the out¬ 
put and by an absorption wavemeter tuning 24, 48 and 
144MHz. 
Unscrew all trimmers to the minimum capacitance posi¬ 

tion. Unscrew both slugs in LI and L2 as far out as possible. 
Connect a 0 to 10V de meter between C7 and the chassis. 
Apply positive 18V to the supply rail. Screw in the slug in LI 
and adjust for maximum meter reading. This should be 
approximately 2V. Remove the meter and reconnect it 

TABLE 7.4 
Components list for the six-transistor exciter unit for 

the 144MHz band 

RFC1\25mH.—90 turns of 36 swg enamel covered wire pile wound 
RFC2 / on a 1MQ 1W resistor. 
RFC3\ 3 turns of 23 swg on Radiospares ferrite bead, toroidal 
RFC4J wound. 
12 Lektrokit feed through bushes part No LK2121^ Or Radiospares 
12 Lektrokit soldering pins part No. LK3011 I lead through in-

[ sulators (fit 
J 5/32 in hole). 

L1 16 turns centre tapped 22 swg enamel covered wire on {in od 
former. 
L2 8 turns 22 swg enamel covered wire on {in od former. 
L3 5 turns 16 swg tinned copper wire |in id, jin long. 
L4 5 turns 16 swg tinned copper wire {in id, fin long. 
L5 4 turns 16 swg tinned copper wire ¿in id, jin long. 
1000pF feed through capacitors from Radiospares. 

7.22 



VHF AND UHF TRANSMITTERS 

Fig 7.43. Drilling template for the six-transistor unit 

Fig 7.44. Component layout diagram for the six-transistor unit 
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between Cl 1 and the chassis. Adjust the slug in L2 for maxi¬ 
mum meter reading, approximately 1-5V. Connect the meter 
across C17 and adjust C14 and Cl 5 for maximum voltage on 
the meter, approximately IV. Connect the meter across C22 
and adjust C19 and C20 for maximum voltage, approxi¬ 
mately 0-6V. Remove the meter and short out C22 to the 
chassis. Adjust C26 and C27 for maximum brightness in the 
lamp load. Connect a 200mA meter in the supply to the driver 
and power amplifier stages. Adjust all slugs and capacitors 
again, starting with the crystal oscillator, this time for maxi¬ 
mum current in the meter, approximately 150mA. For high 
level modulation the short circuit across C22 should remain. 
Removal of the short should cause the combined driver and 
power amplifier current to drop to approximately half. This 
is the correct condition for low level modulation. With a posi¬ 
tive 18V supply, power input to TR5 and TR6 is about 2W 
and output at 144MHz is approximately 1W. 

Fig 7.45. Shows the construction of an rf lamp load 

Amplitude modulation may be applied to this little trans¬ 
mitter at the 144MHz driver stage as well as to the pa, 
TR5/6. It is most important that the maximum collector to 
base voltage rating (Vcbo) is at no time exceeded, in this case 
60V. If a supply rail of positive 18V is used then twice this 
voltage can appear at the collector as the tuned circuits are, 
of course, inductive. Any modulation voltage applied to the 
collector will be superimposed on the top of this, and there¬ 
fore must be limited to 24V peak to peak. This is assured by 
connecting two 12V zener diodes back to back across the 
modulation transformer secondary, thus clipping off all 
modulation peaks above 24V, thereby safeguarding the final 
transistors and providing a measure of speech clipping. 

The feed-through capacitance of a transistor will allow 
power to pass through the final amplifier even if down 
modulating audio has reduced the collector voltage on the 
final to zero. This produces an under-modulation effect in 
which it is impossible to modulate fully in the downward 
direction. This is overcome by modulating the driver stage 
as well as the final. A suitable modulator for this transmitter 
would deliver about 2W output and could be completely 
transistorized. 

The power amplifier stages in the transmitter work in Class 
B and low level modulation may be applied to them alone by 
removing the short across C22 and feeding audio in at this 
point. This may be via a large capacitor or R7 may be re¬ 
placed by a transformer, the secondary resistance of which is 
approximately 10Q. A few milliwatts from a small single 
ended transistor amplifier will fully modulate the transmitter 
at this point. 

A suitable method of constructing a lamp load by drilling 
out one section of a standard coaxial aerial plug to hold a 
pilot lamp is shown in Fig 7.45. The lamp is a 6V 100mA 

type and has a short length of wire soldered to its centre tip, 
and this is passed down the body of the plug and soldered to 
the centre pin. 

DESIGN "B”: A FIVE-TRANSISTOR PORTABLE 
TRANSMITTER: THE “SOUTHLAND” 

The “Southland” transmitter was originally designed as 
part of a transceiver of the same name by the Invercargill 
branch of the NZART. The rf section comprises five stages, 
the first of which is a crystal oscillator using 36MHz crystals 
and any readily available transistor such as a 2N706A or 
BSX20. 

The second and third stages are both frequency doublers to 
reach the final frequency. The transistors used are 2N706A or 
BSX20 in the second stage and a 2N4123 or BFX44 in the 
third stage. 

In the driver (fourth stage) a 2N3866 is used, while the 
final amplifier employs a 2N3553 with a BLY53 as a suitable 
alternative. Modulation is applied to both these stages. A 
heat sink is necessary for the final amplifier, which operates 
at an input of 2-5W to give an output of 1-5W. 

All the inductors are wound on 5mm Neosid formers with 
suitable tuning slugs. 

The modulator with the driver stage is shown in Fig 7.46 
and is quite conventional with a pair of OC28 transistors 
operating in Class B; these transistors are undoubtedly 
unnecessarily large for the output power required and if pre¬ 
ferred may be replaced with an alternative smaller type. 
The modulation transformer is a rewound standard 3W 

audio output type using the original former. Windings are as 
follows, 

primary: 120 4- 120 turns of 28swg wire. 
secondary: 0/70/120/170 turns of 30swg wire. 

One tapping on the secondary provides the modulation for 
the driver stage and the other is suitable for operating a 3Í1 
loudspeaker when the unit is used to perform the dual func¬ 
tion of modulator and audio amplifier in a transceiver. 

Heat sinks for the output transistors should be not less 
than 2jin by 1 ¿in by 16swg aluminium or copper. 

In Fig 7.47 are details of a suitable microphone amplifier 
for use with a crystal microphone to feed into the modulator. 
This unit includes a simple peak limiter which has proved 
effective in increasing the average speech level. 

Printed circuit details are given at Fig 7.48. 

TABLE 7.5 
“Southland” transmitter for 144MHz: inductor values 

Coil No. of turns Wire Slug 
LI 8 20 swg enamel Iron 
L2 5| 20 swg enamel Iron 
L3 6j 20 swg enamel Iron 
L4 4j 20 swg enamel Iron 
L5 5| 20 swg enamel Iron 
L6 3J 20 swg enamel Brass 
L7 2 20 swg enamel Brass 
L8 5| 20 swg enamel Iron 
all on 5mm diam. formers 
RFC1 and RFC2 3 turns of 36 swg en looped through jin length of fer¬ 
rite beading. 
RFC3 34 turns 30 swg en on |W resistor. 
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Fig 7.46. Circuit diagram of the five-transistor "Southland” trans¬ 
mitter 

Fig 7.47. The modulator section of the "Southland” transmitter, 
showing microphone pre-amplifier (below) and driver-and-out put 

stages (right) 

Fig 7.48. Printed circuit and etching details for the "Southland” 
transmitter 
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A 30W DUAL MODE TRANSMITTER FOR 144MHz 
The use of relatively powerful narrow band frequency 

modulation has attractions for the amateur operator where 
other forms of modulation cause interference problems. 

As described earlier, several methods of producing fre¬ 
quency modulation exist, but there seems little doubt that 
indirect phase modulation more readily complies with the 
true definition of narrow band fm. In the phase modulator 
the amount of phase shift (deviation) which can be obtained 
is dependent on the Q of the tuned circuit of the oscillator; 
the higher the Q the greater the deviation obtainable. An 
adequate tuned circuit can be made using standard coil form¬ 
ers with an appropriate dust core. 

Many amateurs will not wish to confine their operations to 
one mode. Therefore facilities are provided in this 30W 
transmitter (Fig 7.49) to change from nbfm to series gate 
amplitude modulation at the touch of a switch. If the cw 
facility is preferred the ht feed to the modulator unit is 
switched out, and keying is effected via a relay inserted in 
the screen feed of V4. 

In the unit described here a 12MHz crystal input is used. 
This is in the first half of a double triode. The second half of 
the double triode, the phase modulator, is tuned to the 
crystal frequency. Output to the following frequency multi¬ 
plier is quite low and if higher levels are needed two separate 
pentodes should be used (eg, the 6AK5 or EF91). 

The second stage (EF91) is tuned to 48MHz, using a 
double tuned transformer to couple into the third stage 
(E180F) with its anode circuit arranged in a balanced con¬ 
figuration to drive the following push-pull driver stage 
(QQV02/6). 

The output from the driver stage is link-coupled to the 
power amplifier (QQVO3/2OA) but with 2W of drive available 
from the QQV02/6 the larger QQV06/40A or 7/50 may be 
used in the pa stage if required, provided the tuned circuits 
are adjusted to suit the different input capacitances presented 
by the larger valve. If a QQVO3/2OA is used the de input will 
be about 30W. 

Adjustable fixed bias is provided for the power amplifier so 
that, if desired, i t may be operated in Class ABI to reduce the 
emission of harmonics. 

In the modulator section the speech amplifier (12AX7) 
with its output circuit arranged to provide suitable audio 
frequency characteristics may be switched either to the phase 
modulator VI or to the series gate modulator V7/8, which 
feed the screen of the transmitter pa stage. 

With the arrangements shown (Fig 7.49) the screen voltage 
supplied to the pa is relatively low : it may be raised by either 
returning the cathode resistor of V8 to the — 100V available 
from the bias supply, or by connecting V8 anode to the higher 
voltage of the anode supply to the power amplifier. Under 
these conditions an input of 40/45W can be obtained. Note 
that the heater supply of V8 must be isolated because the 
potential on the cathode could be up to 250V above earth. 

The construction of this transmitter is shown in Fig 7.50. 
Beneath the chassis the whole of the rf section is enclosed 
with a bottom cover. The power amplifier is enclosed by a U-
shaped screen above the chassis. 

The filament transformer (MT1) and relay for extension 
switching are mounted at the left and above the chassis; the 

Fig 7.49. A standard five-stage 144M Hz unit for use either as a driver 
for a high power final or as a small 30W transmitter for nbfm or 

series gate amplitude modulation 
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bias and isolated heater supply transformer MT2 is mounted 
below the chassis. 

The speech amplifier V6 and its components are enclosed 
in a separate screen (Fig 7.51). The gain control for this 
amplifier is connected by a flexible shaft to its front panel 
control. This may be left as a pre-set control if only nbfm is 
to be used. 

The series-gate control valves V7/8 arc mounted close to 
the front panel. 

TABLE 7.6 
Components list for the five-stage 144M Hz exciter unit 

L1, L2 25t 30swg on 7-5mm former close wound, with dust core, in 
standard jin square can. 
T1 7|t 24 swg on 7-5mm former close wound, primary and secondary 
closely coupled and an 18pF capacitor across each winding, all contained 
within a standard Jin square can. 
L3 6t 18 swg 0-25 in inside diam., adjusted to length to resonate at 
144MHz when tuned by 12pF trimmer. 
L4 8t 18swg 0-25 in inside diameter, adjusted to length to resonate at 
144MHz when tuned by the 12pF parallel capacitance, coupled by a 
single turn loop into L5 via either a short length of coaxial cable or 
twisted pair. 
L5 4t centre tapped of 16swg 0-375 in inside diam. coupled from L4 with 
asingle turn loop introduced into a gapO-375 in in the centre of the coil. 
L6 4t centre tapped of 14 swg 0-5in inside diam, with |in gap in the 
centre to accommodate the aerial pick-up coil L7. 
L7 one turn of 16 swg. 
MT1 Radiospares “Hygrade”6-3V at1 8Aand 6-3V at1 8A. 
MT2 Radiospares "Midget” 125-0-125V 4- 6-3V at 1-2A. 

Fig 7.50. Front panel and top chassiss layout for the 30W dual mode 
transmitter for 144MHz 

Fig 7.51. Layout of the speech amplifier stage V6 
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In the front panel layout (Fig 7.50) the power amplifier bias 
control is not fitted with a knob because once set the bias 
level needs to be varied only when operating conditions are 
changed, eg, to Class C or ABI. 
The ht supply (Fig 7.52) is housed in a separate unit, con¬ 

sisting of a transformer with secondary taps at 350 and 250V 
each side of centre, thus providing a dual output source. The 
low voltage supply feeds all stages except the pa anode, 
which is taken from the higher voltage output. To avoid 
accidents both the input and output to this psu are taken 

350V 

♦1—H 

H H H 

10 X BYX10 
or equiv 

; 250V 

L-o_ 
350V 

-X-

-H-H 

Fig 7.52. Power supply unit and control system for the 30W trans¬ 
mitter 

from the transmitter unit, and the switching is incorporated 
on the front panel layout. 

A 25W TRANSISTOR AMPLIFIER UNIT FOR 
144MHz 

An all-transistor amplifier for the 2m band capable of 
giving a good account of itself under portable conditions is 
shown in Fig 7.53. It uses four transistors in three stages, 
requires only 300mW of rf yet delivers a good 25W of rf out¬ 
put. Modulation is applied to the output stage, and simul¬ 
taneously to both the lower level stages from a tap on the 
modulation transformer. 

If the amplifier is to be used in the nbfm service it may be 
adjusted for a significantly higher power (approximately 
40W) output level. The maximum inputs to the various 
stages are : 

First amplifier BLY97 collector current 400mA 

Second amplifier BLY93 A collector current 21A 

Output amplifier BLY93A collector current 2-7A each. 

Care must be taken to ensure that each of the output 
transistors carries its share of the input loading. In addition, 
it is essential to provide an adequate heat sink for these tran¬ 
sistors. 

The circuit diagram of this unit is shown at Fig 7.53 and 
the printed circuit boards with component layouts at Fig 
7.54, boards A and B separately. 

TABLE 7.7 
Components for the four-transistor power amplifier 

unit 

LI 
L2 
L3 
L4 
L5 
L6 
L7 
L8 
L9 
RFC1 
RFC2 
RFC3/4 
RFCSa, b. c 

2 
3 
2 
2 
3 
2 
2 
3 
2 
2J 
14 
14 
24 

Diam Length Wire size in mm 
(inside) 
5mm 9mm 1'25 
6’3mm 9mm 125 
8 3mm 5mm 1-25 
6-3mm 8mm 1-25 
63mm 9mm 1-25 
6-0mm 8mm 1-25 
60mm 8mm 1-25 
6'3mm 9mm 1-25 
85mm 6-5mm 160 
0'4mm on FX1115 bead 
0-4mm on FX1115 bead 
0-5mm on FX1898 bead 
0 5mm on FX1898 bead 

Capacitors: C4, 11,19, to be 68nF Mui lard type C280/P68K: C7, 14, 20 
to be 100nF Mullard type C280/P100K; Cl. 2, 8, 9,15,16, 24 and 25 to 
be 4-40pF Mullard type 809.08002. Other components may be standard 
types. 

The printed circuit uses double sided fibre glass board. The 
circuit is etched on the top side and all the components are 
soldered to the top surface. Only the transistors and feed-
through capacitors C5, C12 and C21 go through the under¬ 
side. The method of securing the transistors with the heat 
sink attached to their fixing studs is illustrated in Fig 7.55. 
To avoid short circuits the through connection of the feed-
through capacitors is cut and filed so that there is clearance 
between them and the attached heat sink. It may be an advan¬ 
tage to cover the underside of the capacitors with suitable 
insulation. 
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Fig 7.53. A four-transistor power amplifier unit capable of delivering 
25W of rf under a.m. conditions, or 40W under nbfm conditions 

Fig 7.54. Printed circuit board layouts for the 25W transistor ampli¬ 
fier for the 2m band (a) for the upper section of the diagram at 

Fig 7.53 and (b) for the lower section overleaf 
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Clearance in 
copper track Double-sided fibreglass 

printed circuit board 

Mica 
"washer 

Heat-sink 

Mica washer 
Fixing nut 

Transistor stud 

Good - sized 
clearance hole in 
heat - sink 

Fig 7.55. Method of securing transistors and heat sink when building 
the 25W transistor power amplifier for 144MHz shown on p 7.29 

A 144MHz LINEAR AMPLIFIER FOR PORTABLE 
OR MOBILE USE 

For constructors who prefer a valve rather than a transistor 
amplifier to add to an existing exciter unit the following 
design will be found to incorporate features that permit its 
operation under portable or mobile conditions from a 12V 
supply. This linear amplifier delivers 50W output for 2W of 
drive from a transceiver that may be used without modifi¬ 
cation. (Fig 7.56). 

An rf sensing network in the input of the linear inserts the 
amplifier in the aerial line when it detects output from the 
exciter. Otherwise the input and output terminals of the linear 
amplifier are a straight-through connection. Low power 
operation requires nothing more than just simply to switch 
the linear off. 

The active device is a QQV06/40A push-pull pa valve, and 
there is a built-in inverter supply operating from 12V. 

Incoming rf from the exciter is rectified to provide base 
current for the 2N3O53 which operates relays A and B ; to give 
adequate input-to-output isolation two relays are used. A 
double-pole double-throw coaxial relay can be used although 
for economy small plug-in relays may be preferred. Contacts 
Al, Bl introduce the amplifier into the line. Contacts A2, B2 
cause the dc/dc converter to start generating the plate and 
screen voltage. A simple transistor/zener regulator in the 
cathode circuit provides —27V of fixed bias for linear oper¬ 
ation, and rf output is monitored by a meter connected to an 
anode power detector. When drive is cut off and relays A and 
B release, contact A2 shorts the BD130Y bases to stop the 
dc/dc converter. The normally closed contact of B2 could 
supply to a separate receiver pre-amplifier. The insertion loss 
is less than 0-5dB. 

Although the primary application of this amplifier is as an 

Fig 7.57. Metalwork details for the 
case to house the QQV06.40A 

power amplifier 
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Fig 7.56. A high power 2m pa unit for portable or mobile use. C1 
2—16pF; C2 10 + 10pF; L1 4t jin diameter; L2 4t jin diameter. “M” 
is 0—1mA meter; D to be 1 N4007 or equivalent. In the diagram “X” 
denotes feed-through insulator or high voltage feed-through capa¬ 

citor. Winding data for the inverter toroid as follows: 

1. Use a Telecon type 7C NCR 0 004in or 0 002in toroidal core; 
2. Seal the inside face of the toroid by applying a 4|in length of |in 

wide No. 1409 Sellotape polythene electrical tape; 
3. Wind the primary, which consists of 4 lengths of 18 swg self-
'flexi ng wire wound quadrafilar in one layer of 19 turns. Ensure 
that no wires cross. (If four 5ft lengths are used this will allow 
about 7in of leads at start and finish) ; 

4. Wind on the feedback, which consists of two lengths of 24swg 
self-flexing wire bifilar wound 9 turns over the primary as shown. 

5. Over the primary and feedback wind a layer of |in wide0 003in 
Melanex (approx 5ft 6in long). Each turn is to overlap the previous 
one by one-quarter or one third its width; 

6. Wind on the secondary to the number of turns and wire gauge 
given for the particular transformer. The secondary should be 
progressively wound starting at the beginning of the primary. 
There should be no bunching of turns at any point on the circum¬ 
ference. There should be a gap of at least 5 32in between the start 
and finish of the secondary winding. The centre tap is to be half 
way around the coil. 

7. Cut and tin all wires (on all transformers) to the lengths shown. 
When tinning the wires wipe the solder clean, as these wires have 
to fit through turret lugs. 

8. Apply a band of coloured pvc or polythene electrical tape over 
the secondary to indicate the secondary voltage: 360V, orange; 
460V, yellow ; 500V, green. 

NOTE: All windings are to be in the same direction as shown. 
Secondary Turns: for 500V, 840 turns, centre-tapped, 30swg self-flexing 
wire. 
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a.m. or ssb linear, it will of course amplify nbfm. In the case 
of nbfm it can be operated in Class C if a 12ki2 1W resistor is 
inserted between the centre of the grid coil and earth, and the 
input circuit of the amplifier adjusted to draw grid current 
and thus increase the bias. In this mode 50W of output can be 
obtained for 2W of drive. 

The linear amplifier is housed in a case 6 § in by 9$ in by 2Jin. 
The 20 gauge aluminium metal work details are given in 
Fig 7.57. The power supply transistor mounting bracket is of 
16 gauge metal. The internal bulkheads may be given an 
additional supporting flap if desired. The toroid transformer 
is mounted between two thick pieces of cardboard to reduce 
acoustic noise. Potting in Araldite (or equivalent) is not 
necessary. 

Setting-up Procedure 
(I) Switch on: check that the filament of the valve is alight; 
(2) Using a gdo, tune the input coil to 145MHz with input 

link out; 
(3) Short circuit the collector of the 2N3O53 to ground and 

verify that the inverter starts: if not try reversing the 
base connections. If it still fails to start try reducing the 
47Q biasing resistor to 390, 5W ; 

(4) Check that there is 500V on the anode, 250V on the 
screen, and 27V on the cathode of the valve; 

(5) Check that there is no deflection on the meter; 
(6) With about 500mW input, and the link withdrawn 

from the grid coil, tune the pa output for maximum 
deflection (should be about 1/10 on meter); 

(7) Leaving the input link where it is, adjust the input link 
capacitor for a new maximum (say, one fifth); 

(8) With swr bridge in input line push the link in for mini¬ 
mum swr (NB: not minimum reverse power); 

(9) When adjusted for good linear operation with an a.m. 
exciter unmodulated output is 25W, which is approxi¬ 
mately four fifths of the full scale deflection on the 
meter. 

4CX250B 

Fig 7.58. Circuit of the compact 144MHz high power amplifier using 
a 4CX250B valve cooled by a blower (Plannair Type 2PL 321—284C 
Mk 3). C denotes 1000pF feed-through, C1 1000pF feed-through 1kV, 
C2 10pF Jackson type C804, C3 15pF Jackson type C804, F is a ferrite 
bead, RFC 50 £2 wirewound 5W, L1 copper strip loop (see Fig7.59), L2 
3|t coil jin inside diameter of |in diam copper, L3 1t coil jin inside 

diameter, insulated, valve socket Eimac or AEI 

Fig 7.59. Details of the grid inductor of the 4CX250B amplifier 

Fig 7.60. Side view of the compact 
144MHz amplifier 

7.32 



VHF AND UHF TRANSMITTERS 

A COMPACT GENERAL PURPOSE 150W POWER 
AMPLIFIER FOR 144MHz 

The compact "add on” 144MHz amplifier at Fig 7.58 is 
capable of operating under varying conditions, such as Class 
ABI for linear amplification of an ssb signal or Class C for 
telegraphy. Using a single 4CX250B, it requires a power 
supply unit delivering 800V at 300mA, a bias line of approxi¬ 
mately — 130V variable, and an It supply of 6-3V at 2A. A 
separate screen supply of 250V should be rated to deliver 
about 10mA, and there should of course be a supply for 
whatever blower is employed (quite a modest sized blower 
will suffice when the valve is run at the 150W power input 
level of the UK licence). 

The circuit shows the simplicity of the arrangement, which 
is due to G6JP. The grid inductor LI consists of a copper loop 
tuned by the capacitor C2 with the input tapped down from 
the grid. The anode circuit is a series tuned half wave circuit 
with the ht feed joint at the centre of the inductor L2. The 
output coupling consists of a well insulated single turn, 
which is adjustable. 

The grid input circuit below the chassis must be fully en¬ 
closed to ensure the cooling air passes through the valve 
cooler. The valve and its anode circuit is enclosed by the box 
above the chassis with its top left open. If the amplifier is to 
be built into a cabinet, free airflow from the top of the valve 
must be provided and an adequate air inlet is necessary. 

The blower used causes very little vibration, and no shock 
absorbent mounting is needed. It is mounted so that the air 
outlet is directed into the grid circuit enclosure under the 
chassis, by a suitable cutout in the chassis. The blower is 
mounted by a simple U-shaped strap around its motor. 

The input socket used is a standard tv type but that used 
for the output is a bulkhead mounting BNC. 

Performance 
Anode voltage 
Anode current 
Screen voltage 
Screen current 
Grid voltage 
Grid current 
Drive power 
Output power (load) 

750 800 V 
200 200 mA 
250 250 V 
5 8 mA 

-100 -100 V 
6-6 8 mA 
2-6 3-0 W 
90 100 W 

A SINGLE SIDEBAND TRANSVERTER FOR 144MHz 
Broadly, there are two methods of generating single side¬ 

band (A3J) for the metre-wave bands: either by means of 
equipment built specially for the purpose, or by a transverter 
in which ssb from an existing hf transmitter is mixed with the 
output of a crystal oscillator chain to provide signals on 
1443MHz. 

In any mixing process there exists the danger of generating 
families of unwanted signal products as well as the wanted 
one, as discussed earlier in this chapter. Consequently, in the 
design now to be described, where 28MHz is mixed with the 
output from a 116MHz oscillator chain, enough selectivity is 
built into the system to ensure that only a low level of un¬ 
wanted products appears in the output. 

The block diagram at Fig 7.61 shows how the 28-30MHz 
ssb output from an existing hf bands unit is mixed with the 
116MHz oscillator output to give full coverage of the 144-
146MHz amateur band. Although it might appear that the 

116MHz frequency could be arrived at by the use of a lower 
frequency crystal multiplied up, this is an unwise procedure: 
it cannot be too strongly recommended that the fixed oscil¬ 
lator should originate at the final frequency using a fifth 
overtone crystal. 

It is also important that the variable frequency ssb drive to 
the transverter should be taken from the driver stage of the 
ssb unit in preference to the final amplifier. Most hf band 
transmitters provide facilities for low level output of this kind. 

The local oscillator (116MHz fifth overtone crystal and a 
BSX20 or equivalent transistor) is shown at Fig 7.62. It is 
mounted on copper laminate and enclosed in a screening box. 
The output is taken from a coaxial socket to a separate two-
stage Class A valve amplifier (Fig 7.63) to raise the output 

2B-30MHZ 
SSB Input 

Fig 7.61. Block diagram of 144M Hz transverter in which ssb input at 
28MHz to 30M Hz is mixed with the output from a 116M Hz oscillator 
chain to deliver output in the 2m band. A bandpass filter is inter¬ 

posed between the ssb generator and the mixer 

Fig 7.62. The circuit diagram and the electrical layout of the 116M Hz 
oscillator. The inductor L requires 4t of 22swg on |in former, the 
winding to be jjin long. The choke rfc has 2t 30swg wound on a ferrite 

bead. Construction is on copper laminate board 
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C.0*001 disc ceramic Cf 8p Phi lips trimmer 

Figj7.63. The 116MHz amplifier accepts the output from the tran¬ 
sistor crystal oscillator and delivers it to the input of the 3/10 mixer 
(below). V1 is an EF91 or equivalent, V2 EF80 or equivalent screened 
pentode/tetrode, C 1000pF disc-ceramic, CT 8pF Philips trimmer. 
Inductor values are: L1 4^t <in long, 20swg self supporting, jindiam; 
L2 4|t jin long, 20swg self supporting, jin diam ; L3 4t Jin long, 20swg 
self supporting, jin diam; L4 6t gin long, 20swg self supporting, jin 

diam. Link coils 2t each at cold end of L2 and L3 

level to suit the mixer requirements. Both stages have tuned 
grid and anode circuits with link, coupling between the stages. 
To ensure stability a screen is fitted across each valve socket. 
Output from the unit is taken by a link coupling through a 
coaxial socket to the third unit. 

The third unit (Fig 7.64) contains the mixer and Class A 
amplifier tuned to the 2m band. In both stages QQV03/10 
valves are used: if preferred, the 2/6 may be substituted 
with suitable adjustments to the component values. 

The input circuit stage of the first 3/10 accepts 116MHz in 
aconventional push-pull arrangement. The variable frequency 
ssb signal is injected into the common cathode connection. 

From the output of VI mixer a standard push-pull circuit 
at 144-146MHZ is inductively coupled to the untuned input 
circuit of the 3/10 amplifier stage. 

Between the ssb exciter output and the 3/10 input a band¬ 
pass filter covering the frequency range 28-30MHz is inter¬ 
posed to minimize unwanted products. With careful adjust¬ 
ment the filter presents a very low insertion loss. The link 
couplings to it should be adjusted to ensure a level adequate 
for optimum mixing. See Fig 7.65. 

The final unit is a Class AB linear amplifier using a QQV06/ 
40A or 7/50 as shown at Fig 7.66. Alternatively, the 4CX250B 
shown elsewhere in this chapter could be used as the final. 

Fig 7.64. The mixer is a 3/10 accepting 28MHz input at the cathode 
and 116MHz at the push pull grids to produce 144MHz single side¬ 
band, which is then amplified by the following 3/10. The inductors 
are: L1 one turn 18swg insulated gin diameter; L2 4t as above to 
make gin length; L3 as L2; L4 2t 18swg gin diameter, gin long; L5 4t 
18swg gin diameter, gin long; L6 one turn 18swg insulated, gin 

diameter; C 1,000p F disc ceramic, and CT 20 + 20pF 
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Setting up procedure' The oscillator tuned circuit LC 
(Fig 7.62) is adjusted to 116MHz using a gdo. When ths 
supply voltage is applied the oscillator current is likely to be 
about 15mA; when the tuned circuit is retrimmed, at reso¬ 
nance with the crystal a sharp dip to ll-12mA will occur. 
Check that the frequency is 116MHz. 

Next, tune all the circuits of the amplifier (Unit 2, Fig 
7.63) to 116MHz. Connect the oscillator output to the ampli¬ 
fier, apply ht and retrim all the circuits for maximum output 
as shown by an rf indicator plugged in to the output socket 
of the amplifier unit. 

Having set up the oscillator and amplifier stages to 
116MHz adjustment of the mixer is the next operation. 
Correct adjustment of this stage is essential for satisfactory 
production of 2m ssb via the transverter. First adjust VI 
mixer input circuit (Fig 7.64) for maximum delivery at 
116MHz. Switch off the oscillator and its amplifiers, apply ht 
to the mixer and check its anode current (about 15mA). 
Now switch on oscillator and amplifiers; the anode current 
should rise to 40-50mA. Reduce couplings so that this falls 
to 30mA. 

Fig 7.65. The 28-30MHz bandpass filter, bottom coupled by a single 
turn link. Both L1 and L2 have 7 turns of 20swg wound on a ¿in 
former to make ¿in length. Each is tapped one turn up from the 
earthy end. Each variable capacitor is 50pF shunted by 47pF silver 

mica 

be set at 35 to 40mA by means of the bias control potenti¬ 
ometer. Full carrier insertion from the ssb exciter to give an 
increase of 1 to 2mA in the mixer anode current will 
drive the anode current of the linear amplifier up to about 
200mA at resonance. Do not run at this level for anything but 
very short periods or the valve will be damaged. With normal 
speech the anode current of the linear amplifier will peak upa 
little over 100mA and the grid current may peak upto0-5mA; 
it should not be allowed to exceed 1mA. 

Now resonate the mixer anode circuit and the following 
amplifier circuits to 144MHz and insert the rf indicator into 
the output socket of the 3/10 amplifier (V2, Fig 7.64). 

Now connect the ssb output to the socket in the cathode 
circuit of the mixer, insert a little carrier so that the output is 
about 0-5W and observe the rise in the anode current of the 
mixer. This should be about 1mA and not more than 2mA. 
Apply voltage to the amplifier and adjust both mixer and 
amplifier anode tuning to give maximum reading in the output 
indicator. The output should be in the region of 1-2W. At 
this point check the mixer/amplifier stages for self oscillation. 
Do this by switching off oscillator and ssb drive and tune both 
anode circuits while watching for changes in anode current. 
Adjust couplings for maximum output with both oscillator 
and ssb drive connected and ensure that there is no grid cur¬ 
rent present in the amplifier stage. With either the oscillator 
or the ssb input switched off the output indicator should 
show no output. 

The linear amplifier (Fig 7.66) follows normal practice. 
With 750V on the anodes the standing anode current should 

Fig 7.66. The power amplifier is a QQV06 40A or 7/50. The grid meter 
M should provide a reading of 10mA. The choke RFC may be a 5042 
wirewound resistor capable of carrying the full anode current of the 
valve. For linear operation the screen supply will need to be stabil¬ 
ized, and biasing facilities provided (bottom left hand corner) to set 
the negative grid voltage at the appropriate value. The grid input 
and anode output capacitors are 12pF 4- 12pF balanced variables, 
and the associated inductors will require approximately four turns 
of 16swg copper wire ¿in diameter wide spaced to give coverage over 

144.146MHz 

These tests should be made using a dummy load; the 
couplings should be reduced to a minimum required to en¬ 
sure that all tuned circuits are “on the nose”. 

As a linear amplifier in the quiescent state, ie with no drive, 
may act as a very effective noise generator some means must 
be used to prevent this during listening periods: either a 
relay operated by the send/receive switch on the ssb unit can 
be used to open the screen supply to the amplifier or an 
additional resistor in the bias supply can be introduced 
and switched to increase the negative bias and thus cut off 
the anode current of the linear amplifier. 
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SINGLE SIDEBAND ON 70MHz 
The principles described above for generating ssb (A3J)on 

the 2m band may be applied to the other metre-wave bands in 
use in the UK. For 70MHz (the British amateur’s lowest 
metre-wave allocation) a transversion method suggested by 
G3KQR makes use of a high level mixer (5763) which accepts 
the output from a crystal chain at 49MHz in the grid circuit 
and the output from a 21 MHz single sideband source in the 
cathode circuit across a 68Ü cathode resistor, to produce 
70MHz ssb in the 5763 anode. This is fed to the balanced in¬ 
put of a Class A buffer amplifier such as a QQV03/10 or 2/6. 
This delivers 5W of rf into a final linear amplifier (QQV06/ 
40A) operated with 600V on the anode, 250V to the screen 
from a separate stabilized ht supply, and a variable grid bias 
supply to furnish —25V to the pa grids. 

When the pa valve holder is fitted, care must be exercised to 
ensure that the 6/40A valve internal shield is level with the 
chassis platform. The linear is disabled on "receive” by cut¬ 
ting the screen supply with a relay; this obviates the genera¬ 
tion of “white noise” when the valve is idling. 
Another design of 70MHz single sideband transmitter 

which is due to G3WOS employs a QQV06/40A linear pre¬ 
ceded by a QQV03/10 amplifier. All the earlier circuits, 
which are concerned with the ssb generating function, are 
solid state. A block diagram of this transmitter is at Fig 7.67. 
One switch control for ssb, a.m., cw and fm is provided. 

Audio from the microphone amplifier is fed to a double¬ 
diode balanced modulator to produce double sideband 
centred around l-4MHz. The carrier oscillator driving it is 
matched, in frequency, to the crystal filter. Before the double 
sideband enters the filter it passes through a mosfet buffer 
stage which matches the modulator to the low input imped¬ 
ance of the filter. As the signal is attenuated when it passes 
through the filter, the output is amplified in a single transis¬ 
tor amplifier. 
The l-4MHz ssb is now mixed in a balanced mixer with 

the output from a vfo covering 49 to 5-9MHz, producing an 
intermediate frequency range of 6-3 to 7-3MHz. The tuned 
circuit in the mixer is ganged and tracked with the vfo to 

TABLE 7.8 
The multi-mode transmitter for 70MHz: 

coil winding data 

L1 40t 30g on | in slug-tuned former 
L2 primary 40t 30g on jin slug-tuned former secondary 10t 30g 
L3 primary 10t + 10t bifilar wound on {in slug-tuned former total 
20t 30g 
secondary 2t + 2t 30g 
L4 primary 8t + 8t 18g jin dia. 
secondary 4t 
L5 24t 24g on jin slug-tuned former 
L6 10t 18g jin dia. 
L7 6t 18g jin dia. 
L8, St 18g jin dia. 
L9 L11 primary 2t 20g jin dia. 
secondary 8t + 8t 18g jin dia 
L10 primary 8t + 8t 18g jin dia. 
secondary 4t 
L12 primary 8t + 8t 18g 1in dia. 
secondary 1t adjustable coupling 

reduce any spurious mixer products. This ssb component at 
6-3 to 7-3MHz passes to a second mixer where it encounters 
the output of a crystal chain at 63-7MHz. The resultant 4m 
single sideband signal passes through an amplifier with a 
high-Q tuned circuit in the collector, and thence to a 
QQV03/10 buffer amplifier in Class A which feeds the 
QQV06/40A final amplifier. 

The mode in which the final amplifier operates is deter¬ 
mined by the transmission type selected; in the a.m., cw and 
fm modes an audio oscillator is connected to the microphone 
amplifier to insert carrier. On ssb no carrier is inserted and 
the pa operates in Class ABI with stabilized screen and grid 
supplies. The pa anode is connected to 700V. Audio from the 
microphone is disconnected from the a.m. and fm modu¬ 
lators and switched through to the balanced modulator. The 
a.m. modulator ht is turned off and the modulation trans¬ 
former shorted out. When the transmit switch is open the 
driver is deprived of ht and the pa screen is open-circuited, 
power is removed from all stages but the oscillator is left 
running. 

In the cw mode all audio circuits are shorted out and the 
carrier insertion oscillator is connected to the balanced 
modulator. The pa remains in the Class ABI condition. The 

Fig 7.67. Block diagram of a multi-mode transmitter for the 4m 
band. For portable use a 12V inverter psu may be employed, as 

shown 
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Fig 7.68. The ssb generator unit of the 4m multi-mode transmitter 

Fig 7.69. In the multi-mode transmitter for 70MHz output from the 
filter-amplifier in Fig 7.68 is applied to the balanced mixer shown 
here and fed to a second balanced mixer to which the output of the 

crystal oscillator chain TR15, 16 and 17 is applied 
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output of the cio is normally shorted out by a small relay, but 
when the morse key is pressed this short circuit is lifted and a 
carrier thus generated. 

On a.m. the pa mode is Class C. One relay drops the pa 
anode voltage to 500V and changes the screen grid supply 
from +250V stabilized to a supply derived from the anode 
voltage to furnish anode-and-screen modulation. A second 
relay removes the short across the modulation transformer, 
changes the grid from a negative bias supply and connects 
grid to earth via a resistor. A third relay applies ht to the a.m. 
modulator, to which audio is routed. 

On fm audio is switched to the fm modulator on the vfo. 
Audio gain for all modes is governed by a common gain 
control before the microphone amplifier. 

The SSB Generator 
The ssb generator, Fig 7.68, uses a Cathodeon filter 

BP4128/USB with a carrier frequency of l-4MHz. The tran¬ 
sistors TRI, TR2 form a high impedance input stage to match 
microphone impedance to microphone amplifier TR3. 

The amplifier is connected via a 2p.F capacitor (to main¬ 
tain good low frequency response) to the twin diode balanced 
modulator, where the audio is chopped by the carrier oscil¬ 
lator TR6. The mosfet buffer stage TR4 prevents the modu¬ 
lator being loaded by the low input impedance of the filter. 
For maximum performance and minimum in-band ripple it 
needs to be fed from, and into, an impedance of IkQ and 
capacitance of 75pF. This is obtained on the input by the use 
of a IkQ resistor in the source lead of TR4. 

The filter amplifier (a) restores the level of the signal after 
6dB attenuation in the crystal filter, and (b) acts as a tuned 
phase splitter to drive the first mixer. The carrier oscillator 
frequency is adjusted by TCI for the best overall audio 
quality. 

The unit delivers 500mV of ssb, before overload, with a 
3dB bandwidth of 300Hz to 31kHz, the maximum in-band 

ripple being less than 0-2dB. To ensure good carrier and side¬ 
band suppression the balanced modulator is totally screened 
from the filter and carrier oscillator. 

Mixer Circuits 

On the mixer board the l-4MHz ssb is converted to 
70MHz vfo controlled ssb in two mixers, Fig 7.69. The vfo 
covers 4-9 to 5-9MHz and is mixed with the output of the ssb 
generator to produce an i.f. of 6-3 to 7-3MHz. Each mixer 
balances out its injection frequency. In the first mixer this is 
achieved by feeding the output of the vfo in phase to the 
emitters of TR8 and TR9. The mixer is balanced by adjusting 
the base biases with RV1. As much as 30dB attenuation of the 
injection is easily obtained. The antiphase signals from the 
ssb exciter are fed into the bases of TR8 and TR9. The mixer 
is tuned by a variable capacitor ganged with the vfo, allowing 
a high-Q coil to be used to increase the rejection of unwanted 
mixer products. 

The antiphase output of the first mixer is fed straight into 
the bases of the transistors in the second mixer, where the 
variable i.f. of 6-3 to 7-3MHz mixes with 63-7MHz from the 
crystal chain TRI 5, 16 and 17, to give full coverage of the 4m 
amateur band. The second mixer is tuned by a 30 + 30pF 
split stator capacitor across the collectors of TRIO and TRI 1. 
The 4m single sideband signal from the second mixer is 
delivered to the tuned amplifier TRI2 which drives the 
QQV03/10. 

The mixer and oscillator unit is adequately decoupled and 
screened. The supply lines to the two oscillators are zener 
stabilized to ensure stability when the battery voltage drops. 

The FM Facility 

An epicap diode connected across the tuned circuit of the 
vfo provides the nbfm facility. When the diode is reverse 
biased it exhibits a capacitance whose value is dependent on 

Fig 7.70. The driver and output stages of the multi*mode 70MHz 
transmitter 
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Before the aerial there are five circuits tuned to 70MHz to 
ensure reasonable attenuation of any unwanted products. As 
all the valve circuits are tuned to the same frequency good 
screening is essential between the grid and anode coils if un¬ 
wanted feedback is to be avoided. 

the level of bias. Choice of a suitable bias voltage is by means 
of the lOkil potentiometer connected to the diode (see Fig 
7.69) and correct deviation achieved by on-air tests. 

Driver and Power Amplifier Circuits 

The QQV03/10 driver operates in Class A for all trans¬ 
mitter modes. The operating conditions of the QQV06/40A 
pa are controlled by relays RL1 and RL2; RLla switches the 
pa screen between a stabilized 250V for ssb and a resistor to 
the ht supply for a.m. to provide anode-and-screen modula¬ 
tion. RL2 applies a negative bias to the control grid for ssb 
and shorts it to earth via a resistor for a.m. The relay connec¬ 
tions RL3a and RL3b are controlled by the transmit/rcceive 
switch so that during “receive” the driver is switched off and 
the screen supply is removed from the pa. This ensures a low 
standby current. The power output is monitored by a 1mA 
meter driven by a capacitative voltage divider connected 
across the aerial output socket. 

TRANSMITTERS FOR 432MHz 

Much of the communication which takes place on the 2m 
band may usefully be transferred to 70cm, an allocation 
especially attractive for local and medium distance contacts 
at high signal levels. In the UK most of this communication 
takes place in the area 432-433'5MHz. 

One of the simplest transmitters for 432MHz consists of a 
modulated tripler such as a QQVO3/2OA adequately driven by 
an existing 144MHz transmitter and modulated on screen and 
anode. The solid state varactor tripler is also much favoured, 
and two designs will now be described: 

VARACTOR TRIPLER FOR 432MHz: DESIGN “A” 

In the varactor tripler unit shown at Fig 7.72 input at 
144MHz is applied to the input socket at the left and 432MHz 
emerges from the output socket. The varactor itself is not 
directly modulated: speech intelligence is provided from the 
2m drive source, either a.m. or nbfm. 

The unit is built in a copper box 6in long by I Jin square, 
brazed or soldered up from 16 to 18 swg sheet. A partition 
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2$in from one end forms two compartments, the varactor 
with its input and idler tuned circuits being mounted in the 
smaller one, while the longer compartment forms the output 
cavity. Fig 7.73 shows the layout and leading dimensions. 

Setting up the multiplier requires, in addition to a source 
of rf at 2m, an absorption wavemeter to cover 288 and 
432MHz, and a good dummy load or rf power meter. With 
the load connected to the varactor output, apply about 10W 
of rf to the input and peak up the input circuit (C2, LI and 
Cl) for maximum absorbed power, using the 2m transmitter 
pa anode current meter as an indicator. Next set the wave¬ 
meter to 288MHz, and bring a probe, loosely coupled to it, 
near to the junction of L2, C3 and adjust C3 for maximum 
idler voltage at this point (ie L2, C3 in series resonance). 
These first two steps can be carried out more rapidly if a gdo 
is used initially to set the input and idler to the correct 
frequencies. 

Next, peak up C4 and C5 for maximum rf out, using the 
wavemeter to confirm that this is on 432MHz and not 
576MHz. With the cavity dimensions shown, the plates of 
C5 will be about Ain apart. Now increase the power level in 
steps, readjusting the trimmers each time because of the 
changing varactor capacitance which forms part of the input, 
idler and first output tuned circuits. It will be found that 
correct adjustment of the idler circuit produces a peak in the 
output power, but this is not a reliable way of adjusting the 
idler since a number of spurious peaks will occur if C3 is 
varied over its range, owing to interaction between the 
various tuned circuits. Once the idler is set to series reson¬ 
ance by the method suggested above, it is best left alone, and 

Fig 7.72. Circuit diagram of the 144-to-432M Hz varactor tripler 
using a 1 N4387 device. Component values: C1 70pF max ceramic; C2 
10pF max; C3, C4 tOpF beehive; C5 two tin diam discs approx 1/16in 
apart; D1 the 1N4387 varactor diode; Lt 3Jt 16swg tin diam to 
make approx 0*2 pH ; L2 2t 16swg Jin diam to make approx 0*06pH ; 
L3 2in of 16swg; t-4 brass tube jin od and 3|in long; R1 68kU ¿W 

Fig 7.74. Circuit diagram of the 144-to-432MHz tripler using a BAY96 
varactor to deliver approximately 9W of modulated rf at 70cm. 
Component values: Lt 6t 18swg at 3/16in diam and Jin long; L2 3t 
14swg 3/16in diam and jin long; L3 18swg shaped as shown and spaced 
3/32in from L4. L4 fin od copper tube 3/16in id 4¿in long; L5 coupling 
inductor fabricated as shown from 18swg and spaced 3 '16in from L4 

Fig 7.75. Mechanical layout of the BAY96 varactor tripler. The diode 
D1 is bolted directly to the base of the diecast box. At "X" is a 
Radiospares spindle lock, the inner part of which provides fixing 

for the tuned line at the earth end 

Fig 7.73. Mechanical layout of the varactor 
tripler, Design "A" 
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subsequent alignment confined to the input and output cir¬ 
cuits. Using a reflectometer adjust Cl for optimum match to 
the feeder cable, again at the proper power. In practice, 
adjustment of Cl so that the 2m transmitter pa does not de¬ 
tune as the coupling loop is brought in is satisfactory. 

After a short period of operation at full power, check the 
varactor stud temperature. At the maximum allowable rf 
input level of 40W, the 1N4387 will produce about 25W of rf 
output and will, therefore, be dissipating 15W as heat; at this 
dissipation the maximum permissible stud temperature is 
100 C. The box shown in Fig 7.73, if made of 16 swg copper, 
will have a thermal resistance of about 5 C/W in free air, and 
at 15W will therefore hold the varactor stud at 100 C in an 
ambient of 25°C. This, of course, is on the limit of the device 
rating, and is uncomfortably hot in any case, so it is recom¬ 
mended that the tripler unit be mounted to a thick copper or 
brass bracket bolted directly on the varactor stud. 

The power levels quoted above are cw, and in fact the 
varactor may limit, due to reverse voltage breakdown, at a 
power level slightly above the manufacturer’s rated maxi¬ 
mum. This means that although the 1N4387 or BAY96 will 
produce 25W of cw power, the peak power level attainable 
will not be much more than this. With the 1N4387 it is 
necessary to reduce the input power from 40 to 20W to pro¬ 
duce reasonably symmetrical 100 per cent a.m. This diode, 
which is a graded-junction step recovery device, will multiply 
an a.m. signal very well with good linearity, but the abrupt 
junction types such as the BAY66 detune more rapidly with 
changes of drive level, and would probably be slightly less 
satisfactory for a.m. use. 

Phase or frequency modulation is cheaper to achieve and 
more suitable (because of voltage breakdown and hence peak 
power limitations) for varactor and transistor transmitters. 
If it is necessary to use a.m. with a varactor tripler, it is advis¬ 
able to tune it up with a 100 per cent sinewave modulated 
signal at the normal power level while watching the demodu¬ 
lated envelope on an oscilloscope. Look for peak clipping, 
and for discontinuities in the scope pattern due to dynamic 
detuning as the applied power varies, over the modulation 
cycle. These can be eliminated by adjusting the input power 
level and finding a compromise setting for the input tuned 
circuit. These complications are unnecessary, of course, with 
nbfm. 

VARACTOR TRIPLER FOR 432MHz: DESIGN “B” 
An alternative design of 144 to 432MHz varactor tripler is 

shown at Fig 7.74. The dimensions of the inductor lines are 
such that the unit may be accommodated within a standard 
4?in by 2^in diecast box. A high-Q filter consists of a tuned 
i-wave line L4 to which the output of the varactor is coupled 
and from w hich low impedance output via L5 is passed to the 
aerial. 

When 15W of modulated rf are applied to the input socket, 
9W of output at 432MHz may be expected when the unit is 
properly set up. Good quality a.m. speech may be passed 
through this multiplier provided that the peak percentage 
modulation at the drive source is held to about 80 per cent. 
Detailed adjustments for optimum output are as Design "A”. 

A PURPOSE-BUILT EXCITER FOR 432MHz -> 
The following design for a 432MHz exciter unit employs 

five valve stages terminating in a QQV02/6 straight amplifier 
delivering 4W of output, and thus suitable for driving a larger 
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Fig7.77. Mechanical layout of the 70cm all-valve exciter unit showing 
inductor details 

TABLE 7.9 
Operating conditions in the five-stage 432MHz exciter 

unit 

Va 
V1 Z77/EF91 230 
V2 QQVO2/6 220 
V3 QQVO2/6 235 
V4 QQVO2/6 250 
V5 QQVO2/6 240* 
Voltage supply 250V 
Power output 4W 

VG2 IG2 VC 
150 — — 
160 — —15 
235 — —15 
240 — —15 
240 13 —6-6 

IC IG1 

32 negligible 
35 2 x 1-3 
50 2 x 1-2 
53 2 X 0 6 

• Note that CCS rating for amplitude modulation is 200V. 

amplifier stage or used as a low powered 70cm transmitter in 
its own right, if anode-and-screen modulation is applied to 
this final stage. 

The first stage is a Pierce oscillator using a 24MHz crystal 
and the anode circuit tuned to the same frequency. For 
oscillation to occur in the pentode valve specified the load (ie, 
G2) must be capacitive. The small capacitor Cx across the G2 
dropper resistor gives precise adjustment. 
The second stage, which doubles to 48MHz, uses a 

QQV02/6 with both sections connected in parallel. The effec¬ 
tively single ended output circuit is arranged in a balanced 
configuration to provide push-pull input to the third valve. 

The third stage triples to 144MHz using a QQV02/6 in a 
standard push-pull circuit. The fourth stage is similar, tripling 
to 432MHz. The final stage uses a further QQV02/6, 
operating as a push-pull amplifier. 

The circuit diagram is shown in Fig 7.76 and the general 
layout of the major components in Fig 7.77 together with the 
side view of the 432MHz section. 

A TRIPLER AND AMPLIFIER UNIT FOR 432MHz 
A classic design of 70cm output unit which has held its 

popularity for many years utilizes a QQV03/20A tripler 
driving a QQV03/20A straight amplifier, the latter operating 
at 24W de input. 

A scaled-up version of this design capable of delivering 
considerably more output power uses the larger QQV06/40A 
valve in each stage. In the design shown at Fig 7.78, due to 

G8AVX, fine tuning of the tripler stage anode line inductors 
is accomplished by a copper or brass paddle which is rotated 
from the front panel so that it just clears the valve. The pa 
stage is fine-tuned by a dielectric paddle. In each stage initial 
resonance—to the top end of the 432-433-5MHz range—is 
achieved by bending the “flags” attached to each output line 
to or from one another. The tripler anode lines are i-wave; 
those for the amplifier grid input are i-wave, tuned across the 
ends by a 0-5 to 3pF trimmer. 

The choke feeding the tripler anode lines is a 50ÎÎ wire¬ 
wound resistor. The chokes feeding the amplifier grid lines 
have 6in of wire close-wound on a 50Q resistor; they should 
be positioned at a "cold” point on each line. This is readily 
found by running a screwdriver along the line (minimum 
deflection on the grid current meter corresponds to "cold” 
point). 

The screens of both stages are each fed through variable 
resistors, to set the input power; the resistor feeding the 
tripler effectively operates as a drive control to the amplifier. 
The amplifier grid current should be set to 3mA with the bias 
resistor network provided in the circuit. The anode current to 
the tripler to give this input to the amplifier will be between 
85 and 130mA. 

The input to the amplifier at 400V is adjusted to 150mA at 
resonance by means of the variable screen resistor and 
loading. 

As is shown in the illustrations, the tripler-amplifier circuit 
is completely screened. The power supply components are 
fitted between the front panel and the tripler-amplifier 
compartment. 

The tuning control shafts for the tripler and amplifier are 
brought out to the front panel and the output coupling 
control is accessible from the back. 

The U-shaped paddle used for tuning the tripler anode 
circuit consists of a piece of copper or brass fin wide bent to 
form a U-shape slightly larger than the valve bulb diameter. 
This is fixed at its centre to an insulator block, suitably drilled 
for attaching to the tuning control (see Fig 7.79 (a)). It should 
be noted that this control has a limited range and the actual 
position of the anode lines on the valve anode pins is used to 
set the centre of the range required. 

Fig 7.79 (b) gives details of the tripler anode lines and 
tuner. 
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Fig 7.78. A medium power tripler-and-amplifier unit for 70cm. The 
inductor L2 is self-resonant at 144MHz, ie approx five turns |in 
diam air spaced. The single-turn coupling loop L1 which furnishes 
drive from an existing 2m transmitter is positioned at the centre of 
L2 to deliver optimum input so that when the tripler output is 
tuned to 432MHz a grid current of 3mA is realized in the pa grid 

input circuit 

Top view of the tripler-and-amplifier transmitter for 432MHz Rear panel removed to show detail of line construction 
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The amplifier tuning as mentioned earlier is by dielectric; 
a plate of jin ptfe is fixed to a rod which is positioned by a 
hole in the mounting block supporting the anode lines. This 
ptfe plate is arranged to pass between the flags soldered to 
the anode lines; its actual position is determined by the 
frequency required. 

Control of the position of the ptfe plate is by standard dial 
cord and spring and suitable pulleys (see rear view illustra¬ 
tion). 

Details of the anode lines and output coupling are given 
in Fig 7.81. The fixing bracket of the anode line should be bent 
to allow for expansion; the corner should be well rounded, as 
indicated. 

When running the amplifier at 60W input in an enclosed 
screen it is desirable to provide some cooling, and a small 

Insulating 
material 

(b) hard soldered 

Fig 7.81. Amplifier anode lines construction. Fine tuning is by mov¬ 
able dielectric paddle. The lower diagram shows the construction 

of the balance-to-unbalance aerial coupling inductor 

Fig 7.79. The tripler anode circuit and metal paddle fine tuner details 

Drill No 52 

deep 

Tap 6BA 

-1 /8-W deep , 

Tap 6BA Material ... Brass 
2 off required 

Fig 7.80. Amplifier grid lines construction 

blower is attached to the rear panel of the enclosure. A 
number of ventilating holes in the base plate of the amplifier 
screen are located directly under the valve, with the air-flow 
from below. 

Chassis details are shown in Fig 7.82. Only the major 
items are given; such detail as fixing holes for the screen or 
valve sockets are left to the constructor. 

A HIGH POWER AMPLIFIER FOR 432MHz 
Where it is desired to use the full permissible 150W de in¬ 

put on 70cm a larger pa stage than those hitherto described 
will be necessary. A single 4CX250B fulfils this requirement 
excellently. The operating conditions which apply to this 
valve were given earlier under "A compact general purpose 
150W power amplifier for 144MHz”. The circuit diagram at 
Fig 7.58 for 2m applies broadly to the 70cm design except 
that substantial changes in the inductor geometry are dictated 
by the higher operating frequency. 

In this 432MHz amplifier the anode and grid circuits are 
coaxial lines tuned by disc capacitors with inductive input and 
output coupling. The unit is contained in a box 8Jin long by 
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Fig 7.82. Metalwork for the tripler-and-amplifier unit 

3 J in square (inside) made of 18swg copper or brass. The lid 
is bent down on the long sides so that it makes good contact 
with the box, and the two end plates are similarly constructed. 
The end plate to which the anode inductor is attached is made 
easily removable for valve changing. 

A screen across the centre of the box carries the valve 
socket, and isolates the anode and grid circuits from one 
another. The anode inductor (Fig 7.84) is made of 1 Jin dia¬ 
meter (outside) tube with 20swg wall thickness. At one end a 
2}in diameter flange is fitted and at the other, eight equi¬ 
distant slots are cut for a distance of lin from the end. After 
these slots have been cut, the open end should close down to 
a diameter of T6in to make good contact to the valve cooler. 
The inner edge of the fingers should be chamfered to assist 
fitting to the valve. The fixed plate of the anode tuning capaci¬ 
tor is attached centrally to one of the end fingers by soldering; 
the position of this is arranged to be opposite to its moving 
plate. 

The end plate to which the mounting flange is attached 
has a hole to match the inside diameter of the anode line for 
the air outlet. Insulation between the line and the end plate 

Fig 7.83. The 432MHz high power 
amplifier. Above right: general 

arrangement; right: top view 
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should be a mica ring, which with its high dielectric constant 
will provide a substantial by-pass capacitor. For safety it is 
desirable to cover the hole in the end plate with an open 
mesh to prevent accidental contact with the live anode line. 

The grid line is made of Jin diameter tube of 20swg wall. 
One end is closed by a disc soldered into the tube and a 
clearance in the centre of this is needed so that the line can be 
directly attached to the grid connection of the valve socket. 
As with the anode line, the fixed plate of the grid tuning 
capacitor is fixed directly on to the tube at 2^in from the 
valve end of the line (see Fig 7.84). 

Connections to the heater (live side), screen and bias 
supplies are made through insulated terminals and rf chokes. 
The bias connection is made on to the grid line at a point of 
minimum rf voltage, approximately 0-8in from the valve end 
of the grid line. The ht connection to the anode is taken by one 
of the insulated screws used to fix the anode flange to the 
end plate. An rf choke should be fitted externally. 

The valve socket is fitted to the central screen, with the 
screen by-pass capacitor flange of the socket on the anode side 
of the screen and fixed by the three clamps provided with 
the socket. The position and size of the input and output 
couplings are shown in Fig 7.83 (b). 

Arrangements must be made to initiate the blower motor 
when the heater comes on. It is essential that both com¬ 
partments are reasonably airtight so that air is forced 
through the valve anode cooler and out through the anode 
line. 

e Tuning Plate 
MATERIAL. 
COPPER OR BRASS 

Fig 7.84. Mechanical details of the 432MHz anode lines (A), gridline 
(B) and tuning plate 

Fig 7.85. The 4CX250B valve 

SINGLE SIDEBAND ON 432MHz 
Single sideband in the 432MHz band may be generated in 

a number of ways, adapting the principles already described 
earlier for 144MHz. 

A method suggested by G2AIH has the merit of providing 
ssb output on two of the UK amateur bands, 70MHz as well 
as 432MHz. Output at 70MHz is mixed with the output from 
a crystal chain at 362MHz to deliver 432MHz input to the 
70cm final class B amplifier. The p.e.p. output at 432MHz is 
approximately 35W; ssb output of approximately 1W is also 
available at 70MHz for driving an external 4m linear 
amplifier. 

As will be seen from Fig 7.86 amplified audio frequencies 
from the microphone are applied to a double-diode balanced 
modulator together with the rf output from a 498-6kHz 
carrier oscillator. The resultant output from the balanced 
modulator thus consists of the upper and lower sidebands of 
the (suppressed) carrier frequency. These two sidebands are 
then applied to a two-section half-lattice crystal filter, which 
rejects the upper sideband and passes the lower sideband 
only via a 498-6kHz amplifier to a second balanced modu¬ 
lator in the first frequency translator. Here the lower side¬ 
band signal is heterodyned with an rf voltage at approxim¬ 
ately 2-65MHz to give an output frequency of 2-15MHz, and 
at the same time the Isb signal is converted to usb to con¬ 
form with standard ssb practice for vhf and uhf transmission. 

In the next frequency translator stage the 215MHz com¬ 
ponent is heterodyned with 9-47MHz in a balanced modu¬ 
lator to give a resultant output frequency of ll-6MHz usb. 
This 11 -6MHz signal is then amplified and applied to a third 
frequency translator which converts the output frequency to 
70MHz. The oscillator-multiplier chain in this translator 
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generates a frequency of approximately 58-5MHz, the actual 
frequency being determined by selection of any one of three 
crystals, which results in three spot frequencies being avail¬ 
able for transmission in the 70MHz and 432MHz bands. In 
the prototype these crystals were for 6,525kHz, 6,540kHz and 
6,550kHz, to deliver the required 58-5MHz at the end of the 
crystal chain. If continuously variable coverage is required 
instead of three spot frequencies, the crystal oscillator is 
substituted by a vxo or vfo at about 6,540kHz. 
The 70MHz output from the balanced modulator in the 

third translator is amplified by a Class A amplifier, and can 
be applied either to an external 70MHz power amplifier for 
4m operation or to the final frequency translator when 
432MHz operation is required. 

For 432MHz operation the 70MHz ssb signal is hetero¬ 
dyned with a frequency of 362MHz in the final frequency 
translator. The output stage is a 432MHz Class B amplifier 
(QQV03/20A). 

The starting frequency in the 362MHz crystal chain is 
40MHz; the output passes to a QQV02/6 mixer to which 
70MHz ssb is also applied, delivering 432MHz ssb to the 
input of the QQVO3/2OA final. 

Provision is made in the transmitter for injecting a voltage 
from the carrier oscillator (carrier re-supply) into the first 
mixer. This by-passes the first balanced modulator and crystal 
filter and enables a single sideband plus carrier transmission 
(A3H) to be made if desired. 

To assist in obtaining good frequency stability, which is of 
paramount importance in ssb operation, oscillator output is 
derived from buffer stages in most instances; ht supplies to 
oscillators, balanced modulators and signal frequency ampli¬ 
fiers are regulated. 

To ensure isolation between stages and to permit ease of 
any subsequent modifications (eg, introduction of a vfo as 
already mentioned) the prototype transmitter was con¬ 
structed in the form of nine sub-assemblies: 

(1) Audio frequency amplifier 
(2) Carrier oscillator and balanced modulator 
(3) Lower sideband filter 
(4) Frequency translator 0-498 to 215MHz 
(5) Frequency translator 215 to ll-6MHz 
(6) Frequency translator 11-6 to 70MHz 
(7) Frequency translator 70MHz to 432MHz 
(8) 432MHz linear amplifier 
(9) Control and power distribution panel. 
Sub-assemblies (2), (3) and (4) above were mounted 

together to form a sideband generator assembly. 

Fig 7.86. Block diagram of the G2AIH single sideband transmitter 
for 432MHz using ssb injection from a 70MHz source mixed with 
362MHz from an oscillator-multiplier chain. The 70MHz ssb may 
be fed alternatively to a 70MHz pa unit when output is required in 

the 4m band 

TRANSMITTERS FOR 1,296MHz 
The two tripiers now to be described accept 432MHz input 

and deliver 1,296MHz output. They may be used as small 
transmitters for 23cm or as driver units for a straight-through 
amplifier on this band. 

DESIGN “A”: A DIODE TRIPLER TO 23cm 
A diode tripler configuration developed by G8AZM is 

shown as Fig 7.87. 
The unit consists of the tripler unit itself followed by a 

simple filter to attenuate the other harmonics generated—a 
filter is necessary as the output at 1,728MHz, for example, 
is only 16dB below that at 1,296MHz. The tripler stage uses 
five 1N914 or 1S44 switching diodes which have a step 
recovery time of less than 90 picoseconds, although their 
capacitance/voltage ratio is small. Each diode is rated at 
nominally 200mW dissipation, but this can be greatly 
increased by using large thermal sinks as in the present design. 
By this means, up to 6W at 342MHz can be dissipated by 
the five diodes to produce up to 2W at 1,296MHz, a useful 
power level for the 23cm band. The maximum power input 
even for short times is about 9W. 

The circuit is shown schematically in Fig 7.87 and the 
practical configuration in Fig 7.88. The five diodes are con¬ 
nected between two lin x jin plates to form a stack, one 
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side of which is bolted to the chassis and the other to the line 
LI. The plates, the line and the chassis are made from copper 
(22swg) which provides high thermal conductivity. Great 
care must be taken in soldering in the diodes as their lead 
lengths should be as short as possible. To reduce the risk of 
damaging the diodes, the leads and the holes in the plates 
should be pre-tinned and a hot soldering iron used for the 
minimum time necessary to make each joint. The top and 
bottom surfaces of the stack should then be made flat by 
filing, and then with emery paper on a flat hard surface such 
as glass. The corresponding parts of the chassis and LI 
should also be carefully flattened to ensure good thermal 
contact. The output loop is of 18swg wire running for Jin as 
near to LI as possible, one end being connected to the output 
socket and the other to C4. 

The filter consists of a box lin square and 2in long fabri¬ 
cated from 16 or 18swg brass or copper sheet, containing a 
single resonant element. 

The filter should first be tuned by connecting it to a receiver 
input and peaking preferably a weak distant 23cm signal : its 
insertion loss should be less than IdB and therefore barely 
detectable. The tuning screw should then be locked and the 
filter connected between the tripler and a load (perhaps an 
aerial fed by a long length of lossy coaxial cable) together 
with some sort of power indicator (for example, a field 
strength meter or a diode connected in the aerial line). 

With the bias resistor set at about 5kO, about 5W of power 
at 432MHz should be applied to the input, and Cl, C2 and 
C3 adjusted for maximum reading from a voltmeter con¬ 
nected across the bias resistor: about 20V should be 
measured. C4, C5 and C6 should then be adjusted for maxi¬ 
mum 1,296MHz output. The bias resistor and all the tuning 
capacitors should then be re-adjusted to maximize the 
output. 

Fig 7.88. Practical configuration of the 23cm tripler and the asso¬ 
ciated filter 

DESIGN “B”: A VALVE TRIPLER TO 23cm 
Fig 7.89 shows the circuit diagram of a simple tripler 

employing the grounded grid 2C39A valve. A drive of 10W 
is needed from a 432MHz transmitter if the full power output 
capability of this valve is to be realized. 

The anode tuned circuit is a plate of copper or brass drilled 
as in Fig 7.91 and fitted with contact finger material for 
connection to the anode of the valve. To reduce losses by 
radiation the anode circuit is enclosed in a standard diecast 
box, 4 jin by 3 jin by 2Jin. The lid is replaced by a copper or 
brass plate ^in thick with a U-shaped screen of the same 
material soldered to it. 

Fig 7.89. A strip-line 23cm tripler using a 2C39A valve. The input 
inductor LI for 432M Hz has 2t of ¿in diameter strip jin long, cathode 
tap at jt from the end earth. L2 and L3, the anode strip line and 
output coupling loop, are shown in detail at Fig 7.91. Cg grid to 
chassis bypass capacitor using as insulation mica 0 004 6 in thickness 
Ca ht to chassis bypass capacitor, construction as Cg. RFC1 8t jin 
diam 18swg; RFC2 7t ¿in diam 22swg; R to be adjusted to give 5-5V 
heater potential; C1 and C3 2-6pF concentric trimmer (Mullard 
C004/EA); C2 adjustable plate trimmer (see Fig 7.91); “X” is posi¬ 

tion for grid current meter 
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The plate forming the anode strip line is mounted Hin 
above the chassis plate by two insulated pillars, and the ht 
supply to this is connected to a tag under one of the fixings, 
through the rf choke (RFC2) to the ht bypass capacitor 
centre fixing screw insulated under the plate, via the plate to 
the supply socket. 

The grid, which is at rf earth potential, is connected to a 
2in square plate insulated from chassis and fixed by three nylon 
and one metal screws. Note that the insulation is on the 
underside. 

The screw is connected to the 2-2k resistor, which is in turn 
connected to the chassis plate. To read grid current this 
connection is lifted off earth and a meter connected between 
it and the chassis plate. The insulation of both the ht and 
grid bypass capacitors is 0-004/6in thick mica or other similar 
material. 

The input circuit LI Cl is fitted into the top left-hand 
corner close to the valve and the input socket. Contact to the 
valve anode and grid is made by phosphor bronze fingering 
Ä>n long soldered to the anode and grid plates. The fingering 
should face the same direction. 

The completed unit is operated with valve anode down¬ 
wards, ie standing on the box in the normal manner. 

Adjustment : For full power operation, a drive level of 
10W is needed. The input circuit is tuned for maximum grid 
current which when correctly adjusted should be between 30 
and 40mA. When the input has been properly adjusted apply 
ht of 25O-45OV to the anode and adjust the anode tuning 
capacitor and output coupling circuit for maximum output. 
The indicator described for the previous unit should be used 
to assist in tuning up the anode circuit. 

With inputs up to 50W no forced cooling is needed, but if 
the valve is to be operated at its full input rating provision 
for forced air cooling must be made. Since the diecast box NYLON TUNING SCREW 

Anode Tuning 
Capacitor 

C2 
MATERIAL_ l"WIOE 

THIN COPPER STRIP 

SOLDER TO 
CHASSIS PLATE 

Output Coupling L3 

MATERIAL. Vr'widE COPPER 
STRIP 

Fig 7.91. Constructional details of the anode and grid lines used in 
the 2C39A 70-to-23cm tripler 

Fig 7.90. General arrangement of the 2C39A tripler for 23cm 

forms a cavity at the operating frequency, any holes which are 
cut in the sides of the box to allow cooling to be blown across 
the anode radiator should be covered with mesh to prevent 
disturbance of the rf field. 

For local (short range) working sufficient output can be 
obtained when the ht lead is connected to chassis (no anode 
voltage). 

FILTERS 
The amateur vhf and uhf allocations are situated among 

television, fm broadcasting, air traffic control and other 
services (see Fig 7.1 (b)). Special care needs to be exercised by 
the amateur to obviate interference to or from these services. 
Common practice with hf band equipment is to use a low 
pass filter at the transmitter and a highpass filter at the tv or 
other receiver input, but at vhf the method most likely to be 
effective is to use some form of bandpass filter for each of the 
bands used. It may be either a multi-element unit with a 
relatively wide band of, say, 5 to 7 per cent of the frequency 
in use, or a narrow band high-Q strip line version tuned to 
the actual transmitter frequency. 

The bandpass filter is probably the more elegant method 
but its design and setting up without fairly elaborate test 
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equipment are not easy if the insertion loss is to be restricted 
to a maximum of IdB. 

The high-Q strip line or tube line filter can be readily made 
and tuned. It requires retiming if any considerable trans¬ 
mitter frequency change is made. 

Either method will provide protection against out-of-band 
radiation, notably from transistor transmitters. 

A bandpass filter installed in the aerial feeder will not only 
restrict out-of-band radiation but will also reduce receiver 
desensitization caused by strong out-of-band signals. 

Bandpass filters which are to pass significant rf power must 
be constructed with adequately rated components, eg, air 
spaced adjustable capacitors and large diameter wire for 
inductors. 

Position of 
input and 
output 
connections 
for 5Oohms 

Fig 7.93. Constructional details of the lumped-inductor filter for 
144MHz 

Fig 7.92. Constructional details of the high-Q filter for 144MHz 
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Fig 7.94. This graph shows the performance to be expected from the 
lumped inductor filter for 144MHz 

A HIGH-Q FILTER FOR 144MHz 
The high-Q filter shown at Fig 7.92 consists of a copper or 

brass tube 3Jin inside diameter by 14/8in tall, in which a 
single hollow inductor rod terminates at the top in a capacitor 
plate. The rod for adjusting this capacitor plate passes along 
the centre of the inductor and has a slotted base to accommo¬ 
date a screwdriver head. 

Versions for 70MHz or 432MHz may be constructed by 
scaling the length of the inductor accordingly. The coupling 
loops at the base must be symmetrical so that the input and 
output impedances remain the same. 

The filter should be peaked on a steady signal for “recep¬ 
tion” or for maximum transmitter output on “send” by 
adjusting the screwed end of the coaxial rod. Insertion loss 
should not be greater than IdB. 

A COMPACT FILTER FOR 144MHz USING 
LUMPED INDUCTORS 

Rather simpler than the foregoing high-Q filter is the 
lumped inductor band pass filter shown at Fig 7.93. It em¬ 
ploys two slightly over-coupled tuned circuits providing an 
adequate bandwidth (4MHz) to cover the whole of the 2m 
band, but with a negligible insertion loss of 0-4dB. Dimen¬ 
sions both for 144MHz and 432MHz are given. 

Coupling to each inductor is by a sliver of solid wire. The 
tapping points shown are for 5OÍ2, but will need to be me ved 
slightly higher up the coil for higher input impedances, and 
should be finally set by using a signal source in the 2m band. 
At the same time the top capacitors will require adjustment 
for optimum signal strength. 

The filter is contained in an aluminium die-cast box 4jin 
by 3}in. The inductors are made from Jin diameter copper 
wound on a jin mandrel; they consist of four full turns plus 
that required at the lower end to reach the central fixing. Care 
is needed to ensure that the coil spacing is correct; with the 
dimension given there is sufficient overcoupling to give a 
small ripple at the nose of the response curve. The method of 

fixing adopted was to solder the |in diameter copper into a 
socket as used for the Erie type KI700 stand-off capacitor 
(see Fig 7.93), with the capacitor removed. Any alternative 
method of making a good electrical contact to the box would 
be suitable, bearing in mind the relatively high circulating 
current involved. 

The tuning capacitors are Jackson type C8O4 trimmers 3-5 
to 15pF with two plates removed from both the rotor and 
stator, leaving three fixed and three moving. 

When the capacitor and coil are mounted and soldered 
together, the circuits should be rotated so that the tap points 
are opposite the input and output connectors. 

COAXIAL 
SOCKET 
TYPE N 
50 OHM 

COAXIAL 
SOCKET 
TYPE N 
50 OHM 

Section Ä-A' 

Fig 7.95. Mechanical layout and electrical circuit of the 144MHz 
strip-line band-pass filter for use with a high power 2m transmitter. 
The length of the central line is slightly shortened to allow for the 
rib in the cast box and the longer capacitor. Otherwise the line 
lengths should be 6|in for 144MHz and 2 in for 432MHz, both in 1in 
flat copper strip. Capacitor values at 144MHz are: Cl 50pF, C2 60pF 
C3 4 4pF. At 432MHz they become: C1 50pF, C2 15pF and C3 5pF. 
Insertion loss is only 0 6dB at 144MHz and 1-2dB at 432MHz. For the 

higher frequency band a smaller 4jin by 3jin box is used 
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A HIGH POWER BAND PASS FILTER FOR 
144MHz 

A bandpass filter for transmitters delivering 100-120W 
output in the 2m band is shown at Fig 7.95. 

Three shortened strip lines are tuned by capacitors at the 
top end. Input and output coupling is through small fixed 
capacitors to the top end of the outer lines. The third (central) 
line is free and couples the input and output circuits. 

The strip lines are made of lin wide copper at an angle of 
45° (incidentally this angle will be provided naturally if 
the standard type of trimmer is used with the centres given). 
Fixing of the line to the end wall of the box is provided by 
OBA brass cheesehead bolts with saw cut opened to allow the 
line to be brazed centrally to the end. 

The top end of the line is bent to make contact with both 
the capacitor stator pillars, which are soldered directly to the 
line after assembly—a fairly large soldering iron will be 
needed for this. Input and output capacitors are taken direct¬ 
ly from the connectors to the top of the respective line. 
Setting up is straightforward provided an output power 
measuring device of some form is available. Initially C2 
should be set near maximum capacitance: this and the Cl’s 
are then adjusted for maximum output, taking care to keep 

the Cl’s value similar. If this is not done an asymmetrical 
response will result. 

The input and output capacitors shown (C3) are for 500 
line. For 750 line their value should be reduced to 3-2 to 
3-4pF. When aligning the filter the following points should 
be observed: 

The central strip line with C2 set at maximum tunes to 
about 144MHz. When the input and output lines are tuned 
to resonance with it the overall response is quite sharp and is 
about 3dB down at ± 1MHz. As C2 is decreased in value the 
higher frequency cut-off moves upwards and a double humped 
response develops. With C2 at about 10% unmeshed there is 
an almost square shaped response 2MHz wide with a slight 
dip in the middle of around 0-ldB. 

To adjust, apply a signal, and peak the output by adjust¬ 
ment of Cl. Replace and fix the box lid before the final ad¬ 
justment of the capacitors Cl. If transmitter output at several 
frequencies in the band is available, make the adjustments at 
the centre of the wanted range. If after this the higher fre¬ 
quencies show reduced output, reduce the capacitance of C2 
slightly. If there is some loss at the lower frequencies, retune 
both Cl to optimize the lower frequencies, and adjust C2 to 
maintain output at the higher wanted frequency. 
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CHAPTER 8 

KEYING AND BREAK-IN 

TO impress intelligence on a carrier wave, it must undergo 
a process of modulation, and the simplest way of 

accomplishing this is on/off keying of a transmitter. This 
necessitates encoding the information in the form of specific 
trains of pulses of different lengths, to represent each 
character, the usual system being the morse code. The only 
method of keying the transmitter to be discussed in this 
chapter consists of changing the amplitude of the carrier: an 
alternative method, known as frequency shift keying, is to 
vary the frequency, but this offers very little advantage for 
normal morse communication purposes, and is usually 
applied solely to operating teleprinters. This subject is 
considered in Chapter 10. 

The bandwidth required by a properly keyed signal is 
small, and should be directly related to the speed of sending 
involved. The optimum condition is not always easily 
attained, however, and the result of a maladjusted keying 
system is usually the radiation of spurious emissions over 
large parts of the frequency spectrum. It is also possible 
to obtain the opposite effect, however, through an attempt 
to avoid harmful keying transients; the result of this condi¬ 
tion is to produce a very “soft” characteristic which will 
prevent the reading of morse signals at high speeds. 

Morse code characters are made up of dots and dashes, 
each character consisting of a unique combination of these 
elements. 

The standard morse code (International Telegraph Code 
No. 1) dictates that a space between the elements of a 

Fig 8.1. Graph showing clot lengths for a range of transmission 
speeds. Once the design ligure of the maximum speed of sending 
for a transmitter has beer decided, this graph can be used to select 

the appropriate time delays in keying filter circuits. 

character shall be one dot length, and that the length of a 
dash and the interval between letters shall be three dot 
lengths. Fig 8.1, showing the length of a dot for a range of 
transmission speeds, should be used for reference when a 
keying waveform is being tailored, because it is important to 
provide the correct amount of softening of the key envelope 
in relation to the upper speed which is to be used : the rise or 
decay time should not exceed about one-third of a unit 
length at the highest speed, so that at 24 words/min, such 
times should not exceed about 15ms. 

If a signal has its dots or dashes too long with respect to 
the spaces between them, it is said to be weighted. This term 
is used particularly in connection with keying relays, as a 
slow component would clip the dots of a transmission unless 
some weight is added to the switching pulses to compensate 
for it. 

KEYING CHARACTERISTICS 

There are two main components which affect keying 
characteristics: envelope shape and frequency stability. 
Any keying trouble such as key clicks, ripple, chirp and 
spacer-waves can be attributed to poor conditions in one of 
these areas. 

Envelope Shape 
The envelope of a keyed signal is the outline of the pattern 

that the signal would display on an oscilloscope. It can be 
observed by feeding the keyed rf signal on to the Y plates 
or vertical amplifier of a slow-scan oscilloscope, and setting 
the timebase in synchronism with the keying speed. The 
transmitter is best keyed by an automatic device producing a 
regular sequence of dots or dashes so as to obtain a steady 
display. 

In general, if no precautions are taken, the pattern will be 
square and sharp, or “hard” (Fig 8.2(a)), and will radiate 
interference over a wide range of frequencies. The rise and 
decay times of the carrier must therefore be lengthened until 
the interference is no longer objectionable, but without 
impairing the intelligibility at high speed. This requires rise 
and decay times of 5-20ms, and the methods of achieving 
this will be described in the sections on different keying 
systems. 

Key filter circuits rely for their operation on the time 
constant of a CR (or LR) circuit (see p 1.15). Filter circuits 
are used to limit the rate of change of the bias voltage to the 
keyed amplifier stage, so that the operating conditions of the 
stage do not switch abruptly from conduction to cut-off. 

The characteristics of the pa power supply may contribute 
to the envelope shape, as the voltage from a power unit with 
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Fig 8.2. Keying envelope characteristics, (a) Click at make and break; 
(b) click at make, with click at break suppressed; (c) ideal envelope 
with no key clicks; (d) effect on keying envelope of poor power supply 

regulation. 

poor regulation will drop quickly each time the key is closed, 
and rise when it is released. This can lead to the shape in 
Fig 8.2(d). This effect is not necessarily undesirable, but 
it can be lessened by use of a choke-input filter in the pa 
supply, or by increasing the size of filter capacitors in the 
supply. 

Envelope ripple can be caused by rf feedback, but poor 
power unit filters are generally responsible. If ripple is present 
on the pa supply, the carrier will be amplitude modulated 
at the ripple frequency, whereas on the oscillator supply it 
would probably cause both frequency and amplitude modu¬ 
lation. Clipping a large electrolytic capacitor on to various 
points in the transmitter will usually indicate the necessary 
treatment. 

RF Clicks 
Although clicks caused by a hard keying envelope are 

radiated with the signal, local rf interference may be caused 
by sparks at the key contacts, particularly if an appreciable 
current is keyed in an inductive circuit. This interference 
is usually removed by connecting a capacitor (typically 
O OO5jiF) directly across the key or keying relay contacts 
(Fig 8.3), and in severe cases by also inserting an rf choke 
(1 or 2mH) in the live keying lead. The effectiveness of such 
treatment is judged by listening to the station receiver tuned 
to a frequency well removed from the transmitter frequency. 

Some semi-automatic “bug” keys and keying relays tend 
to give more trouble with clicks than hand keys because of 
contact bounce or mis-shapen contacts. With bug keys, 
contact bounce can often be prevented by adjusting the 
position of the moving dot contact so that only about one-
quarter of the contact surfaces are in use, and by mounting 

^0*005 To keying circuit 

0-005 To keying circuit 

Fig 8.3. Circuits for suppression of interference caused by arcing 
at the key contacts. The rf choke will be necessary only in severe 
cases. The 0 005mF capacitor must be mounted directly across the 
key contacts. If an rf choke is used, it must be able to withstand the 
current flowing in the keyed circuits; in the case of cathode keying 
of a high power stage, this may be considerable, but then a high 
current choke is desirable so that a minimum of resistance is added 

to the cathode circuit. 

a small block of foam rubber inside the dot contact U-spring 
(Fig 8.4). 

Worn, pitted or dirty contacts are obviously undesirable, 
and great care should be exercised in treating them. Only a 
burnishing file should be used; anything rougher would leave 
a burred surface which would only cause further trouble. 

In some transmitter designs, the power amplifier is clamp¬ 
valve controlled and an earlier stage keyed. If the pa is 
operated in Class C, it is capable of sharpening the softened 
signal from the buffer stage, thereby reintroducing clicks on 
the radiated signal. This is one reason for using sequential 
keying of more than one stage. The pa may also be triggered 
into low-frequency parasitic oscillations, again causing 
clicks. This is usually due to poor choice of rf chokes in the 
pa grid and anode circuits. 

Fig 8.4. Method of reducing contact bounce from “bug” key dot 
contacts. Note the displacement of the two contacts. 

Chirp 

Chirp is a form of frequency instability occurring each 
time the transmitter is keyed, and is recognized by a change 
in beat frequency at the beginning and end of each character 
when the signal is monitored on a receiver. A signal with 
chirp is undesirable, as it is less easy to copy, and is not 
suitable for reception by narrow-bandwidth receivers. It is 
usually more prevalent in transmitters controlled by a vfo, 
and there are three principal causes, which are: 

(a) DC Instability. DC instability occurs when a common 
power supply is used for the oscillator and the pa (or any 
circuit through which the current changes in sympathy 
with keying). No oscillator exhibits absolute stability under 
varying supply conditions, and therefore a voltage regu¬ 
lator should be incorporated in the oscillator supply. A 
separate oscillator supply might be needed to cure a 
difficult case, but improving the regulation of the common 
power unit and redesigning the oscillator to be less 
dependent on supply voltage variations should generally 
suffice. 

(b) Pulling. Pulling refers to the effect on the oscillator 
frequency of one or more subsequent stages whose 
operating conditions change during the keying cycle. 
It can be expected if the stage following the oscillator 
draws input current (as would a Class C buffer or doubler), 
or if the early stages of the transmitter are tightly coupled. 
If the oscillator is on the same frequency as the pa, ie 
where no frequency multiplying or mixing is used, the 
likelihood of pulling is increased. 

Pulling can invariably be treated by improving the 
isolation of the oscillator, and an emitter follower* is 

• A cathode follower would be used in valve circuits. 
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Fig 8.5. VFO and emitter follower 
designed to be stable against 
supply voltage and load fluctua¬ 
tions. Operating frequency with 
the component values shown is 
5-88-6-38M Hz, but this can be 
altered by changing L, C1 and C2 in 
inverse proportion to the desired 
frequency shift. The circuit around 
the oscillator permits it to be 
keyed for use in full break-in 

systems (see p 8.15). 

highly recommended for this. The oscillator should be 
loosely coupled to it, and by careful design it should be 
possible to produce a unit whose output can be short-
circuited without shifting the frequency by more than a 
few hertz. Fig 8.5 shows a circuit combining a stable 
oscillator with an emitter follower. 

It may be simpler to replace the frequency-determining 
components in the oscillator with values to halve the 
original operating frequency and to use a subsequent stage 
as a doubler. This may, however, reduce the drive to the 
pa to such an extent that a further buffer stage would be 
necessary. 

(c) RF Feedback. RF feedback is a stray signal leaking 
back from a high-level stage to a previous stage, particu¬ 
larly a variable frequency oscillator. It may have an 
appreciable effect on the frequency of oscillation, depend¬ 
ing on its strength and phase. The presence of feedback 
may be verified by noting the pulling which occurs on 
tuning the output circuits of the keyed stage through 
resonance. The feedback path may be either internal, by 
virtue of valve capacitances, or external, because of poor 
constructional layout. 

Internal feedback may be treated by the methods 
outlined for pulling; isolation of the oscillator is of great 
importance. External feedback is only discovered after a 
transmitter has been built, and the commonest cause is the 
pa valve and circuitry being close to the oscillator section. 
Here also, pulling is most likely to occur when the pa 
runs on the same frequency as the oscillator, and the cure 
is either to resort to doubling, as before, or to screen both 
pa and oscillator. Sometimes it is sufficient to mount a 
metal plate between the two circuits. 

It is recommended that any long leads carrying rf 
power near the oscillator be screened. In addition, 
the ht line must be bypassed to rf by means of series 
resistance and shunt capacitance. 

Spacer Waves or Backwaves 
The spacer wave is the small signal often radiated during 

key-up conditions. It is common for the spacer wave to be 

audible in the station receiver, but this does not mean that 
it is radiated far. If an appreciable spacer wave is radiated, 
it would make a signal difficult to copy. 

Causes are (i) the keyed transmitter stage not being 
completely cut off, and (ii) leakage of rf through the pa 
valve capacitance. 

The first is often due to insufficient bias being applied to 
the keyed stage. If drive is applied to the pa continuously, 
the bias required for cut-off during key-up conditions will 
be the static value obtained from data sheets plus the peak 
value of the drive voltage, which is considerable. In a cathode¬ 
keying system, a leaky capacitor in the keying filter may 
cause a spacer wave. 

In valve circuits, the second effect increases with the grid-
to-anode capacitance of the pa : it is considerably worse with 
triodes than pentodes. It may be cured either by neutralizing 
the stage in question or by keying more than one stage. 

KEYING METHODS 

There are many possible methods of keying, and the choice 
is largely one of practical convenience, personal preference 
and, particularly in break-in systems, suitability to the 
station as a whole. The important requirements of the system 
adopted are avoidance of the troubles outlined in the 
previous section, and the operation of all valves in the 
correct regions of their characteristics. 

Almost any stage in the transmitter may be keyed, but 
there are good reasons for keying the final power amplifier 
rather than an earlier stage. For instance, if the oscillator 
is keyed, the requirements of a short time-constant to 
reduce chirp and a long time-constant to eliminate clicks 
conflict. If any stage before the pa is keyed, with softening, 
the pa may harden the keying, as described earlier in con¬ 
nection with key clicks. In some cases it is useful to key more 
than one stage sequentially, and this is covered in the section 
on break-in. 

When keying the pa of a valve transmitter designed for 
anode modulated telephony it is necessary to short-circuit 
or remove the modulation transformer. If this is not done, 
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Fig 8.6. Circuit using a single switch to protect the modulation 
transformer of an a.m./cw transmitter and to control the modulator 

ht supply. 

there is a risk of damaging this component with the very 
high voltages which may appear across its windings when 
the anode current of the keyed stage is switched. There is 
also a possibility of generating interference owing to the 
transformer “ringing”. 

If, in an anode modulation system, the modulator output 
valves are fed by the same ht supply as the pa, switching 
from one mode to the other may be achieved with a single 
pole changeover switch (Fig 8.6). 

HT Supply Keying 
A neglected but very reliable method, corresponding to 

anode modulation in a telephony transmitter (or anode-and-
screen modulation if a tetrode or pentode is used), is to key 
the ht supply to the pa stage. In the circuit shown in Fig 8.7 
a filter (L, C, R) is incorporated to produce the desired shape 
of keying envelope. For reasons of safety, this method 
usually requires the use of a keying relay. 

Cathode Keying 
One of the most popular systems of keying is to insert 

the key in the cathode lead of one or more stages, often the 
pa alone. It has, however, three disadvantages. 

Fig 8.7. HT supply keying. An rf filter is connected across the keying 
relay contacts to suppress local clicks. 

(i) Unless precautions are taken the cathode potential 
tends to float when the key is open and may rise to such a 
value that there is a serious danger of breakdown of the 
heater/cathode insulation of the valve. To avoid this exces¬ 
sive potential difference a resistor not exceeding O-25MQ 
should be connected between the cathode and the heater. 
If drive is applied to the valve when the key is open, the 
cathode-to-heater voltage will rise to the sum of the cut-off 
bias and the peak positive drive voltage, and it is therefore 
desirable to avoid any unnecessary rise by ensuring that the 
drive stage has good output voltage regulation. 

Fig 8.8. Cathode keying. The rite time is determined by L, a low-
resistance choke of 1-5H. The decay time is determined by Cl which 
can have a value of 0 5-2 OmF. RI is a safety resistor, and should not 

be more than 0-25MQ. 

(ii) Cathode keying is contrary to the practice, particularly 
in high level amplifiers, of avoiding any rf impedance in the 
cathode lead, as this is a common cause of parasitic oscilla¬ 
tions. It is widely recommended, especially for vhf trans¬ 
mitters, that a short and substantial copper strip be soldered 
between the cathode connection and chassis. If cathode 
keying must be used in any stage handling appreciable rf 
currents, the keying lead must be by-passed to rf at the 
cathode pin. About four high-grade capacitors, typically 
O OljxF each, with low internal inductance, should be used in 
parallel. 

(iii) As the cathode circuit of a pa valve carries a high 
current, any key-click filter must include a series inductor, 
which will add its internal resistance to the cathode circuit 
thus introducing an unwanted additional bias. The operation 
conditions should be adjusted to allow for this. 

The optimum component values of the click filter circuit 
are best found by experiment. When the key is depressed, 
capacitor Cl (Fig 8.8) is short-circuited through the key 
(the resistance R2 being included to limit the discharge 
current to a reasonable value) and the capacitor therefore 
plays no part in determining the rise-time of the carrier. 
Thus the first step is to choose a suitable inductance value 
to give an acceptable “make”. The value of Cl may then be 
altered to give the desired decay time, or “break” charac¬ 
teristic. 

Grid-block Keying 
This system overcomes all three of the problems associated 

with cathode keying and is a very satisfactory method. It 
does, however, require a negative supply of up to —250V. 

If a sufficiently large negative bias is applied to the control 
grid of a pa or other stage, no cathode current will flow even 
in the presence of drive voltage. For most tetrode or pentode 
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Fig 8.9. Grid block keying. The resistor R has the normal bias value, 
and the keying envelope is determined mainly by the time constant 
of R and C. The product of R (in kQ) and C (in mF) should be about 5. 
The bias supply should be capable of supplying 4mA in the key-down 
condition and should have; an open-circuit output of about 200V. 

power amplifiers a bias of about 200V will be found ade¬ 
quate: for oscillators and other low-level stages, 50V or less 
is sufficient. As there is usually little or no grid current 
flowing in the stages to be keyed, this method lends itself to 
key-click filters using R and C components only. A suitable 
circuit is shown in Fig 8.9. The capacitor C is not only part 
of the softening circuit, but also serves to decouple any rf 
remaining at the earthy end of the rf choke. It should there¬ 
fore be mounted near the keyed valve. 

In the circuit shown the voltage across the key contacts 
will rise to 200V with the key up, but the impedance is high 
enough to prevent dangerous currents from flowing through 
the operator, and a hand key may be safely used. The voltage 
must not be allowed to exceed the specified maximum de 
negative control-grid potential, or there is a danger of 
flashover, particularly in high-slope valves. 

Grid-block keying is easily applied to several stages 
simultaneously, each of them having individual hardness 
characteristics. By adding a circuit to invert the switching 
of the blocking bias, the receiver muting may be controlled 
by a similar system operating on the age line. This is discussed 
further in the section devoted to break-in. 

Screen Grid Keying 
Screen grid keying permits a pa of reasonable power to 

be keyed with contacts and filter components of low power 
rating. In its simplest form the method consists of breaking 
the positive supply line to the screen, but most pentodes and 

Fig 8.10. Screen-grid keying. The values shown are typical fora 100W 
amplifier, but may vary widely. R1 will be somewhat lower than 
would be required if it were a simple series dropper resistor. The 
capacitor C1 is chosen to give suitable hardness to the keying: a 

typical value is 0-25mF. C2 is the rf bypass capacitor. 

tetrodes do not completely cease to conduct when the screen 
is isolated and it is usually necessary to apply a negative 
bias of the order of 20-50V in the key-up condition to 
eliminate the spacer wave. The bias may be derived from a 
separate bias unit. 

A typical screen grid keying circuit suitable for 100W 
amplifiers is shown in Fig 8.10. This arrangement causes the 
“make” to be harder than the “break”, although a measure 
of such disparity is often favoured. 

In a differential keying system, involving the transmitter 
oscillator, screen grid keying of the oscillator is recom¬ 
mended, as a negative supply is unnecessary. This is particu¬ 
larly suitable for control by the back contacts of the key, as 
shown in Fig 8.11. 

Fig 8.11. Simple circuit for obtaining differential keying of both 
oscillator and driver or pa using back and front contacts of the key. 
For full break-in operation, the receiver also may be controlled by 
the back contacts in the manner shown later in Fig 8.33, but diode D 
must be included to prevent the receiver muting circuit from reduc¬ 
ing the vfo screen voltage. This method cannot be used with "bug” 
keys or many types of el-bug unless a keying relay is used to carry 

out the switching functions. 

Suppressor Grid Keying 
The output from a pentode amplifier may be reduced to 

zero by the application of a sufficiently high negative voltage 
to the suppressor grid, but this is seldom used as a method 
of keying. When the suppressor is biased to cut-off the anode 
current, heavy screen-grid current will flow and the screen 
dissipation may be exceeded. Moreover, the suppressor 
potential is a very insensitive form of control in most 
pentodes, and the keying voltage is therefore large. 

The Application of Keying Methods 
In a transmitter not including break-in circuits, it is usual 

to apply keying in one of two ways. Either the master oscil¬ 
lator and other low-level stages function continuously and 
the pa is controlled, or the oscillator and power amplifier are 
left on while an intermediate stage is keyed. The latter system 
has the advantage that low-level stages are easier to key 
properly but most Class C pa stages would need to be pro¬ 
tected in some way under key-up conditions. 

There are several ways of doing this, which are: 

(a) A clamp valve may be added to the screen grid circuit 
of the pa. 

(b) The pa can be redesigned to operate in a linear mode, 
such as Class B or AB, where its operating conditions 
are such that it passes safe currents, within the valve 
dissipation limits, when drive is absent. Although the 
pa efficiency would be lowered, harmonic output 
would be much reduced. 
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Fig 8.12. Valve keying of a screen grid supply. This circuit is suitable 
for inputs of 25-35W using a pa valve of the 807 class. The capacitors 
C1 and C2 determine the hardness at “break” and “make” respec¬ 
tively; suitable values for normal keying are C1 = 0 1mF and C2 = 
0 005 mF. A separate heater supply is required for the 12AU7 keyer 
valve, and the heaters should be strapped to the cathode through a 

220k'> resistor. 

Keyer Valves 

In a Class C amplifier every electrode, except the suppres¬ 
sor grid in a pentode, normally passes a current. This means 
that the keying circuit must be designed to deal with power 
and not merely voltage, and efforts must be made to prevent 
local interference being caused through arcing at the con¬ 
tacts or radiation from the key leads. A further problem is 
that in most circuits it is difficult to obtain the desired 
degrees of softness at both make and break with the same 
component values, and a compromise is necessary. 

It is occasionally worthwhile to overcome these drawbacks 
by introducing an auxiliary valve used as a variable resist¬ 
ance in series with the supply of some electrode of a con¬ 
venient valve in the transmitter, the key being used to control 
the grid bias on the auxiliary valve. 

Fig 8.12 shows a circuit where a 12AU7 (with the two 
sections connected in parallel) is used to key the screen 
supply to an 807. This method uses a contact on the keying 
relay which is closed when the relay is unenergized. The 
steady current flowing through the contacts is only 0-5mA 

+ 3 or more times 
normal relay supply 
voltage 

Fig 8.13. Circuit for speeding up the “make” action of a relay. The 
resistor R should be such that the steady-state relay current is about 

its rated figure, and C1 should be a few microfarads. 

in the key-up condition, although the open-circuit voltage, 
ie, with the key depressed, is about 400V. 

If the transmitter is controlled by an electronic key, it is 
often possible to dispense with relays in this arrangement as 
suitable voltages may be derived directly from the keyer 
circuit. With a 12AU7 keyer valve as in Fig 8.12, the two 
grids should be at +300V with the key down, and — 100V 
with the key up. 

There is little advantage in keying the master oscillator 
of a transmitter, unless break-in operation is required. 
Indeed, satisfactory oscillator keying is not easily achieved, 
and the system should be avoided if possible. 

Fig 8.14. Circuit for using the clamp valve as a keyer valve. The 
negative supply may be derived from the pa grid circuit provided 
that drive is applied to the pa continuously. This circuit also is 
designed for valves similar to the 807. For other types, it will be 
necessary to modify the value of the screen dropper R1. The keying 

characteristics are determined by C1 and R2. 

Keying Relays 
In many systems, the voltages in the part of the circuit 

where the key is connected are low enough to preclude any 
possibility of shock to the operator, but if the voltages are 
higher than about 150V, or preferably 75V, a keying relay 
should be used. Such a relay should be of robust construc¬ 
tion, rapid in operation, and its contacts and insulation must 
be adequate for the current and voltages in the keyed circuit. 
It should also be reasonably silent; if necessary a noisy relay 
can be quietened by mounting it on a sheet of rubber or 
foamed plastic. 

Keying relays are particularly useful where several circuits 
are keyed simultaneously, but it is unfortunate that robust 
relays with high current and voltage ratings are usually 
neither fast nor quiet. Many relays take 10ms or more to act, 
and such devices would impose severe restrictions on keying 
speed. However, dry reed relays are fast, with operate and 
release times of 1 or 2ms, are quiet and compact, and can 
key currents of up to 1A. Mercury-wetted relays, with their 
freedom from contact bounce, may be found suitable for 
some applications. 

It is possible to speed up the action of a relay on “make” 
by driving a large pulse of current through its coil at the 
beginning of each operation. The circuit of Fig 8.13 shows a 
method of achieving this. 

In a transmitter using clamp-valve efficiency modulation 
for telephony, it is possible to use the clamp valve itself as a 
keyer valve, as shown in Fig 8.14. 
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Many keyer valve systems have been devised and applied 
to power amplifier stages. In any circuit of this type, the 
keying envelope shape is determined from grid-block keying 
principles. 

Changeover Switches and Relays 

Switching the station between transmitting and receiving 
states usually involves several functions, and some of these 
may need to take place sequentially. Post Office key switches 
can be used, but relays are more satisfactory. 

A multiple-section switch mounted on the front panel of 
the transmitter or receiver may necessitate long runs of 
cable carrying rf; it is advantageous to have a separate aerial 
relay, specially designed for the purpose and mounted at a 
convenient point on the chassis. When other units are 
involved (linear amplifiers and other accessories) it is more 
satisfactory to run a single line between them which will 
control their individual relay switching circuits. This may 
mean that equipment built at a later date can be accommo¬ 
dated more easily. It is also simpler to adjust the timing of 
relay circuits (by the use of capacitors, for instance) than 
multisection switches, and this is important for sequential 
switching. 
Aerial switching can be avoided completely by using 

separate arrays for transmitter and receiver, but this is not 
recommended. Few situations allow the erection of two high-
gain aerials, and so the communication efficiency of a station 
using this system is likely to be affected. If separate arrays 
are used, they should be as far removed from one another as 
possible, or large voltages may appear on the receiver aerial 
and resonance effects may drastically reduce the transmitting 
aerial efficiency. Separate aerials are necessary for full duplex 
operation, but where different bands are used, these may 
already be available. 

A common problem is absorption of incoming signals by 
the transmitter pa and noise generated by the pa reaching 
the receiver. Both of these effects may be observed by 
swinging the output tuned circuit of the transmitter through 
resonance, and listening for fluctuations in signal strength 
and noise. The noise problem can be aggravated if the pa 
is not neutralized properly: it is also wise to ensure that it is 
completely cut off during receiving periods. 

Fig 8.15. Circuits showing the use of the standard arrangement of 
contacts of aerial relays. 

Aerial relays are found in many forms. Heavy duty 
devices with one changeover contact and one make contact 
are useful (Fig 8.15), but where better isolation and screening 
are required, coaxial relays are preferable. 

Electronic aerial relays (T/R switches) are satisfactory, and 
these are described in the section on break-in, together with 
other methods of high-speed aerial switching. 

Fig 8.16. Dry reed switch circuit for linear amplifier control. Diodes 
D1,_D2 and D3 (rated at 400 piv or more) ensure that different 
keying circuits do not interact: if other circuits have negative 
polarity, as in grid-block keying, the diodes, C1 and the relay 
supply must be reversed in polarity. RI prevents the linear amplifier 
grid circuit from floating during armature travel. Although the 
circuit is designed for controlling valves of the 6146 class, the bias 

circuits could be redesigned to suit any valve type. 

Control of Linear Amplifiers 

Where the transmitting equipment includes a high power 
linear amplifier, it is desirable to bias such stages to cut-off 
during listening periods, either because of noise generated 
in the valves affecting receiver performance, or because the 
continuous anode dissipation rating is being exceeded. 
The problem of noise is more likely to occur in a system 
where an electronic T/R switch is used, and the final amplifier 
is connected directly to the aerial at all times. 

A circuit which will switch the grid of a linear amplifier 
from operating bias to cut-off, regardless of the class of 
operation, is shown in Fig 8.16. It utilizes a dry reed relay, 
which switches the grid of the linear amplifier between 
transmit and receive states at a very high speed. The 
normal, or unenergized, state is that corresponding to the 
receive condition, where 2OO-3OOV negative is applied to 
the valve control grid. 

The timing of linear amplifier switching is important. 
If the linear amplifier is switched on late, that is, after its 
exciter output has started building up, the envelope of the 
rf signal will rise sharply, causing spurious signals to be 
radiated. Similarly, there will be a sharp decay if the linear 
amplifier is turned off before the exciter output has fallen 
almost to zero. Hence, it is necessary for the circuit con¬ 
trolling the linear amplifier grid to switch on instantaneously, 
and off after a delay of 20ms or more. The circuit of Fig 8.16 
switches to transmit in about 500¡zs, and back to receive 
in about 20ms, this delay being determined by the value 
of Cl. 
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KEYING MONITORS MORSE KEYS 

In the interests of good sending, it is desirable that an 
operator listen to his own morse transmission. This is 
particularly important when automatic keys are used. 
Several monitoring methods have received favour, especially 
the use of the station receiver, and the keying of an audio 
oscillator simultaneously with the transmitter by means of 
either de circuits or the rf voltage appearing at the trans¬ 
mitter output. If the signal is not monitored in the station 
receiver, signal characteristics such as chirp, drift, ripple and 
key-clicks cannot be detected, and a note of constant pitch 
causes operator fatigue over long periods. RF-controlled 
oscillators tend to produce a tone whose frequency varies 
with transmitter power or frequency. 

When cw signals are generated in an ssb transmitter by the 
use of a tone oscillator, this can be used directly as a monitor 
by coupling the oscillator to the receiver audio stages. Tone 
generators are readily added to electronic bug keys using 
integrated logic circuits (see p8.9). 

If a tone generator is used for monitoring, the station 
receiver must be completely silenced during transmission 
periods. This can be done by biasing the receiver rf or i.f. 
stages into a low-gain state. The circuit of Fig 8.17 is typical. 

The method of using the station receiver for monitoring 
is more popular, but there are three important conditions 
which must be satisfied. 

(a) The signal appearing at the receiver must be small 
to prevent overload or even damage. This means, of 
course, that the receiver must be disconnected from the 
transmitting aerial, and it may be necessary to short its 
aerial terminal to earth. These operations may be carried 
out by the changeover relay or switch, or by another relay 
specially designed for aerial switching. 

(b) The receiver gain must be further suitably reduced 
except when an exceptionally good age system is avail¬ 
able in the cw mode. The method shown in Fig 8.17 may 
be used. 

(c) The sequence of switching the transmitter and 
receiver must be correct. If the transmitter oscillator 
and driver stages come on just before the receiver is muted, 
a burst of rf will reach the receiver. It is also undesirable 
for the receiver to be resensitized before the transmitter is 
switched off. This can be overcome by slightly setting the 
appropriate contacts on the changeover relay, or by using 
electronic delay circuits. 

The various devices for sending cw can be classified as 
straight keys, sideswipers, semi-automatic (“bug”) keys, and 
electronic keys (“el-bugs”). 

Sideswipers are devices built with a horizontal arm having 
a contact on either side of it, and pivoted in a vertical plane. 
Operation involves the use of each contact alternately as the 
keying contact, so that dots and dashes are sent on one side 
and then on the other. Sideswipers are not popular, and tend 
to produce incorrectly spaced characters. 
Semi-automatic or “bug” keys are usually purchased 

complete, as their construction includes precision machined 
parts. They are similar in function to sideswiper keys, except 
that whereas one of the contacts remains fixed and is used to 
provide dashes, the other initiates oscillations in a spring-
loaded arm so that a sequence of dots is produced. With bug 
keys it is possible to send a wide range of speeds, depending 
on the position of a movable weight on the dot arm. 

Electronic Keys 
Electronic keys vary in complexity from those solely 

providing dot sequences like a bug key (Fig 8.18), to complex 
machines with typewriter keyboards, using logic circuits to 
create the correct morse characters. Most electronic keys 
produce a series of dots or dashes when a moving arm or 
paddle is held against one or other of two fixed contacts. 
Once a dot or dash has been started, it will be completed 
irrespective of what happens to the paddle, and a space of the 
correct length will be left before the next dot or dash can 
commence. The timing of the hand movements is thus very 
much less critical than when using a “straight” key. 

Fig 8.19 shows the timing circuits of an electronic key based 
on five ttl integrated circuits, and designed by G3RUZ. 
The output of the key is very accurately timed, as the 
beginning and end of each dot or dash is locked to a stable 
pulse generator. 

The keying speed is determined by a pair of monostable 
multivibrators (U2, U3) which are cross-coupled to form a 
low frequency pulse generator with a controllable period 
and well-defined start-up characteristics. Because U2 
produces an asymmetrical output, the pulse generator 
frequency is divided by two in the counter stage U4A. 
This produces the symmetrical dot output of the key 

Fig 8.18. Circuit of a device with the same properties as a mechanical 
“bug” key, producing a sequence of dots electronically, at a speed 
determined by C (which can be made switchable). Contacts RLA1 

are normally closed, contacts RLA2 are normally open. 
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Fig 8.19. The timing circuits of an electronic key using ttl integrated circuits. The characters are accurately timed and self-completing. 
Capacitors C1 and Cl reduce the sensitivity of the key to external sources of interference. 

and, in conjunction with a further counter stage (U4B), 
creates the dash output of the key. The keyer speed can be 
varied from about 10 to 60 words/min, by means of the 
potentiometer RV1. 

If the dot contact of the key is closed momentarily, the dot 
storage flip-flop (UI A, U1B) is turned on (Fig 8.20). In rapid 
succession, U2 is triggered, U4A is clocked, and U5A 
produces a high output corresponding to a dot pulse. When 
U2 times out, U3 is triggered. When U3 times out, U2 is 
triggered again, U4A is clocked again, and the dot output 
from U5A goes to zero. Once again, U2 times out, U3 is 
triggered, and the dot storage flip-flop is reset by a low 
output from gate U5C. When U3 times out for the second 
time, U2 is not retriggered, as neither pin 3 nor pin 4 is low, 
unless the one of the key contacts is being held closed. Note 
that if the operator closes the dash contact immediately 
after the initial closure of the dot contact, a dash is not 
produced because the dash generator (U4B) is clocked at the 
very beginning of the dot generation cycle, when its J and K 
inputs are low. 

A dash is produced by using the dash storage flip-flop 
(U1C, U1D) to enable the dash generator (U4B). This flip¬ 
flop is clocked on at the beginning of the cycle, and is clocked 
off by the leading edge of the second pulse from the dot 
generator (U4B) (Fig 8.20). The dash cycle is reset when both 
inputs to the reset gate are high, after the completion of a 
dash and the correct gap after it. 

Fig 8.19 shows the timing circuits of the key, but does not 
include accessories such as a + 5V power supply, a monitor, 
or a transmitter keying circuit. Fig 8.21 shows examples of 
these. 

The 7400 series of ttl logic will normally operate satis¬ 
factorily from a 4-5V battery, although it should preferably 
be operated by a regulated supply between 4-75 and 5-25V. 
This requirement is met by the integrated regulator type 
LM3O9H (National Semiconductor) shown in Fig 8.21(a). 
The monitor in Fig 8.21(b) uses a keyed Schmitt trigger 
oscillator driving a simple loudspeaker amplifier. The 
circuit is based on the SN7413N dual 4-input NAND 
Schmitt trigger circuit. The transmitter keying circuit shown 
in Fig 8.21(c) is for general purposes where a dry reed relay 
can handle the keying circuit current and voltage. Where a 
high current relay is needed, a Darlington circuit should be 
used rather than reducing RI. The circuit of Fig 8.21(d) uses 
a high-voltage (300V) transistor to key the cathode of a low 
power pa valve directly. The base circuit of the MJE340 
includes an RC network which controls the rate of rise and 
decay of cathode current in the keyed stage. This avoids the 
need for a large inductor in the cathode circuit, which would 
develop excessive voltages across the switching transistor. 
The circuit is designed to key stages running from a +25OV 
supply, with a cathode current of about 50mA. The MJE340 
should be mounted on a small heatsink for protection 
against temporary overloads. A similar circuit to that in 
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KEY 

DOT STORAGE 
FLIP-FLOP (UI -3) 

DASH STORAGE 
FLIP-FLOP (UI- 11) 

PULSE GENERATOR 
(U2-1) 

DOT GENERATOR 
(U4-12) 

DASH GENERATOR 
(U4-9) 

PULSE GENERATOR 
(U3-6) 

RESET GATE 
(U5-8) 

KEYER OUTPUT 
(U5-3) 

Fig 8.20. Timing diagram for the electronic key, showing the generation of the morse character “R”. Even though the timing of the contact 
closures is poor, the keyer output produces correctly timed output pulses. 

Fig 8.21(d), connected to the negative output of the key, 
could be used to mute the station receiver in a full break-in 
system (see later). 

Tone Keying 
Many applications exist for devices which permit keyed 

audio tones to control a transmitter operating in the cw 
mode. For instance, tape recordings can be used for slow 
morse transmissions, automatic CQ machines, and trans¬ 
mission at very high speeds. 

Fig 8.22 shows a circuit which converts a keyed audio tone 

from one of two sources into de pulses which can be used to 
control a transmitter. The output of the converter can be 
connected to either of the keying circuits shown in Fig 8.21. 

Circuit operation relies on the properties of a retriggerable 
monostable multivibrator (U2), which generates a con¬ 
tinuous output pulse provided that repetitive trigger signals 
are applied to its input with a period less than the natural 
period of the monostable circuit. If a 1kHz tone of more than 
O-75V peak is applied to the A input of the converter (and the 
SOURCE switch enables the A channel), transistor TRI will 
switch on and off at the tone frequency. The Schmitt trigger 

Fig 8.21. Ancillary circuit, for the electronic key. (a) Simple +5V regulated power supply, also providing an unregulated +»V supply for 
relay and monitor circuits; (b) monitor circuit providing an audible 700Hz tone; (c) general-purpose transmitter keying circuit using a dry 
reed relay; (d) direct cathode keying of a small pa stage using a high-voltage transistor between the electronic key and the transmitter. 
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circuit (UI) acts as a pulse squarer, and triggers the mono¬ 
stable circuit (U2). If the monostable period is greater than 
1ms, U2 will produce a steady output whenever a tone is 
present. In effect, the converter provides a de signal corres¬ 
ponding to the envelope of the input tone. 

With the circuit values shown, the natural period of the 
monostable circuit is 2ms: this permits the use of tone 
frequencies as low as 500Hz. The converter will operate 
satisfactorily at keying speeds up to about 80 words/min. 

BREAK-IN 

Before describing full break-in systems, mention should 
be made of automatic changeover schemes which have some 
of the benefits of true break-in. Fig 8.23 shows a circuit 
which uses the initial closure of the key contacts to actuate 
the main station changeover relay, in addition to keying the 
transmitter in the normal way. The station returns automatic¬ 
ally to the receive state a fixed time after the last closure of 
the key contacts. The time delay is normally set to about Is, 
and is defined by the capacitor C, the relay resistance R, 
and the relay drop-out voltage. In this way, the station is 
held in the transmit state during transmissions, without 
reverting to the receive state in the natural gaps between 
morse characters. 

Full Break-in 

The essential feature of a break-in system is that the 
operator is able to receive incoming signals in the spaces 
between his own transmitted morse characters so that duplex 
operation becomes possible. Much time is thereby saved, 
particularly in multiple contacts or when interference is 
present, and the advantages in contests or when hunting dx 
are obvious. Transmissions are interspersed with the sign 
“BK.” and the callsigns are given at frequent intervals to 
conform with the conditions of the licence. 

When using break-in, the normal changeover and keying 
functions are controlled by the key, and they must take place 
in the right sequence. The station should return to the receiv¬ 
ing condition at the sensitivity level required by the operator 
between each dot and dash of the transmitted message. 

It is not easy to install a good break-in system, one of the 
problems being that of keying the transmitter oscillator stage. 
This can be avoided in two ways: either the oscillator is 
screened so well that it is inaudible in the station receiver, 
or a mixer-type vfo with a keyed mixer is used. With either 

of these methods, the master oscillator can be made to run 
continuously. However, as it is difficult to screen a vfo to 
the extent required, and as mixer-vros are not common 
except in single-sideband transmitters, it is common to find 
break-in circuits involving oscillator keying. 

In the section on changeover methods it was pointed out 
that the transmitter power amplifier output should be 
switched on after the receiver is desensitized, and off before 
it is turned back on. The receiver must be disconnected from 
the transmitting aerial (or the aerial must be switched from 
receiver to transmitter) just before radiation commences, 
and it must remain so until after the rf output has fallen to 
zero. The transmitter oscillator must be timed relative to the 
keyed stage in the same way. In fact aerial, oscillator and 
receiver may be switched together, and it is then only neces¬ 
sary to provide a delay before they return to the receive state, 
as the softening of the keyed amplifier stage automatically 
ensures that they are in the transmit condition before the rf 
output rises (Fig 8.24). 

The delay time at the end of each morse character will 
naturally depend on the degree of softening used, but from 
10 to 20ms is adequate for most situations. Three methods of 
obtaining this delay are in common use: utilization of the 
back contacts of a hand key, suitable timing of relay circuits, 
and application of pulse circuits such as the Schmitt trigger 
or monostable multivibrator. The first system precludes the 
use of bug keys and many el-bugs, the second demands one 
or more keying relays (with their own inherent disadvantages) 
and the third tends to be more complicated. 

Fig 8.23. Automatic changeover circuit which holds the station in the 
transmit state for a fixed time after transmission ceases. The capaci¬ 
tor C is given approximately by 500 R mF, where R is the relay coil 

resistance in kilohms. 
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RADIATED 
SIGNAL (PA) 

RECEIVER 

V FO 

AERIAL 

Fig 8.24. Diagram showing the required switching sequence for a 
typical break-in system. Note the delay in returning the vfo, aerial 

and receiver to the receive state at the end of a character. 

Fast Aerial Switching 

A simple expedient often used in a break-in system is to 
erect a separate aerial for the receiver, but the disadvantages 
of this method have been mentioned elsewhere. A single 
aerial may be switched by an accurately timed keying relay, 
but fast high-current aerial relays are scarce. 

It is preferable to leave the transmitter connected perma¬ 
nently to the aerial, and to use a low-current reed switch 
or an electronic T/R switch to disconnect the receiver during 
transmission periods. 

Electronic T/R switches may be divided into two classes: 
(a) those which require the application of some control 
voltage or current synchronized with the key, and (b) those 
which act as limiters and are entirely automatic. With either 
type, the transmitter is connected permanently to the aerial, 
the receiver being connected to it through the T/R switch. 
In the key-down condition the T/R switch must not absorb 
any appreciable fraction of the transmitted output power, 
nor must it permit any excessive amount of power to reach 
the receiver. The switch is usually arranged so that it presents 
a high impedance in the key-down condition, and is con¬ 
nected to the aerial at a point of low impedance, and thus of 
low voltage. 

The T/R switches in class (a) have the disadvantage that 
they require a high negative blocking bias voltage although 
they reduce the problems of harmonic generation and tvi 
inherent in class (b). Both types suffer from the absorption 
of incoming signals by the transmitter pa stage and inter¬ 
ference due to noise generated by the pa. 

Fig8.25. DC controlled T/Rswitch usingan EC90 (6C4). The swr on the 
transmitting aerial feeder must be as low as possible, and the output 
power limited to about 75W. If it would be an advantage to use a 
circuit with appreciable gain, the rf choke in the anode circuit could 

be replaced by tuned circuits for the bands in use. 

A switch in either class usually consists of a sharp cut-off 
valve, often in cathode follower or grounded-grid configura¬ 
tion, so arranged that it will withstand the full transmitter 
output without being damaged. This requirement precludes 
the provision of any useful amount of impedance step-up 
in its grid circuit, and the noise figure of the receiver is 
generally degraded. The best form of circuit is probably the 
grounded-grid arrangement using a small high-slope triode 
(Fig 8.25). This may be muted by applying a large negative 
bias to its grid. 
A carrier power of 100W in a 75Í2 circuit gives a peak 

voltage of about 125V (provided there are no standing 
waves); at least this amount of bias must be applied to 
prevent conduction in the T/R switch valve, and the peak 
grid/cathode voltage with the carrier applied will therefore 
be 25O-3OOV. This is beyond the rating of most high-slope 
valves, but the majority of samples will withstand it without 
premature failure. 

Fig 8.26. Diode T/R switch due to VE2AUB. The receiving bias is 
-30V, and the transmitting bias —350V, although the switch offers 
some protection without this. It may be convenient to reverse 
diode and bias polarities to suit switching systems already in other 

equipments. 

The heater/cathode insulation is subject to voltages of the 
same order, and it may be necessary to insert rf chokes in 
the heater supply leads, each heater pin being bypassed to 
the cathode with a 1,000pF capacitor. 

Other forms of amplifier may be preferred but it should be 
remembered that pentodes generate more valve noise than 
triodes, while triodes in circuits other than the grounded-grid 
circuit suffer from excessive breakthrough owing to the 
anode-to-grid or grid-to-cathode capacitance. 

The circuit in Fig 8.25 is suitable for power up to about 
75W. For powers up to 200W in a low impedance line with a 
reasonable swr, the semiconductor circuit of Fig 8.26 is 
recommended. The silicon diodes may be any type with a 
very low capacitance at reverse voltages of about 30V, 
and with a peak inverse rating of 800V or more. The insertion 
loss is less than IdB in the receive condition and up to 80dB 
in the transmitting state. The receiving bias should be about 
+ 30V, and the transmitting bias about —350V. 

Fig 8.27 shows a circuit which is switched off by the voltage 
generated when rf signal causes current to flow through the 
grid bias resistor; it possesses useful gain and has a low 
output impedance. The design of the tuned circuit LI, Cl 
will depend on the bands to be covered. 

Tunable T/R switches with gain may be beneficial to 
receivers of poor sensitivity, but they may lead to trouble 
with cross-modulation or overload as the pre-selectivity 
gain is increased. All T/R switches involving tuned circuits 
need adjustment when large frequency changes are made. 
The circuits working on the self-limiting principle should be 
well screened to reduce radiation of harmonics and should 
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Fig 8.27. A tunable self-limiting T/R switch, with fair gain and low 
output impedance. The design of the tuned circuit L1, C1 will depend 

on the bands to be covered. 

be connected to the aerial between the transmitter and low-
pass filter or aerial tuning unit. Circuits using diode limiters 
may cause strong harmonics of a local broadcasting station 
to be heard in the receiver: rejection circuits tuned to its 
frequency would overcome this defect. 

It is recommended that T/R switches be completely 
screened and mounted on the back of the receiver or trans¬ 
mitter cabinet. The coaxial lead to the receiver should be as 
short as possible to avoid resonance effects and to minimize 
pick-up of the transmitted signal. 

Dry Reed T/R Switches 

Electronic T/R switches can be made to act exceedingly 
fast, operating times of 50(xs being readily attained. A system 
which is rather slower (yet 10 to 20 times faster than normal 
keying relays), but which avoids most of the problems 
peculiar to electronic devices, is one using dry-reed switches. 

Fig 8.28 shows a circuit which ensures that the aerial is 
switched at the right times relative to the transmitter. Unlike 
previous circuits, it switches the aerial between the receiver 
and transmitter, and in times of less than 1ms. Dry-reed 
relays will switch only quite low currents, but if the switching 
operations are completed before the rf current appears, they 
can pass much higher currents through the closed contacts. 
The circuit shown will handle 700W into a well-matched 
50Q line. 

Transmitter Keying Requirements 

It has already been mentioned that it is necessary to key the 
master oscillator unless it is exceedingly well screened or 
unless it works on mixing principles, but it is almost impos¬ 
sible to achieve perfect keying characteristics from the vfo 
alone. It is usual to find the vfo and the pa or driver keyed 
differentially. This method requires the vfo to be keyed as 
"hard” as possible, with softening applied to the later stage. 
Furthermore, as shown by Fig 8.24, the vfo must be held on 
for a time while the keyed amplifier is being exponentially 
turned off : it must then be switched off sharply, to prevent 
radiation reaching the receiver. 

This can be achieved by the use of a keying relay with at 
least two pairs of contacts, one pair switching the vfo and 
another the keyed amplifier stage. The contact springs should 
be set so that the vfo contacts close as soon as the armature 
statts to move, the amplifier contact closing later in its 

travel. On release the sequence is reversed so that the vfo 
stays on for a short time after the amplifier contacts have 
opened. A difficulty is that the time interval between the 
operations of the two pairs of contacts is limited to a few 
milliseconds, and therefore the keying cannot be made very 
soft. 

The circuit in Fig 8.29 is more flexible in this respect, and 
uses a high speed relay. It includes several silicon diodes 
(400 piv) and is rather limited in the types of keying which 
can be applied to the various units. For instance, the pa 
must be grid-block keyed, and the receiver muting circuits 
must involve switching positive voltages. 

Muting the Receiver 

When the key is depressed, the receiver must lose sensi¬ 
tivity quickly enough to prevent a click being produced from 
the leading edge of the transmitted signal: when the key is 
raised the gain should remain low until radiation has ceased 
and then rise rapidly. 

If the receiver is used for monitoring, the amount of 
desensitization required will depend on the transmitter 
power, the type of aerial switching used, and the effectiveness 
of any screening. As it is generally insufficient to cut off the 
receiver rf stage alone, the i.f. stages are usually controlled 
with it. In valve receivers, it is often convenient to do this 
by breaking the cathode return of the rf and i.f. stages and 
replacing the normal rf/i.f. gain control with a monitor 
level control of higher resistance value. The normal con¬ 
trol can be restored in parallel with this through the back 
contacts of the key or a pair of similar contacts on the 

Fig 8.28. A dry reed switch used in a modified version of a T/R switch 
devised by VE3AU. Here sequential keying of the aerial and other 
circuits is obtained by (a) the use of the relay contacts to switch both 
de and rf and (b) the release delay for the relay due to C1. Diodes 
D1 and D2 isolate the relay and transmitter switching circuits, 
and D3 together with the electrolytic capacitors provides the fast 
attack and slow release characteristics of the relay. As mentioned 
in connection with the diode T/R switch of Fig 8.26, it is simple to 
adapt the circuit for keying systems of the opposite polarity. The 
circuit shown is for negative keying lines: positive voltages may be 
controlled by reversing all three diodes, both electrolytic capacitors 

and the 50V supply. 
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Fig 8.29. A complete break-in key¬ 
ing system with sequential keying. 
When the key is closed, it operates 
relay RLA. The relay contacts first 
switch on the vfo and mute the 
receiver, then switch on the pa by 
shorting out the blocking bias. 
When the key is released, it im¬ 
mediately initiates the blocking of 
the pa, and after a delay deter¬ 
mined by the 2mF capacitor, the 
relay returns the vfo and receiver 
to the “receive” state. The circuit 
is suitable only for a limited num¬ 
ber of keying and muting methods, 
although careful rearrangement 
of the diodes would give a certain 

amount of flexibility. 

keying relay, adjusted to open at the same time or a little 
earlier than the instant when the vfo contacts close. Fig 8.29 
shows a circuit of this kind. 

In order to obtain a sufficiently rapid fall in sensitivity 
where the key is depressed, it may be necessary to reduce 
the values of the rf and i.f. cathode decoupling capacitors 
C in the receiver to the minimum required for proper work¬ 
ing. 

When the key is released, the gain will rise rapidly owing 
to the relatively low value of the normal gain control 
potentiometer R2 which forms the main discharge path for 
the cathode capacitors. 

Another method of receiver desensitization, using the age 
line, is convenient in conjunction with grid-block keying 
systems, as both circuits involve switching negative voltages. 
However, the receiver muting line must be isolated from the 
large capacitance determining the gain control time con¬ 
stants; otherwise the receiver recovery time will be excessive. 

With either method of receiver muting, trouble may arise 
from the beat frequency oscillator in the receiver. If the bfo 
injection point is followed by a gain-controlled stage, the 
high bfo voltage at the detector will be modulated by the 
muting voltage, and for fast rates of muting this will produce 
an audible click or thump at the output. The remedy is either 
to inject the bfo voltage at a later stage or to remove the 
gain control from the stage in question. 

Another problem may arise from the use of a crystal filter 
placed at the beginning of the i.f. amplifier chain, eg in the 
anode circuit of the mixer. In such a receiver, the crystal 
filter is followed by at least one gain-controlled stage, and in 
the key-down condition the signal voltage at the crystal may 
be many times that which corresponds to a reasonable output 
when the receiver is being operated at maximum sensitivity. 
Due to the very high Q value of the filter elements, this 
voltage cannot die away quickly, even after the transmitter 
output has fallen to zero, and if the gain of the following 
stages of the receiver is allowed to increase rapidly to normal 
after the key is released, this signal will be heard as a loud 
click in the receiver immediately after the instant of break. 
This can be avoided by controlling only the rf gain, if by 

doing so it is possible to reduce the overall gain sufficiently. 
Otherwise the receiver gain must be held down until the 
crystal filter has recovered. 

Complete Break-in Systems 
A common requirement is the need to add break-in 

facilities to commercial equipment without any drastic 
modifications, and this often means controlling voltages of 
both polarities. In this instance a keying relay must be 
resorted to, or its equivalent using the properties of diodes, 
or electronic switching circuits. 

As has been shown in several instances already, it is 
possible to switch any number of voltages of the same 
polarity with a single key or relay contact by isolating each 
control line with a small diode, suitably connected (Fig 8 30). 
It is helpful therefore to use keying methods which have 
identically polarized control lines from stages which need 
to be switched simultaneously. 

T/R switches of the self-limiting type should be used where 
possible as this reduces the number of circuits needing 
precise control. Otherwise the choice should be between 
diode and triode types requiring keyed bias voltages, and 
dry reed relay circuits. 

If a switching voltage is available which is the wrong phase 
relative to the transmitted characters, it may be inverted by 
an auxiliary circuit being switched from saturation to cut-off. 
This principle may be developed to the extent of using flip¬ 
flops and other switching circuits which produce two 
complementary keying voltages. In this case, one is used to 
control the transmitter vfo and pa, and the other the receiver 
and T/R switch. 

Fig 8.30. Method of switching several voltages^ of the same polarity 
with a single switch contact. 
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KEYING AND BREAK-IN 

Fig 8.31. Example of a complete break-in system using electronic switching throughout. The circuit can be driven from a morse key directly, 
or from the negative output of either the electronic key in Fig 8.19 or the tone keyer in Fig 8.22. The delay circuit around TR1 and the 

Schmitt trigger circuit (U2) ensure that the various transmitter and receiver circuits are switched in the correct sequence. 

Full Break-in Without Relays 
Fig 8.31 shows the circuit of a full break-in system using 

electronic switching throughout. It can be driven directly 
from a morse key or from the negative output of the elec¬ 
tronic key shown in Fig 8.19. The circuit timing corresponds 
to the recommended practice shown in Fig 8.24. Examples 
of both positive and negative switching circuits are shown for 
controlling the various receiver and transmitter circuits: these 
circuits can be interchanged to suit particular requirements. 

In the ttl logic circuits, the network RI, Cl provides a 
signal which corresponds to the key contact closures, except 
that it is delayed. Schmitt trigger U2 provides a high output 
when the key line is low or the delay network output is low. 
Thus the output of U2 persists after the key circuit is broken, 
and is suitable for controlling the transmitter vfo, the T/R 
switch, and the receiver gain stages. The key circuit can be 
used directly to control the transmitter pa stage. Note that 
R3, R4 and C2 provide softening of the keying waveform 
in the usual way. 

The transistors used in the level-shifting circuits are rated 

at 300V. If the supplies associated with these circuits are 
greater than about 250V, transistors with a higher breakdown 
rating should be used. 

The advantages of this type of break-in system are that 
(a) it operates quickly, without “weighting” the morse 
characters; (b) there are no keying relays to produce noise, 
rf interference, or contact bounce problems; and (c) the 
relative timing of the switching signals is easily controlled by 
varying Cl. 

Note that the circuit can be converted from a full break-in 
mode of operation to an automatic changeover system (see 
p8.11 ) simply by increasing Cl from 2;xF to about 50;xF. 

Level-shifting circuits similar to those shown in Fig 8.31 
can be used to control transistorized receivers and trans¬ 
mitters. The lower voltages associated with transistor 
circuits often permit simpler switching circuits to be used. 
For example, the stable vfo shown in Fig 8.5 includes a 
control transistor which can be driven directly from a 
standard logic-level switching signal, such as that obtained 
from pin 6 of UI in Fig 8.31. 
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CHAPTER 9 

MODULATION SYSTEMS 

A RADIO-FREQUENCY carrier wave may be used for 
the transmission of speech by varying its amplitude, 

frequency or phase in sympathy with the speech waveforms. 
Only one of these parameters should be deliberately varied 
in any one modulation system. 

Apart from the use of single sideband working which is 
dealt with elsewhere, amplitude modulation is most com¬ 
monly used in amateur radio. Frequency modulation is, 
however, increasingly used on the higher frequencies as it is 
less liable to produce interference to domestic entertainment 
equipment resulting from rectification in the audio circuits 
of transistor amplifiers. Phase modulation is used as a 
method of indirectly producing frequency modulation with 
which it is indistinguishable at the receiver, provided that the 
af response has been suitably modified in the transmitter. 
The frequency deviation of fm signals is normally confined 
to ±2-5kHz which limits the bandwidth occupied to that of 
an equivalent a.m. signal and is normally receivable by slope 
detection on receivers lacking frequency discriminators. The 
full potentialities of fm are only obtained with receivers 
having amplitude limiters and narrow-band discriminators; 
integrated circuits for this purpose are readily available. 

AMPLITUDE MODULATION 

All modulation systems produce additional frequencies 
above and below that of the carrier wave, and these are 
known as sidebands. In an amplitude modulation system, 
the sidebands extend on either side of the carrier by the 
highest modulation frequency used so that a carrier of 1,000 
kHz modulated by a signal containing frequencies up to 
15kHz will extend from 985 to 1,015kHz. It is for this reason 
that the maximum modulation frequency should be limited 
to that needed for communication; 3kHz is usually regarded 
as a satisfactory maximum. 

Modulation Depth 

The amplitude-modulated wave is shown graphically in 
Fig 9.1. Here (a) represents the unmodulated carrier wave of 
constant amplitude and frequency which when modulated by 
the audio-frequency wave (b) acquires a varying amplitude 
as shown at (c). This is the modulated carrier wave, and the 
two curved lines touching the crests of the modulated carrier 
wave constitute the modulation envelope. The modulation 
amplitude is represented by either x or y (which in most cases 
can be assumed to be equal) and the ratio of this to the ampli¬ 
tude of the unmodulated carrier wave z is known as the 
modulation depth or modulation factor. This ratio may also 
be expressed as a percentage. When the amplitude of the 
modulating signal is increased as at (d), the condition (e) is 
reached where the negative peak of the modulating signal 
has reduced the amplitude of the carrier to zero, while the 
positive peak increases the carrier amplitude to twice the 
unmodulated value. This represents 100 per cent modulation, 
or a modulation factor of 1. Further increase of the modulat¬ 
ing signal amplitude as indicated by (f) produces the con¬ 
dition (g) where the carrier wave is reduced to zero for an 
appreciable period by the negative peaks of the modulating 
signal. This condition is known as over-modulation. The 
breaking up of the carrier in this way causes distortion and 
the introduction of harmonics of the modulating frequencies 
which will be radiated as spurious sidebands; this causes the 
transmission to occupy a much greater bandwidth than neces¬ 
sary, and considerable interference is likely to be experienced 
in nearby receivers. The radiation of such spurious sidebands 
by over-modulation (sometimes known as splatter or spitch) 
must be avoided. 

At 100 per cent modulation, the instantaneous amplitude 
of the carrier voltage or current is double and it follows that 
the instantaneous power output is four times that of the 
carrier. For linear modulation, it is necessary that the 

Fig 9.1. Graphical representa¬ 
tion of amplitude modulation : 
(a) un-modulated carrier 
wave; (b) modulating signal; 
(c) modulated carrier wave; 
(d) (e) 100 per cent modula¬ 
tion; (f) (g) over-modulation. 

(a) 
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modulated stage produces this power; correct adjustment of 
rf grid drive and load impedance are particularly important. 
For sinusoidal modulation, the average increase in output 
power for 100 per cent modulation is 1-5 times and it fol¬ 
lows that the increase of 50 per cent in the output is supplied 
by the modulator. Thus to fully modulate a carrier of 150W 
input power will require a modulator capable of producing 
75W of audio frequency power. The aerial current will, of 
course, only increase by V1’5 or 1-226 times the carrier 
level for sine wave modulation but for speech waveforms 
which have not been processed, the rise in aerial current will 
be considerably less due to the “peaky" waveform of speech. 

Table 9.1 shows the relative amount of audio power re¬ 
quired to produce various depths of modulation and the 
corresponding increase of aerial current for sine wave 
modulation. 

TABLE 9.1 
Effect of Modulation on Aerial Current 

Depth of Modulation 
(per cent) 

100 
90 
80 
70 
60 
50 

Ratio: af power 
de power 

0-5 
0-405 
0-32 
0-245 
0 18 
0 125 

Increase in aerial 
current (per cent) 

22-6 
18-5 
15-1 
11-5 
8-6 
6-0 

AMPLITUDE MODULATION SYSTEMS 
There are two basic systems of applying amplitude modu¬ 

lation to the carrier. 
1. The rf power amplifier is operated in an efficient (norm¬ 

ally class O condition and modulation is achieved by supply¬ 
ing additional power from the modulator. Anode modulation 
is the principal example. 

2. The rf power amplifier is operated in an efficient con¬ 
dition only at the crest of modulation; in the carrier condi¬ 
tion, the efficiency is deliberately reduced to about one half 
of the possible value (typically to about 33 per cent) and 
modulation is achieved by increasing the efficiency of the 
rf amplifier towards the normal value. In this case, the 
increased output power resulting from modulation comes 
from the increased efficiency of the rf amplifier and not 
significantly from the modulator. These are known as 
efficiency modulation systems and include screen grid, 
suppressor grid and control grid modulation. 

Whatever form of modulation is applied, it should only 
be to an rf stage driven from a source of constant frequency 
such as a crystal oscillator or a stable vfo followed by at 
least one unmodulated isolating stage. This is to prevent the 
production of spurious frequency modulation such as would 
result from the direct modulation of an oscillator. It is 
important to check that the modulated stages are stable and 
free of parasitic oscillation at all levels of modulation. Such 
oscillation may occur only on the peak of modulation. 

Anode Modulation 
Anode modulation of a class C rf stage is accomplished by 

superimposing the modulating voltage on the de anode 
voltage. For full modulation, the anode voltage should be 
swinging from zero to twice its normal value and if the valve 
is a triode and the operating conditions are correct, the rf 
output will vary as the square of the anode voltage. The 
design information given in the valve chapter will enable 
correct operating conditions to be determined. If the pa valve 

is a pentode or tetrode, varying the anode voltage will have 
little effect on the anode current and current modulation will 
only be obtained if modulation is also applied to the screen 
grid voltage. The modulating voltage required at the screen¬ 
grid is sometimes given in the valve maker’s data but may 
have to be found experimentally. A peak modulating voltage 
swing of two thirds of the de screen voltage is typical. A 
peak modulating voltage equal to the screen voltage is 
sometimes used but this will result in over-modulation since 
the anode current rises more than linearly with screen voltage ; 
however, if the grid drive is inadequate, the extra screen 
voltage swing will sometimes compensate and give acceptable 
results. 
Although the effective power input is modulated, the 

average power input remains constant because each positive 
excursion of the anode voltage is immediately followed by a 
corresponding negative one. This means that the anode 
current, measured by a moving-coil de meter, does not vary 
during modulation because such a meter measures average 
current. However, the aerial current is usually measured on a 
thermal meter which indicates the rms value and, as was 
shown earlier, the effective or rms value of the aerial current 
does depend upon the amount of modulation. Although the 
thermal ammeter in the aerial circuit should show a rise of 
current on modulation, the moving-coil “average-current" 
meter in the anode circuit should remain steady, and any 
movement of this meter during modulation indicates in¬ 
correct operation. 

Transformer Modulation 
The most straightforward means of anode modulation is 

to use a modulation transformer to couple and match the 
modulator into the modulated stage. The load impedance 
offered by the modulated stage is given by: 

Va 
Zm = — X 1030 ohms la 

where Va = anode voltage of rf stage in volts 
la = anode carrier of rf stage in mA 

and the transformer should have a ratio which will transform 
this into the load impedance required by the modulator. 
The circuit arrangement is shown in Fig 9.2. If the rf stage 

Fig 9.2. Anode modulation using transformer coupling. The system 
is sometimes referred to as “transformer modulation". 
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requires modulation of the screen grid a separate winding 
should be provided on the transformer secondary through 
which the screen voltage is fed. The screen-grid should be 
supplied from an ht rail of appropriate voltage and should not 
be derived from the anode supply through a series resistor. 

If a transformer with two secondary windings is not 
available, the modulated screen voltage may be obtained 
from the modulated anode supply through a series resistor 
as shown in Fig 9.3. The screen bypass capacitance C must 
have a reasonably high reactance at audio frequencies so as 
not to bypass the modulating voltage. A potentiometer 
cannot be used for the screen supply and the method may not 
be used with valves which have negative screen current 
under some load conditions eg 4CX250B. In the case of 
Fig 9.3 the anode and screen currents should be added in 
determining the local impedance offered by the modulated 
stage. 

Many tetrodes can be satisfactorily anode and screen 
modulated by the use of a small inductance in the screen 
lead to an unmodulated supply. The screen voltage is self¬ 
modulated by virtue of the small variations of screen current 
when the anode voltage is varied by modulation. A choke of 
10-15H at 60mA would be typical. The arrangement is 

RFHT+ AF HT+ 

Fig 9.3. Anode-and-screen modulation. When the modulated stage 
consists of a pentode or a tetrode, the screen voltage as well as the 
anode voltage should be modulated by a proportionate amount in 

order to ensure linear modulation. 

shown in Fig 9.4. The modulation depth obtained by this 
method is somewhat unpredictable. 

Choke Modulation 

Choke modulation employs a choke as the coupling im¬ 
pedance between the modulator and the rf stage, as shown in 
Fig 9.5. 
The modulation choke must have an impedance at audio 

frequencies which is high compared with the impedance of 
the modulated rf stage when carrying the combined anode 
currents of that stage and the modulator. Obviously in this 
system both valves operate at the same ht voltage. The undis¬ 
torted output voltage from the modulator which is developed 
across the choke must be less than the ht voltage and there¬ 
fore it cannot modulate the rf stage to 100 per cent. For this 
reason the pa stage is run at a lower ht voltage than that 
of the modulator, the excess voltage being dropped across 
the resistor R which is bypassed at audio frequency by the 

Fig 9.4. Anode modulation of a tetrode by the use of an inductance in 
the screen circuit. 

capacitor C. The ht voltage on the pa stage should be re¬ 
duced by this means to about 60-70 per cent of the modulator 
ht voltage. Since a push-pull arrangement in the modulator 
is obviously precluded, the modulator must therefore 
operate under class A conditions. This may necessitate the 
use of very large modulator valves, or several in parallel, 
and for this reason choke modulation is only economic for 
low-power operation, eg up to about 15W input to the rf 
amplifier. 

Series Modulation 

In this case the modulator and the pa valves are con¬ 
nected in series across one ht supply, as shown in Fig 9.6. 
Thus both will pass the same current, the method of adjust¬ 
ment being to vary the operating conditions (ie the amount 
of grid drive, the aerial loading and the grid bias of the pa 
stage) so that it is operating at a lower anode-to-cathode 
voltage than the modulator. This system has the advantage 
that one power unit feeds both the pa and the modulator, 
and that no modulation transformer or choke is required. 
Valves such as the 807 or TT21 can be used in both positions 
in a series-modulation system from a 1,000V supply. The 

Fig 9.5. Choke modulation of a class C rf amplifier. 
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operating conditions of the pa stage should be such that there 
are 50O-600V across the modulator and from 4OO-5OOV 
across the pa. For higher powers two such valves may be 
used in parallel as the modulator and two more either in 
parallel or push-pull as the pa. It is immaterial whether the 
pa or the modulator is connected to the positive supply 
provided that the valve at the positive end has a separate 
heater transformer capable of withstanding the total ht 
voltage and has grid circuit components rated for this 
voltage. 

Fig 9.6. Series modulation. The relative positions of the af modulator 
VI and the rf output valve V2 between the ht line and earth can be 
interchanged if desired. The appropriate negative bias on the 
control grid of V1 with respect to its cathode is obtained by adjusting 

the potentiometer R. 

Efficiency Modulation Systems 
Efficiency modulation may be obtained by modulating the 

voltage applied to any of the grids of a valve. Although 
little power is required from the modulator, the efficiency of 
the rf stage is low and full modulation is only attainable by 
critical adjustment. 

Suppressor-grid Modulation 
Pentode valves have a normal suppressor grid which may 

be used to control the gain independently of the voltages on 
other electrodes. In many cases, the greatest output at the 
peak of modulation is obtained by driving the suppressor 
grid slightly positive, +40V being typical. From this point, 
the carrier condition is found by applying a negative voltage 
to the suppressor so that the anode current is halved. A peak 
audio voltage applied to this bias sufficient to swing the 
suppressor voltage up to the previously determined positive 
value will produce modulation of about 95 per cent. The 
audio power required is very small as the suppressor grid 
draws only a very few milliamps when positive and even 
this small power can be avoided if the suppressor is not 
driven into the positive region. It should be noted that the 
screen current rises sharply when the suppressor is very 
negative and a screen supply of reasonably good regulation 
should be provided. A typical arrangement is shown in 
Fig 9.7. Beam tetrode valves in which beam deflecting plates 

Fig 9.7. Suppressor-grid modulation. The bias on the suppressor grid 
needs to be carefully adjusted. 

are used instead of normal grids cannot be successfully 
modulated by this means. 

Screen-grid Modulation 

The general circuit arrangement for screen-grid modula¬ 
tion is shown in Fig 9.8. The main drawback of screen 
modulation is that the screen current rises sharply as the 
screen is made more positive and this limits the possible 
upward excursion of screen voltage during modulation 
since the positive peaks of the modulated rf waveform 
would be flattened. The screen voltage at the carrier has, 
therefore, to be reduced to a rather low value (typically 
1OO-I25V) which results in rather low output power. The 
maximum modulation depth is generally about 75-80 per 
cent. 

Clamp Modulation 
The so-called clamp-modulation system is an interesting 

variation of screen-grid modulation. The purpose of a 
"clamp” valve is to reduce the screen voltage of a tetrode rf 
amplifier to a low value in the absence of grid excitation, so 
that it acts as a protective device and allows the exciter to 
be keyed for cw operation without the necessity for using 
fixed bias on the pa stage. A typical circuit is shown in 
Fig 9.9. The clamp valve V2 which may be of the KT66 or 
6L6 class, is cut off by the operating bias of the rf stage VI 
which is developed across RI. When the excitation is 
removed, there is no bias on V2 and hence it passes a large 

Fig 9.8. Screen modulation. The screen supply voltage must be 
obtained from a potentiometer RV to enable the necessary critical 

adjustment to be made for maximum depth of modulation. 
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anode current which develops a high voltage-drop across 
R2, the screen resistor of VI. This reduction in the screen 
voltage of VI reduces the anode current to a very low and 
safe value. 

For the purposes of modulation the grid of the clamp 
valve may be switched from the rf bias resistor RI to the 
output of a speech amplifier V3 so that the screen of VI 
receives the audio output voltage through V2. 

HT+ 

Fig 9.9. Clamp modulation. This is an elaborated form of screen 
modulation which enables the transmitter to be easily switched to 

cw operation. 

When V2 is switched for telephony operation its bias 
should be arranged to be such that its anode voltage, ie 
the screen voltage of VI, is about one half of the value which 
it has in the cw position. Tuning-up can take place in the cw 
position, but when V2 is switched to the telephony position 
the carrier output of VI will of course fall. When modulating, 
the audio gain should be such that the anode current of VI 
on modulation peaks does not exceed about three-quarters 
of the normal cw value. 

Series Gate Modulation 

Series gate modulation is another form of screen modula¬ 
tion and is probably the most used of any system of efficiency 
modulation. The name series gate was given by the originator 
of the method but is not very helpful in understanding the 
operation. 

The basic series gate modulator circuit is shown in Fig 9.10. 
This employs a twin triode valve, but there is, of course, no 
reason why two separate triodes should not be used. The 
circuit is essentially a voltage amplifier Via direct-coupled to 
a cathode-follower VIb. Audio input is applied via Cl. 

When the slider of R2 is at the cathode end of its travel, 
Via is operating without bias; there is, therefore, a large 
voltage drop across R3 and the anode voltage of Via is 
reduced to a low value, of the order of 15V relative to the 
chassis. This voltage is direct-coupled to the cathode-follower 

Vlb, and so about 95 per cent of this voltage or 14V ap¬ 
pears across the cathode load R4. Thus the screen voltage of 
the rf amplifier is also 14V and the rf output is low. If the 
slider of R2 is moved away from the cathode end, the bias 
on Via increases and the voltage drop across R3 is reduced. 
The anode voltage of Via, and hence the grid voltage of 
Vlb, then rises to the order of 250V. The screen voltage of 
the pa stage will therefore be increased to somewhat less 
than this as a result of the cathode-follower action of Vlb. 
Thus the output of the pa stage will be increased towards its 
maximum. 

The setting of R2 therefore makes it possible to vary the 
output of the rf stage from a low level to almost full cw 
ratings. If SI is opened Via is inoperative and the anode of 
Via and the grid of Vlb rise towards the anode supply volt¬ 
age and the screen voltage of the pa stage is limited by the 
flow of grid current of Vlb through R3. The screen potential 
is then the highest obtainable with this particular circuit 
arrangement. The maximum screen voltage may be set by 
the introduction of Rx. R3 and Rx then form a potentio¬ 
meter across the ht supply which holds the grid voltage of VI b 
constant. 

Modulation may be achieved by applying an af voltage to 
Cl. Assuming that the bias on the grid of Via is set (by R2) 
to —IV, the de voltage applied to the screen of the pa is 
low and so the rf output is low. If an af voltage of IV peak 
is now applied to the grid of Via, it will be amplified by Via 
and appear at the pa screen and so modulate the low rf out¬ 
put to a depth of approximately 95 per cent, the mean de 
potential of the pa screen remaining constant. If the af 
voltage applied to Via is increased, grid current will flow in 
Via and a negative charge will build up on Cl proportional 
to the peak value of the af voltage. This additional de bias 
applied to the grid of Via will cause the potential on its 
anode and the grid of Vlb (and of course the mean screen 
voltage of the pa stage) to rise, resulting in increased rf 
output from the pa stage. Since the period of time for which 
this potential is raised depends upon the time it takes for 
Cl to discharge through RI, the time constant of Rl and Cl 
is important and must be considerably longer than the time 
corresponding to the lowest audio frequency used. 

The increased af voltage at the grid of Via will appear as an 
amplified voltage at the pa screen relative to its previous 
value, but as the mean screen potential has also been raised 
the carrier is again modulated to a level of about 95 per cent. 

The advantages of this method are: 
(a) The standing pa anode current and hence the residual 

power output can be set to any desired level by the poten¬ 
tiometer R2. 

(b) Over-modulation on positive peaks cannot occur because 
the audio input voltage applied to the first section of the 
double triode will cause limiting and thus the voltage 
applied to the pa screen cannot rise too high. 

(c) Over-modulation on negative peaks sufficient to cause 
break-up of the carrier cannot occur because the screen 
voltage cannot fall below the value set by R2. 

(d) Itprovidesasimplemethod ofaddingana.m.facilitytoan 
existing cw or nbfm transmitter and provides a power 
control for the existing facilities. 

Fig 9.10 shows the cathode of the series valve returned to a 
negative voltage. This is done to provide an adequate screen 
voltage to the modulated stage since the available voltage is 
reduced by the voltage drop across the series valve. The need 
for a negative voltage may be avoided by using a fairly high 
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ht voltage to the series valve, by using a series valve of low 
impedance and by choosing a pa valve which requires a 
relatively low screen voltage. A suitable low impedance 
series valve may be obtained by connecting in parallel two 
triodes such as the two triodes of a 12AU7 or by triode 
connection of a pentode. A suitable example of the latter is 
shown in Fig 9.11 where an ECL82 with the pentode section 
triode connected provides two triodes of different impedance. 
The 500pF capacitor Cl is the normal screen bypass capacitor 
and should be of low enough value not to attenuate the 
audio signal while the 100Q resistor RI is a parasitic 
stopper and should be mounted close to the pa valve holder. 
The modulator circuit is sometimes liable to oscillate and the 
use of ferrite beads on all grid leads is a worthwhile pre¬ 
caution. The audio frequency response of the series gate 
circuit is very wide and a filter to limit the audio bandwidth 
should be used. 

The time constant of C2R2 is important as this determines 
the period that the increased screen voltage is retained once 
the af signal has disappeared. The values given in Fig 9.11 are 
generally regarded as satisfactory. There are considerable 
variations of opinion for the optimum level of standing 
output power. Some operators use a very low value but this 
presents difficulty in reception and is not recommended 
except when the maximum possible “speech power” is 
essential. A standing power output of about a quarter of the 
output under cw conditions is generally suitable. 

Grid Modulation 
The circuit arrangement for grid modulation is shown in 

Fig 9.12 in which it will be seen that the audio frequency 

Fig 9.11. Practical "series gate” modulator. 

voltage is applied in series with the rf voltage to the grid of 
the rf amplifier. It is more difficult to adjust the system for full 
modulation with low distortion than with most other systems. 

The requirements are as follows: 
(a) the rf drive must have good regulation in spite of the 

varying grid current load of the rf amplifier. This is 
generally arranged by providing much more drive than 
is really necessary and dissipating the excess in a resistive 
load. 

(b) the modulator must have a low impedance output to 
avoid waveform distortion due to the varying grid 
level of the rf amplifier. A triode operating in class A is 
preferable but if a tetrode or pentode is used, it is ad¬ 
visable to connect a swamping resistor across the second¬ 
ary of the modulation transformer. 

(c) the grid bias supply must have good voltage regulation 
and should be derived from a battery or stabilized supply. 
A zener diode regulator would be suitable. 

RF HT+ 

Fig 9.12. Grid modulation. The lamp is used to absorb an apprec-
able proportion of the grid-driving power and thus improve the 
grid drive regulation. The capacitor C serves as an rf bypass: it must 
be small enough to present a high reactance at the highest modula¬ 

tion frequency. 

The power input to the pa valve must be limited so that the 
rated maximum anode dissipation of the valve is not ex¬ 
ceeded bearing in mind that the average efficiency will not 
exceed 35 per cent. The adjustment generally consists of 
setting the grid drive and aerial loading until the appropriate 
amount of aerial current (or power output) increase is 
obtained without causing variation of the pa anode current 
when the grid voltage is varied. The audio frequency gain 
control is then adjusted to swing the bias by the amount 
previously determined. The modulation depth will usually be 
limited to about 90 per cent to prevent distortion. 
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Grid-leak Modulation 
A form of grid modulation which is occasionally used for 

low power operation is called grid-leak modulation. If, in an 
rf amplifier which obtains its operating bias solely by the 
grid leak method, the value of the grid leak is varied, the 
grid bias and hence the output will also be varied. In 
practice this may be accomplished by using a valve as the 
grid leak (Fig 9.13). The usual adjustments should be made 
to grid drive and aerial loading for approximately one half 
of the normal cw output. Under these conditions the aerial 
current should rise during modulation by the normal amount. 

The power efficiency of this system is very low, being about 
25-30 per cent, but on the other hand it is probably the most 
economical system since it can be made to function success¬ 
fully with only a carbon microphone and its transformer and 
one small triode. 

Cathode Modulation 
Modulation may alternatively be applied to the cathode 

circuit of the pa as illustrated in Fig 9.14. This is known as 
cathode modulation. In effect both anode and grid voltages 
are varied simultaneously with respect to the cathode. 
Cathode modulation is therefore a compromise between 
anode modulation at high output efficiency and grid modu¬ 
lation at low output efficiency. By suitable adjustment, any 
desired proportion of each form may be achieved. 

The ratio of the respective amounts of anode modulation 
and grid modulation is controlled by the value of the grid 
bias on the pa, which in turn will determine the amount of 
audio-frequency power required. The latter determines the 
amount of anode modulation, while the former determines 

Fig 9.13. Grid-leak modulation. This system requires the minimum 
amount of audio equipment but the rf efficiency is low. 

the amount of control that a given value of modulating 
voltage will have. The grid bias, of course, will depend upon 
the value of the rf and af voltages. A greater range of adjust¬ 
ment in the grid circuit may be obtained if the grid return 
can be taken to a variable tap on the secondary winding of the 
modulation transformer; for this reason a multi-ratio type 
of transformer is preferable. 

The setting-up of such a circuit can be fairly complicated 

Fig 9.14. Cathode modulation. This method is a combination of 
(a) anode modulation with its high output efficiency and high-
modulation-power requirement and (b) grid modulation with its 
low output efficiency and low modulation-power requirement. 

because in addition to the normal adjustments, the propor¬ 
tion of grid and of anode modulation should be adjusted to 
obtain full modulation. However, once set up the system is 
capable of very good results. 

Low-level Modulation 
The modulation systems so far considered are known as 

high-level systems because the modulation is applied to the 
rf stage working at the highest power level. There is no reason 
why the modulation should not be applied to a low-power 
stage, the modulated output of which is then amplified. 
The low-level modulation system is used in ssb transmitters 
and is occasionally found in other amateur equipment. The 
modulated rf voltage can be amplified to increase the output 
power, but in order to avoid distortion of the modulated 
wave the rf amplifiers following the modulated stage must 
be of the linear type. 

Modulation in Transistorized Equipment 
Speech amplifiers and modulators frequently use transis¬ 

tors rather than valves. This does not alter any of the preced¬ 
ing discussion except perhaps that matching may be some¬ 
what less critical in the case of transistor power amplifiers 
due to their low output impedance. 

When the rf amplifiers which are to be modulated make 
use of transistors, a few special considerations apply. In 
order to retain the high efficiency of transistors, efficiency 
modulation systems are rarely used and the equivalent of 
anode modulation is usual. In the case of bipolar transistors 
there is significant output power fed from the penultimate rf 
amplifier to the aerial and it may be necessary to apply some 
modulation to this rf stage as well as full modulation of the 
ht supply to the pa stage if 100 per cent modulation is to be 
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approached. A centre tap on the secondary of the modula¬ 
tion transformer will frequently supply a suitable modula¬ 
tion level to the penultimate amplifier. 

PRINCIPLES OF FREQUENCY MODULATION 

When the frequency of the carrier is varied in accordance 
with the modulating signal, the result is frequency modula¬ 
tion while varying the phase of the carrier current is called 
phase modulation. However, frequency and phase modulation 
are not independent since the phase cannot be varied with¬ 
out also varying the frequency. 

The effectiveness of fm and pm for communication pur¬ 
poses depends almost entirely on the receiving methods. If 
the receiver will respond to frequency changes but is in¬ 
sensitive to amplitude changes, it will discriminate against 
most forms of noise and will ignore quite large changes in 
signal level such as occur during mobile operation. Although 
slope detection will resolve frequency modulation almost 
all the advantages are lost and some form of discriminator 
should always be used. 

Frequency Modulation 

Frequency modulation is represented graphically in 
Fig 9.15. When a modulating signal is applied, the carrier 
frequency is increased during one half-cycle of the modulat¬ 
ing signal and decreased during the half cycle of opposite 
polarity. This is indicated in the diagram by the fact that the 
rf cycles occupy less time (high frequency) when the modulat¬ 
ing signal is positive and more time (lower frequency) when 
the modulating signal is negative. The change in the carrier 
frequency (frequency deviation) is proportional to the in¬ 
stantaneous amplitude of the modulating signal. The total 
power does not change during modulation. 

Sidebands in FM Systems 

When a carrier is amplitude modulated by a signal of, 
say, 1kHz, two sidebands are produced spaced 1kHz either 
side of the carrier and, for 100 per cent modulation, the 
sidebands contain half the power of the carrier. When a 
carrier is frequency modulated by a 1kHz signal, an infinite 
number of sidebands are produced at 1kHz intervals on both 
sides of the carrier (Fig 9.16). The power contained in the 
sidebands is obtained by a corresponding reduction in 
the carrier power since the total power is unchanged. 

It is seen in Fig 9.16 that the sidebands remote from the 

Fig 9.15. Graphical representation of frequency modulation. (A) Un¬ 
modulated carrier wave.(B) Modulating signal.(C) Frequency-modu¬ 
lated carrier wave (ie its frequency is varied in sympathy with B). 

carrier are small in amplitude although those next to the 
carrier are not necessarily the largest. It can be shown that 
the number of significant sidebands depends on the modu¬ 
lation index which is defined as: 

Modulation index = Deviation from carrier 
Audio frequency producing the deviation 

Table 9.2 shows the value of carrier and sidebands as a 
fraction of the unmodulated carrier from which it will be 
seen that the number of significant sidebands increases with 
modulation index. In amateur practice in the United King¬ 
dom the deviation should be limited to 2-5kHz and the 
maximum modulating frequency to 4kHz. This corresponds 
to a modulation index of 0-625 and approximating from 
Table 9.2 we get as a fraction of the unmodulated carrier: 
Carrier 92% 
1st pair of sidebands 29% at 
2nd pair of sidebands 4% at 
3rd pair of sidebands 0-4% at 
4th pair of sidebands 0 03% at 

± 4kHz from carrier 
± 8kHz from carrier 
:• 12kHz from carrier 
± 16kHz from carrier 

Thus the second pair of sidebands are almost negligible and 
the higher order sidebands entirely so. 

If the modulation frequency is allowed to extend to say 
7-5kHz, the modulation index would be 0-3 and again only 
the first pair of sidebands would be significant but, as in an 
a.m. system, these would cccur at ±7-5kHz and thus occupy 
excessive bandwidth. For a low modulating frequency such 

TABLE 9.2 

2nd set 3rd set 4th set 5th set 6th set 7th set 8th set 

C-0184 

0 0010 
0 0025 
00341 
0 1320 
0 2811 
0 3912 

00114 
0 0491 
0-1310 

0 0152 
00534 

00050 
0-0197 
00437 
00758 
01149 
0 3528 
0-4861 
0-3641 
0 0466 

0-0430 
0 1321 
0-2611 

0 0013 
0 0044 
0 0102 
0 0196 
0-1289 
0-3091 
0 4302 
0-3648 

0 0995 
0 1960 
0-2867 
0-3688 
0 4401 
0 5767 
0 3391 

-0 0661 
-0 3276 

1st set of 
sidebands value 

1 0000 
0-9900 
0 9604 
0 9120 
0 8463 
07652 
02239 

-0 2601 
-0-3971 
-0-1776 

Modulation 
Index 
00 
02 
0-4 
0 6 
0 8 
10 
20 
3 0 
4 0 
5 0 

Where blank spaces are indicated, the values of the sidebands are insignificant. The negative sign indicates that the componen tis 180 out 
of phase with respect to the others. Values given refer to current or voltage, not power. 
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as 500Hz, the modulation index would be 5 and Table 9.2 
shows that sidebands up to the 8th are significant but as they 
are only spaced at 500Hz intervals the bandwidth occupied is 
still only ¿4kHz. 

Although the sidebands are small beyond the highest 
modulating frequency, they are not entirely negligible from 
the viewpoint of possible interference with other services 
and an fm transmission should never be centred nearer than 
100kHz from a band edge. 

Fig 9.16. FM signal with 1kHz modulation. 

Phase Modulation 

Phase modulation is sometimes referred to as indirect fm 
since it is normal practice to modify the phase modulated 
signal so that the receiver cannot distinguish it from a 
direct frequency modulated one. 

Consider Fig 9.17 in which a vector OA represents the 
unmodulated carrier in an XY co-ordinate system which is 
rotating counter-clockwise at an angular velocity œc = 2r:fc 
where fc is the carrier frequency. If sinusoidal phase modu¬ 
lation is now applied, the vector oscillates between the 
extreme positions OB and OC. The vector moves from OA 
towards OB at a rate determined by the modulating fre¬ 
quency while the angle between OA and OB depends on the 
amplitude of the modulating signal. On reaching OB, the 
vector must instantaneously stand still before reversing and 
returning towards OC where it again instantaneously stands 
still. While standing at OB or OC, the instantaneous fre¬ 
quency will be that of the unmodulated carrier since the 
vector is rotating at <uc with the whole XY co-ordinate 
system. At the instant of passing through position OA from 
position OC the vector will be travelling at its maximum 
velocity and faster than the general rotation <uc; hence at 
this instant the frequency will be at its maximum increased 
value. Similarly, when passing through OA from OB, the 
instantaneous frequency will be at its minimum value. The 
frequency deviation at the position OA depends on the rate 
of change of phase and hence depends on the modulating 
frequency itself as well as the amplitude of the modulating 
frequency. This shows the essential difference between phase 
and frequency modulation and in order that phase modula¬ 
tion should appear as frequency modulation at the receiver 
the amplitude of the modulating signal must be halved for 
each octave increase in frequency, ie a fall of 6dB/octave. 

Comparison of FM and PM 

Frequency modulation can only be applied to an oscillator 
but phase modulation may be applied to both oscillators and 
amplifiers. Frequency modulation applied to either a crystal 
oscillator or a vfo can be entirely satisfactory but it must 
follow that the oscillator is capable of changing frequency 

due to external influences and care is needed to prevent 
unintentional influences from causing frequency changes. 
Such problems can be avoided if phase modulation is used. 

Available Deviation 

In a phase modulation system with the required shaped 
audio response, the maximum linear frequency deviation 
which can be produced is limited to only a few hundred 
hertz. In a frequency modulation system rather greater 
deviation can be produced but often at the expense of fre¬ 
quency stability of the modulated oscillator. It is therefore 
necessary to produce the frequency modulated signal at a 
relatively low frequency and to increase the deviation by 
frequency multiplication. A multiplication of at least eight 
times is normally required. 

Interference in FM Systems 

Reception of an fm signal using a discriminator provides a 
measure of protection against an interfering a.m. signal. 
The amplitude variations of the interfering signal will be 
largely eliminated by the limiter but phase modulation will 
occur due to the interfering signal. The amount of phase 
modulation increases with the frequency difference between 
the signals but, of course, the amplitude of an interfering 
signal at significant frequency separation from the wanted 
signal is reduced by the receiver bandpass characteristics. 
The phase modulation produced by an interfering signal is 
usually no more than a few hundred Hz and the degree of 
interference decreases as the deviation of the wanted signal 
increases. 

If two fm signals are received, the stronger signal assumes 
control and if the ratio of the signals exceeds about 2:1, 
the weaker signal almost completely disappears. 

Fig 9.17. Vector representation of phase modulation. 

MICROPHONES 

The microphone is the starting point of any electrical 
system of speech communication, as it is the device which 
converts the energy of the sound wave of the human voice 
into electrical energy. The output voltage or current can 
then be amplified and used to modulate a radio transmitter. 

Basic Acoustical Principles 

A sound wave is a wave of alternating pressure and rare¬ 
faction spreading out from the source, in which the instan¬ 
taneous air pressure at any fixed point varies above and below 

9.9 



RSGB—RADIO COMMUNICATION HANDBOOK 

the mean atmospheric pressure by an amount which deter¬ 
mines the intensity of the sound. The waveform of this 
pressure variation is a curve whose shape determines the 
characteristics by which one sound differs from another. 
For example, a pure sine wave of pressure results in a single 
tone described as “pure,” the frequency determining the 
pitch. Different musical instruments all playing a note of 
the same pitch produce waves of varying harmonic content, 
the proportions of which determine the tonal quality or 
timbre of the sound. Harmonics (or overtones) similarly 
determine the characteristic differences between the male 
and female singing voices. The important parts of the wave¬ 
shape of speech sound are the harmonics of the fundamental 
pitch and the transient wave-shapes. 

The pressure of a sound wave represents the variation 
about the mean pressure, and is usually measured in dynes 
per square centimetre. When referring to sinusoidal waves 
either the peak value or the rms value may be used as in other 
alternating quantities, the rms figure being more generally 
quoted. 

In an electrical circuit an emf or electrical pressure 
produces an electrical current, the magnitude of which 
depends upon the electrical resistance. In an analogous 
manner an acoustical pressure-wave is accompanied by a 
movement of the air particles, which may conveniently 
be measured by the velocity of these particles. This velocity 
depends upon the acoustic impedance of the air space upon 
which the pressure is acting. This impedance depends 
in turn on the distributed mass and elasticity of the air 
and can be regarded as a “characteristic impedance”, 
similar to the characteristic impedance of a cable or trans¬ 
mission line which is determined by the distributed induc¬ 
tance and capacitance. 
The wavelength of an acoustic wave is derived in the 

same way as that for a radio wave, except that the wave 
velocity in air is approximately 344m/s compared with 
300,000,000m/s for electromagnetic waves. This wave 
velocity is a constant figure for any given gas or liquid at a 
specified temperature and must not be confused with the 
particle velocity referred to above, which depends upon the 
acoustic pressure. 
Thus, the wavelength corresponding to a frequency of 

100Hz is given by: 

X = 
34,400 
100 

344cm 

and that corresponding to a frequency of 10,000Hz by : 
34,400 

X “ 10,000 -
3-44cm 

Microphones can be designed so that their electrical 
output voltage is proportional either to the acoustic pressure 
or to the particle velocity, thus giving rise to the terms 
pressure microphone and velocity microphone. 

The pressure microphone, provided it is small enough to 
avoid complications due to reflection of the wave, will give 
a constant output no matter in what direction it is facing 
relative to the direction of travel of the wave. In practice, 
however, when the frequency is high enough for a half-wave 
to approximate to the size of the microphone, or higher, 
the microphone will be more responsive to sounds from a 
direction facing the microphone than to those from the 
sides or the rear. Thus, at 10,000Hz where the half-wave 

length is l-72cm, the “front-to-back” ratio would be quite 
high for a microphone 3in in diameter, whereas at 100Hz, 
corresponding to a half-wavelength of 172cm, the same 
microphone would give the same output regardless of the 
direction of the sound. 
The term velocity has no meaning unless it is associated 

with a direction as well as a magnitude, since sound waves 
consist of longitudinal movements of the air particles in 
the direction in which the wave is travelling. The velocity 
at any point is at a maximum in a direction facing the source, 
and zero in a direction at right angles to this. Thus a velocity 
microphone, ie one in which the output is designed to be 
proportional to the particle velocity, will have maximum 
output when facing towards or away from the source 
and zero output when at right angles to the source; more¬ 
over, the output is independent of any reflection effects 
referred to earlier, ie it is zero in the perpendicular direction, 
even at the lowest frequencies. 

An ideal pressure microphone has a polar diagram con¬ 
sisting of a circle, w hile a velocity microphone has a diagram 
like a figure-of-eight, similar to that of a dipole aerial. 
These diagrams apply in any plane, which means that for a 
pressure microphone the solid polar diagram is a sphere, 
while that for a velocity microphone is two spheres touching 
at the point represented by the microphone. 

Basic Electro-mechanical Principles 
All practical microphones consist of a mechanical system 

in which some part moves in sympathy with either the 
acoustic pressure or the particle velocity, or a combination 
of both. The pressure microphone comprises a closed 
chamber containing air at normal atmospheric pressure, 
part of this chamber being made in the form of a diaphragm 
which, if it is small and light, will move in sympathy with 
the variations in air pressure produced by the sound wave 
outside the chamber above and below the mean pressure of 
the air inside the chamber. 

In a velocity microphone, however, a very light membrane 
with both sides open to the air is used. When the plane of 
the membrane is at right angles to the direction of the air 
movements, it will move with the air, and its velocity will 
be almost the same as that of the air particles if it is light 
enough. 

To convert a movement of the diaphragm of the pressure 
microphone or of the membrane of the velocity microphone 
into an electrical output either the resistance of a circuit may 
be varied, as for instance by the use of carbon granules, 
or electromotive forces may be produced by electro-magnetic 
induction or the piezoelectric effect. 

Microphone Characteristics 
Brief details are given below of the construction and 

characteristics of the more common types of microphone. 
Reference should be made to the manufacturers’ literature 
for more detailed information. 

The Carbon Microphone. In this microphone a small 
capsule filled with carbon granules is attached to a dia¬ 
phragm, and the effect of the varying pressure of the sound 
waves is to cause a similar variation in the resistance of the 
capsule. When connected to a source of constant voltage 
the microphone thus produces a varying current. The 
normal resistance of the capsule is generally between 200 
and 1,0000 and the polarizing current should be in the 
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Fig 9.18. Typical carbon 
microphone input circuits. 
In (a) the polarizing current 
is obtained from a small 
battery: in (b) a potential 
divider across the ht supply 
is used as a substitute for the 
battery: in (c) the micro¬ 
phone is used to modulate 
the cathode current directly 
by acting as a variable cath¬ 

ode bias resistance. 

range 5-40mA according to the particular design of capsule. 
The source of current may be a small dry battery or a 

potential divider connected across the ht supply to the 
speech amplifier, as shown at (a) and (b) in Fig 9.18. To 
match the low impedance of the microphone circuit to the 
high impedance of the input grid circuit of the amplifier, a 
transformer with a large tums-ratio is required; any ratio 
between 1:30 and 1:100 should prove satisfactory. 

Although these microphones are very sensitive, the fre¬ 
quency response is poor compared with that of most other 
types. An output of between 5 and 15V can be expected 
across the secondary of the transformer when speaking 
close to the microphone, depending on the transformer 
ratio and the polarizing current. To avoid distortion, the 
latter should be kept as low as possible consistent with the 
output required. It will be appreciated that a microphone 
which utilizes the change in pressure between a multitude 
of contact points cannot be as free from distortion as some 
of the more elaborate types described below. 
The carbon microphone is particularly convenient for 

portable use as its high output is capable of fully driving 
valves such as the KT66 and 6L6 directly from the micro¬ 
phone transformer. An alternative method of using a 
carbon microphone is shown at (c) in Fig 9.18. Here the 
microphone acts as the cathode bias resistance of the first 
valve, the grid being earthed. This form of connection 
avoids the use of a transformer and a separate polarizing 
supply, and is capable of somewhat better quality, although 
the output may be lower. 

The Transverse-current Microphone. This is another 
form of resistance microphone employing carbon granules. 
It has a mica diaphragm, usually rectangular in shape, 
behind which is a shallow chamber containing very fine 
carbon granules. The polarizing current passes between 
carbon electrodes which are placed at opposite edges of the 
chamber so that the granules form a thin layer of carbon 
through which the current passes from one edge to the other. 
As with the simple carbon microphone a polarizing current 
and step-up transformer are required. Because the dia¬ 
phragm is heavily damped all over its surface by the carbon 
granules, the frequency response is much better than that 
of the capsule type, although the sensitivity is lower. An 
output in the order of 01-0-5V across the transformer 
secondary can generally be obtained. 

The Ribbon Microphone. This type of microphone has an 
output proportional to the velocity of the air particles. The 

main difference between its operation and that of a pressure 
microphone is that it has a figure-of-eight polar diagram; it 
is thus necessary to align its axis with that of the direction of 
the sound source. 

The most common form consists of a very thin strip of 
aluminium foil (about lin long, 0-1 in wide and 0-0003in 
thick) supported between the poles of a permanent magnet. 
As the ribbon vibrates it cuts the magnetic field between 
the poles, and so an emf is induced in the strip. A step-up 
transformer is normally placed within the microphone 
case to transform the very low ribbon impedance to 
5O-25OQ to make the microphone impedance suitable 
for working into a cable, and a further step-up transformer 
is used at the amplifier input. No polarizing current is 
required, and the frequency response can be very good, 
although the sensitivity tends to be rather low. 

The Condenser Microphone. The condenser microphone 
consists of a thin conducting diaphragm which forms one 
plate of a capacitor whose capacitance varies when actuated 
by sound waves. A polarizing voltage of 100-200V is 

To next 
stage 

Fig 9.19. Condenser micro¬ 
phone input circuit. The 
resistance R must be very 
high and is usually of the 
order of several megohms. 

required in series with a very high resistance across which 
the output voltage is developed. The usual circuit arrange¬ 
ment is shown in Fig 9.19 where R is the resistor across 
which the output voltage appears. Because the capacitance 
of any connecting cable will reduce the output, it is necessary 
for the first stage of the amplifier to be close to the micro¬ 
phone. Consequently the first stage of the amplifier is often 
built into the microphone housing. Owing to this complica¬ 
tion and to the fact that the normal output is generally 
very low, condenser microphones are not commonly used 
in amateur stations. 
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The Moving-coil Microphone. This microphone is an 
electrodynamic type. Its construction is very similar to that 
of a moving-coil loudspeaker, except that the whole con¬ 
struction is very much smaller. The impedance of the coil 
is generally 2O-5OÍ1. When the diaphragm is caused to 
vibrate by the sound pressure an emf is developed in 
the coil and no polarizing supply is necessary. A step-up 
transformer, however, is required to feed the grid of the 
first amplifier valve. A very good frequency response can 
be obtained, and this type of microphone is commonly 
used in broadcasting studios. The output from the second¬ 
ary of a suitable transformer is usually not more than about 
0-5V. A miniature moving-coil loudspeaker can some¬ 
times be made to serve as a fairly satisfactory microphone, 
but its frequency response will not be as good as that of 
a specially designed instrument. The microphone trans¬ 
former may be replaced by the use of an af transistor as a 
combined pre-amplifier and step-up matching device as 
shown in Fig 9.20. A low noise transistor should be used. 

Fig 9.20. Use of an af transistor as a combined pre-amplifier and 
step-up matching device (Electronics Illustrated). 

The Crystal Microphone. This type of microphone 
utilizes the piezoelectric effect whereby any mechanical 
stress applied to a suitably cut piece of certain materials 
such as quartz or Rochelle salt generates an emf between 
opposite faces. Such microphones are very popular amongst 
amateurs since their frequency response is usually very good, 
and neither a polarizing voltage nor a transformer is required. 

Fig 9.21. Crystal microphone 
input circuit. 

They can be connected directly to the grid of the first ampli¬ 
fier stage through a moderate length of screened cable 
(up to about 8ft). A high resistance must, however, be 
connected across the output at the grid of the valve, as shown 
in Fig 9.21. This should be 2-5MÍ2; any value lower 
than 2MÍÍ will impair the output at low frequencies. 

There are two types of crystal microphone in general 
use. The most common consists of a diaphragm which acts 
directly on the crystal (normally Rochelle salt). In the second 

type, known as the “cell” type, the diaphragm is dispensed 
with, and the sound waves act directly on a pair of crystals 
which form the surface of a flat cell. Both types are capable 
of excellent quality, the latter type have a better frequency 
response but are less sensitive. 

TABLE 9.3 
Voltage Output of Various Microphones 

Type 

Carbon (capsule) . 
Transverse-current 
Condenser 
Ribbon 
Moving-coil ... . 
Crystal (diaphragm) . 
Crystal (cell) . 

Transformer 
Ratio 

30-I00 
20- 40 

I0 
30- 50 

Voltage at 
Grid 

5 -IS volts 
0-I-0 3 volts 

0 05 volts 
0-03 volts 

0 I-0 5 volts 
0-05 volts 
0-0I volts 

Relative Sensitivities 

In commercial practice the output of a microphone is 
generally specified in decibels relative to a reference level 
of one volt per dyne per square centimetre of acoustic 
pressure. For amateur purposes, however, it is more con¬ 
venient to be able to estimate the actual voltage output 
which is likely to be obtained from the various types of 
microphone described above when the microphone is 
held in the hand of the speaker and is actuated by normal 
speech. An approximate indication of typical output 
voltages is given in Table 9.3. 

SPEECH AMPLIFIERS 

The term speech amplifier is generally applied to the stages 
of af amplification between the low output voltage of the 
microphone and the power amplifier which is the modulator 
proper. The speech amplifier normally only contains voltage 
amplifiers but the final stage may be a power amplifier if the 
modulator is driven into grid current and hence requires 
significant power to drive it. Valves, transistors or integrated 
circuits are all suitable for use in speech amplifiers and the 
choice largely depends on the power supplies available from 
other parts of the equipment. If the microphone output is 
low, there is some advantage in using a transistor for the 
first stage as it is easier to keep the hum level imperceptible. 

Voltage Amplifiers Using Valves 

Audio frequency voltage amplifiers may be divided into 
two groups, viz resistance capacitance (RC) coupled am¬ 
plifiers and transformer coupled amplifiers. 

RC Coupled Amplifiers 

The basic circuit of an RC amplifier is shown in Fig 9.22. 
The voltage amplification of such a stage is given by: 

V out _ p RL 
V in (RL + ra) 

where p = the amplification factor of VI 
ra = anode resistance of VI 

RL = external anode local resistance 
It is assumed that the value of Rg, the following grid resis¬ 

tor is much greater than : 
RL ra/ (RL + ra) 

which is generally the case. 
It will be seen that in order to achieve high gain, RL must 
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be large compared with ra. If, however, RL is made too large, 
the de voltage-drop across it will be excessive and a high de 
voltage will be necessary in order to maintain adequate 
voltage at the anode of VI. In practice, RL is generally made 
3-5 times as large as ra. Grid bias for VI is provided by the 
voltage-drop across the cathode resistor RI, which is by¬ 
passed by Cl, to prevent negative current feedback with 
resulting loss of gain. 

When VI is a pentode RL cannot satisfactorily be made 
greater than ra because the latter is normally of the order of 
several megohms and values of RL between 100,000 and 
330,000it are normally used with pentode amplifiers. The 
value of RL may be increased to as much as 1MÍ1 if the 
screen voltage is made very low. The gain is increased 
but the valve will only handle very small input signals. 
The frequency response (ie the variation of gain over the 
frequency range) is determined principally by the values of 
three capacitances: 

(a) The cathode bypass capacitor CL 
(b) The coupling capacitor Cc. 
(c) The total input capacitance Cs of the following stage 

V2. 
The first two affect the response at low frequencies and 

have negligible effect at high frequencies, while the third 
affects the high-frequency response. 
The capacitance of the cathode bypass capacitor Cl 

should be such that its reactance at the lowest frequency at 
which amplification is desired should be small compared 
with the value of the cathode bias resistor. This capacitor 
also serves a useful purpose in that it bypasses ac hum 
voltages between the cathode and the heater; hence it is 
advantageous to use a somewhat larger capacitor than that 
dictated by low-frequency response considerations. For 
most practical purposes a 25/iF capacitor is adequate. 

At low frequencies, the reactance of the coupling capacitor 
Cc increases, and since Cc and Rg form a potential divider 
the voltage appearing across Rg. which is the input to the 
following stage, tends to fall. The relative gain at a low 
audio frequency, with respect to that at frequencies in the 
middle of the audio range, may be found from the expres¬ 
sion: 

,-- X 100% 

\ Rg2 + <u2Cc2

where Rg and Cc are the values of the grid leak and the 
coupling capacitor respectively of the following stage and 
œ=2nf. In practice this means that the value of the coupling 
capacitor must be about 0-5mF for good low-frequency 

Fig 9.22. Basic circuit of a resistance-capacitance voltage amplifier. 

response. However, for speech, where good response below 
300Hz is not essential, a value of 0 01/tF is adequate for use 
with a grid leak Rg of 0-1M Í2 or more. 

At high frequencies the reactance of Cs falls, and as this 
capacitance is, in effect, in parallel with the output of the 
previous stage, appreciable high-frequency loss can occur if 
its value is too great. The capacitance Cs is composed of 
the input capacitance of the valve V2 and the various stray 
capacitances of the circuit components. 

The input capacitance of an amplifier valve with a resis¬ 
tance load is : 

C input = Cgc 4- (M + 1) Cga 
where Cgc = grid/cathode capacitance of the valve 

Cga = grid/anode capacitance of the valve 
M = stage gain 

This reflection of the grid-to-anode capacitance into the 
grid circuit is known as the Miller Effect, and in some 
circumstances it may make the input capacitance quite high. 
The relative amplification at high audio frequencies com¬ 
pared with that in the middle of the audio range may be 
calculated from the expression: 

where R equivalent resistance of RL, ra and Rg in 
parallel 

Cs total shunt capacitance 
This high-frequency loss can be very important in the 

design of high-fidelity amplifiers, but for speech communica¬ 
tion where an upper frequency limit of about 3,000Hz is 
acceptable it is not usually of great significance. 

Resistance-capacitance coupling is a cheap and convenient 
form of inter-stage coupling and is in almost universal use. 
It has the added advantage that it is not prone to pick up 
hum from stray magnetic fields, which can sometimes be 
troublesome with transformer-coupled circuits. It may be 
used with either triodes or pentodes, and in fact it is the only 
suitable form of coupling with high-/r valves because of the 
difficulty of making a transformer suitable for operating 
with the high load impedances associated with such valves. 

Operating conditions for typical RC-coupled amplifiers 
are given in Table 9.4 (triodes) and Table 9.5 (af pentodeL 

Cathode Followers 

If a valve is operated with the output load connected to 
the cathode instead of to the anode, the load is common to 
both grid and anode circuits and the arrangement is called a 
cathode follower: see Fig 9.23. Here the input voltage Vsig 
is applied between grid and earth while the output load Rk, 
across which the output voltage Vout is obtained, is 
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TABLE 9.4 

Valve 
HT 
(V) 

ng 
(Mil) 

Rl 
(kQ) 

Cc 
(ixF) 

V out 
(V) Gain 

I-I2AU7 

180 
180 
180 
300 
300 
300 

0I 
0-22 
0 47 
0 I 
022 
047 

20 
2-8 
3 6 
I-9 
3 0 
4 0 

•032 
•016 
•007 
•032 
•016 
•007 

24 
33 
40 
44 
68 
80 

12 
12 
12 
12 
12 
12 

4-I2AT7 

180 
180 
180 
300 
300 
300 

0-22 
0-47 
I 00 
022 
0-47 
I 00 

2-6 
26 
2-7 
I-2 
I-2 
1-25 

•014 
•009 
•006 
•015 
•009 
•006 

18 
19 
20 
22 
23 
24 

29 
31 
28 
34 
36 
38 

|I2AX7 

180 
180 
180 
300 
300 
300 

0-22 
047 
I 00 
0-22 
0-47 
I 00 

3 0 
3-5 
3 9 
2-2 
2-8 
31 

•012 
•006 
•003 
•013 
•006 
•003 

24 
34 
39 
54 
60 
79 

53 
59 
63 
59 
65 
68 

Symbols as in Fig 9.22 (Rl assumed to be lOOkQ) 

TABLE 9.5 

Valve 

EF86/Z729 
200 
300 
200 
300 

RL R2 
(kQ) (MQ) 

RI 
(kQ) 

Rg V out 
(k£2) (V) 

100 
100 
220 
220 

0 39 
0 39 
10 
10 

10 
10 
2 2 
2-2 

330 
330 
690 
680 

Gain 

106 
116 
176 
188 

Rl is value of screen-dropper resistor, assumed to be bypassed to 
earth by O lptF capacitor. Otherwise symbols are as in Fig 9.22. 

connected between cathode and earth. If at any instant Vsig is 
made more positive, the grid potential will become more 
positive and the anode current will increase: hence the 
cathode current will increase and the increased voltage-drop 
across Rk will cause VOut to increase in a positive direction 
also. Therefore the output voltage is in phase with the 
applied grid voltage: ie it “follows” the input voltage. 

The amplification of a valve is concerned with the applied 
voltage between grid and cathode, and in the cathode 
follower this voltage Vg is not Vsig but Vsig — Vout. The 
higher the amplification of the valve the nearer Vout ap¬ 
proaches Vsig. The voltage gain of the stage is: 

Vout _ /¿Rk 

Vsig Ta 4“ Rk(l "1“ m) 

where n is the amplification factor of the valve and ra is the 
anode impedance. It is evident that the stage gain must 
always be less than unity, although when /x is large and Rk is 
large compared with the anode impedance ra the gain is 
nearly unity. Because there is no actual gain in voltage 
amplitude, the cathode follower can hardly be regarded as 
an amplifier. However, the circuit has certain advantageous 
properties, including a low output impedance (from about 
50 to several hundred ohms), a high input impedance, low 
distortion (owing to the high degree of negative feedback 
through Rk) and negligible phase shift. One of its most 
important applications is as an impedance transformer 
where a very wide frequency range is required. The load in 
the cathode lead may be a resistor, or a loaded transformer. 

For a given valve the optimum load for minimum distor¬ 
tion is the same irrespective of whether the load is connected 
in the anode or the cathode lead, but in the latter case, ie in 

the cathode follower, the distortion and output impedance 
are lower than in the former. It is also convenient at times to 
divide the load so that part of the load is in the anode and 
part in the cathode circuit. This arrangement gives a greater 
gain than the true cathode follower and results in less 
distortion and lower output impedance than the conven¬ 
tional amplifier arrangement. 

If a tetrode or a pentode were used as a cathode follower 
it would behave as a triode because its anode, like the 
screen, would be at a constant potential. The relevant values 
of n and ra (anode impedance) are therefore those quoted for 
the valves connected as triodes. 

Anode Followers 

When a voltage amplifier with a uniform gain over a wide 
frequency range is required and when the gain is to be inde¬ 
pendent of changes in supply voltages, valve replacements, 
etc, it is convenient to use the anode follower principle. The 
anode follower circuit is essentially a single-stage amplifier in 
which a high degree of negative feedback from the anode to 
the grid is provided. A typical arrangement is shown in 
Fig 9.24. Here a calculated fraction of the output voltage is 
injected into the grid circuit by a potential divider consisting 
of the two resistors Rl and R2. The effect of this feedback is 
to reduce the stage gain to a value at which it is almost 
independent of any variations in the amplification actually 
produced by the valve. Thus, if the stage gain without feed¬ 
back is A, the effective gain with feedback due to Rl and R2 
is: 

n R* 
Ri 4- ^R| 4~ Rz) 

where the resistances are expressed in ohms. From this 
formula it is apparent that especially when A is large the gain 
depends mainly on the ratio R2/R1. 

In a practical example, if the frequency characteristic of an 
amplifier without feedback were such that the gain fell by, 
say, 20dB at either end of the frequency range, this diminu¬ 
tion in gain could be reduced to a much smaller amount, 
eg 3-5dB by the use of the anode follower principle. At the 
same time, however, the maximum gain would be lowered 
from perhaps 200 to something less than 10. 

While it is the ratio of R2 to Rl that mainly determines the 
amount of feedback, they should both be reasonably high 
compared with Ra, the anode load impedance. Ordinarily R2 
may be made equal to Ra. 
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The two capacitors Cl and C2 serve as de blocking capaci¬ 
tors, but since they are associated with the feedback-deter¬ 
mining resistors RI and R2 it is important that the time 
constants R1C1 and R2C2 should be made equal so as to 
maintain a flat frequency response. 

Provided that the grid leak Rg is not low compared with 
R2 it will not affect the performance. In practice it can be 
made approximately equal to R2. 

The input impedance of an anode follower is determined 
by the value of the series grid impedance represented by RI. 
Because in general the input impedance is low, say 50,00011, 
it is essential that the impedance of the source from which 
an anode follower is driven is relatively low. This would of 
course be so if a previous amplifying stage was used because 
this stage would have to supply an adequate output voltage 
of low distortion into a load of value RI : a valve with an 
impedance of the order of 10 per cent of RI would be 
required. 

The output impedance is l,000(n + l)/gm, where n is the 
stage gain with feedback and gm is the mutual conductance 
in milliamperes per volt. 

The output load need not be resistive as shown. If desired 
it could be in the form of a suitable choke or transformer. 

Phase Splitting Circuits 

There are a number of circuits capable of producing 
balanced voltages of opposite polarity for driving grid cir¬ 
cuits in push-pull without the use of transformers, provided 
that the driven amplifier does not draw grid current. They all 
utilize forms of RC coupling and are essentially voltage 
amplifiers. Such circuits are generally referred to as phase 
splitting circuits. 

Paraphase Amplifier. In this arrangement two similar 
triodes are used, the grid of the second valve being driven 
from the anode of the first valve to produce the oppositely 
phased output. The basic circuit is shown in Fig 9.25. Here 
VI is a normal resistance-capacitance coupled voltage 
amplifier, its output appearing across RI and R2 in series; 
this supplies one phase of the output. The part of this which 
appears across R2 drives the second valve V2 which also 
acts as an rc coupled voltage amplifier and supplies the 
opposite phase. The ratio of RI to R2 is adjusted so that 
(RI + R2)/R2 is equal to the voltage gain of V2, and 
RI + R2 is made equal to R3. Then the output voltages of 
both valves will be equal and opposite. The operating con¬ 
ditions for each valve are calculated in the same way as for 
voltage amplifiers but the values of RI and R2 are critical 
and are chosen to suit the voltage gain. A common cathode 

Fig'9.25. Paraphase amplifier. 

resistor can be used and its value should be half that for 
each valve alone. The bypass capacitor may be omitted with 
some loss of balance between the two phases at the higher 
frequencies. 

Split-load Phase Inverter. This type uses a single valve 
having half the load in the anode circuit as shown in Fig 9.26. 
The two load resistors are RI and R2. With respect to the 
load in the anode circuit the valve acts as a normal voltage 
amplifier, but with respect to the load in the cathode lead it 
behaves as a type of cathode follower. Since the current in 
both loads is the same, the voltages are equal if RI = R2 and 

HT + 

R3 — R4, but because of the large negative feedback through 
R2 the gain is reduced nearly to unity. Since the ratio of the 
feedback voltage to the output voltage is R2/(R1 + R2), and 
since RI = R2 the feedback ratio is 0-5. In other words, an 
input signal Vsig of IV will produce an output of IV across 
both anode and cathode loads. Because of the feedback 
developed across R2, the output impedance in regard to RI 
will be increased while the output impedance in regard 
to R2 will be decreased, and the source impedance from 
which the subsequent push-pull valves are to operate will 
therefore be unbalanced. Hence this type of phase splitter 
should not be used if the push-pull stage is driven into grid 
current at any time. The operating conditions should be 
determined as if the valve were working as an RC coupled 
amplifier with R2 omitted and RI twice the value actually 
used. The effective output voltage will be half the value so 
obtained. 

The anode voltage is measured with respect to the cathode, 
not the earth connection. 

Cathode-coupled Phase Splitter. In this arrangement two 
similar triodes are used, the input being applied to the grid of 
one of the triodes while the second valve receives its drive 
from a coupling resistor Rb in the common cathode load : see 
Fig 9.27. When the grid potential of the first valve VI swings 
positively the current through VI increases and the voltage 
at the point G becomes more positive with respect to earth; 
ie the earth line becomes more negative with respect to the 
point G and the grid of V2 which is coupled to earth through 
its capacitor Cl consequently becomes more negative with 
respect to its cathode. The two grids thus operate in opposite 
phases. The outputs are taken from the two anodes and are 
balanced in amplitude and impedance, and the voltage gain is 
about 25 per cent of that obtainable for each triode when 
used as a normal resistance-capacitance coupled amplifier. 
The operating conditions can be determined for each triode 
by assuming an anode load resistance of Ra + 2Rb and a 
cathode-bias resistance of 2Rk. The value of Rb should be 
approximately JRa. 
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Anode-follower Paraphase Amplifier. If an anode follower 
is designed to have a high degree of feedback, the gain will be 
unity and the output will be equal in voltage but opposite in 
phase to the input. A suitable circuit is shown in Fig 9.28. 
As in the anode follower circuit (Fig 9.24), if RI = R2 and 
Cl = C2 and if the voltage gain without feedback is very 
high, the gain is unity. The outputs have impedances differing 
to some extent because one output has a value equal to the 
source impedance of VsiB and the other is equal to 2/gm. The 
circuit constants are derived as for an anode follower. 

HT + 

Fig 9.28. Anode-follower paraphase amplifier. 

Balancing Adjustments 

The amount of unbalance which may be permitted between 
the two halves of the output of a push-pull speech amplifier is 
dependent on the amount of distortion which can be toler¬ 
ated. In high-fidelity work, accurate balancing is essential, 
but in amateur transmitting practice this is not so important, 
and the use of high-stability resistors with a tolerance of ± 2 
per cent or even ± 5 per cent in the appropriate positions 
generally ensures an adequate degree of balance. 

Nevertheless, it must not be deduced from this that it is 
unnecessary to check the balance of the input voltages to a 
push-pull modulator. This may be done by direct measure¬ 
ment of the two halves of the output by a high-resistance ac 
voltmeter (rectifier type), a valve voltmeter or oscilloscope. 

Push-pull Amplifiers 
A push-pull stage requires the grids of its two valves to be 

driven by identical voltages of opposite polarity. If the 
driven stage does not draw grid current, one of the RC 
coupling systems would normally be used. If grid current is 

drawn, the driver stage must be able to supply power and 
should have a low output impedance so that no wave form 
distortion is caused by the variation of grid current over the 
audio cycle. Transformer coupling meets this requirement. 

Centre-tapped Transformers. The transformer-coupled 
amplifier using a transformer with a centre-tapped secon¬ 
dary, as shown in Fig 9.29, is the easiest way of obtaining a 
push-pull output. It can be used for supplying a push-pull 
grid circuit from a single-ended stage, a step-down ratio often 
being employed to obtain the required low impedance in the 
drive circuit when the push-pull stage is of the class B type. 
Fig 9.30 shows another arrangement in which the input 
transformer is a step-up transformer driving the push-pull 

Fig 9.29. By using a transformer which has a centre-tapped secondary 
winding, a balanced output suitable for driving a push-pull stage is 

obtained. 

stage in class A, while the following push-pull stage (not 
shown) is driven from the cathodes of the first stage through 
a transformer having centre-tapped primary and secondary 
windings. This utilizes the property of the low-impedance 
output of the cathode follower circuit, and hence it is not 
necessary for this transformer to have a step-down ratio for 
driving a class B push-pull output stage. It should be noted 
that the gain of cathode follower driver stage is only about 
0-95. 

A transformer with a centre-tapped primary is used almost 
universally to couple a push-pull power amplifier to its load. 

Fig 9.30. Push-pull cathode-follower driver stage. The cathode 
output circuit has a low impedance and is suitable for working into 
a step-up transformer for driving a class B push-pull output stage. 
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Cathode-coupled driver stages can be connected to the 
grid circuit of the output stage directly, without the use of 
push-pull transformers, in the manner shown in Fig 9.31. If 
the push-pull input to the driver stage is obtained from one 
of the circuits which follow, no transformers other than the 
modulation transformer are required. 

Negative Feedback 
Negative feedback is commonly used in audio frequency 

amplifiers, but it is not often applied to the modulators of 
amateur transmitters. Negative feedback consists of feeding 
back to an earlier stage a proportion of the output of the 
amplifier in such a phase relationship that the feedback 
voltage has an opposite polarity to the input voltage which 
produces it. Since the effect of the feedback voltage is thus to 
reduce the effective grid voltage of the earlier state, the overall 
result is to reduce the gain, but in return the distortion, the 
hum and the noise are reduced ; in addition there are a num¬ 
ber of other advantages of which the following are the most 
important: 

(a) Less change in amplification due to changes in supply 
voltages and valve characteristics. 

(b) Improvement of frequency response. 
(c) Reduced harmonic and inter-modulation distortion. 
(d) The ability to increase or decrease the output and 

input impedances of the amplifier, if desired. 

Fig 9.31. Push-pull cathode-follower driver stage using direct coup¬ 
ling from the cathode load resistances to a class B output stage. 

It is this last property which can be of great value in 
modulator design, as it presents a convenient means of 
providing a low-impedance driver stage for a push-pull 
modulator working under class B conditions. 

The feedback voltage may be obtained in various ways, the 
two most commonly used being: 

(a) The provision of a separate secondary winding on the 
output transformer. 

(b) A fairly high-resistance potentiometer across the out¬ 
put of one stage, the tapping point of which is returned 
to the input either of the same stage or a suitable 
earlier one. 

A typical circuit showing the use of negative feedback in 
the push-pull driver stage is illustrated in Fig 9.32. The 
magnitude of the feedback voltage is governed by the 

Fig 9.32. Application of negative feedback to push-pull driver stage. 

proportions of the potential dividers R1R2, suitable values 
for which are 150,000 and 33,0000 respectively. The two 
blocking capacitors C may have a value of 01/xF and should 
be rated at about twice the ht voltage used. It will be seen 
that when a voltage at one of the grids is increased the 
corresponding anode voltage will be decreased, and hence a 
feedback voltage opposite to that of the input voltage will be 
added to the grid, thus providing negative feedback. 

Overall Negative Feedback 
The use of negative feedback need not be confined to the 

af equipment only, but may be applied over the whole chain 
from the radio frequency output of the transmitter right back 
to the first stage of the speech amplifier. The basic arrange¬ 
ment of such an application is shown in Fig 9.33. Here L is a 
small coil loosely coupled to the output of the transmitter. 
The voltage developed across this coil is then rectified, and 
the resulting voltage may be fed back to the speech amplifier. 

Such a scheme has the advantage that it takes account of 
distortion appearing anywhere in the transmitter, a particu¬ 
larly valuable feature since most of the distortion occurs in 
the modulation transformer and the modulation system. It 
can also reduce hum introduced from the ht supply and from 
the ac used for the valve heaters. It should be pointed out, 
however, that negative feedback cannot reduce the distortion 
resulting from over-modulation once the rf output has been 
reduced to zero, any more than it can reduce the distortion 
in an ordinary af amplifier due to overloading which is 
severe enough to cut off the anode current. 

Fig 9.33. Overall negative feedback. Part of the modulated rf output 
voltage is rectified and fed back to the first stage of the speech 

amplifier. 
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Voltage Amplifiers using Semiconductors 

Transistors may readily be used in the voltage amplifying 
stages and the designs published for domestic high quality 
amplifiers may be used. A typical microphone amplifier is 
shown in Fig 9.34(a). This will give an output of up to 2 volts 
with a voltage gain controllable between 13 and 40dB by 
means of adjustable feedback. The input impedance is about 
120k O and the output impedance about 100Í2. Field effect 
transistors may be used with advantage when high input 
and output impedances are required. A typical circuit is shown 
in Fig 9.34(b). 

A number of integrated circuits are available intended for 
voltage amplifiers in domestic equipment. The SL630C is 
specifically intended for communications equipment and a 
typical circuit is shown in Fig 9.34(c). The voltage gain is 
46dB and the input impedance IkQ. If a high impedance 
microphone is used, a pre-amplifier of high input impedance 
such as shown in Fig 9.34(b) should be used. The maximum 
signal which the SL630C will handle without clipping is 
approximately 50mV rms. A capacitor connected across pins 
3 and 4 defines the high frequency response which is 3dB 
down at a frequency f where: 

16000 
f = kHz (C in picofarads). 

A companion integrated circuit SL621C used in conjunction 
with the SL63OC provides an automatic gain control system. 

inherently low efficiency of this method, and the majority of 
modulators are arranged to operate in class AB or class B. 
This naturally leads to the use of a push-pull circuit incor¬ 
porating a pair of valves in order to keep the distortion to a 
reasonable level. 

Class A Amplifiers 

Class A operation may be defined as that in which the 
values of grid bias and alternating input voltage are such that 
anode current flows during the whole of the cycle of input 
voltage. In order that there should be no distortion in the 
output waveform it is necessary for the grid bias to be chosen 
so that equal positive and negative excursions of input 
voltage cause equal positive and negative changes in the 
anode current. This implies that the operative portion of the 
valve characteristic should be as nearly linear as possible. 
The anode current in the presence of a signal remains at the 
same steady value as in the absence of a signal, since the 
equal positive and negative changes in anode current do not 
affect the average value. Thus there is a continuous dissipa¬ 
tion of power in the valve, and hence the efficiency of a class 
A amplifier will always be low. 

THE MODULATOR STAGE 

In efficiency modulation systems, such as grid modulation, 
it is sufficient to use a voltage amplifier as the modulator 
stage since only a negligible amount of power is required. 
Other systems, such as anode modulation, require consider¬ 
able power output from the modulator stage which must 
therefore be designed specifically as a power amplifier. 
One of the dominant factors in the design of a power 

amplifier is the anode-circuit efficiency. It is uneconomical, in 
general, to operate such an amplifier in class A owing to the 

Class B Amplifiers 

A class B amplifier is one in which the grid is biased 
approximately to the cut-off voltage, ie in the absence of any 
input signal the anode current is very low. Anode current 
therefore only flows for approximately half of the full cycle. 
In order to obtain high power-efficiency, class B amplifiers 
are commonly operated with a large input voltage, the peak 
value of which may be greater than that of the grid bias, 
causing grid current to flow over the part of the cycle where 
the grid potential becomes positive. Because this grid current 
flows for only part of the cycle, the driver stage must have 
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good regulation to avoid distortion of the input wave by the 
loading effect of the grid current. 
Because the anode current flows for only half of each 

cycle, class B operation at audio frequencies demands the 
use of two valves in push-pull in order that both halves of the 
input waveform may be reproduced without distortion. 
Such a push-pull class B amplifier can have a high anode 
efficiency since, in the absence of an input signal, the anode 
current is very low. However, owing to the variation in 
anode current with the input voltage, an anode power supply 
with good regulation is essential. Provided that the require¬ 
ment of low grid-circuit impedance is met, class B operation 
enables full advantage to be taken of the portion of the 
anode-current/grid-voltage curve which lies in the positive 
grid region. This part of the curve is usually fairly linear. 
The lower portion of the characteristic is badly curved, but 
the curved portions of the two valve characteristics com¬ 
pensate each other when they are combined in the output 
circuit. Thus waveform distortion can be kept reasonably 
low, while still retaining high anode efficiency, so that class B 
amplification is well suited for use in high-power audio 
amplifiers. 

Special valves with a high amplification factor, which are 
suitable for operating at zero grid bias, have been developed 
for this class of operation, a typical example being the DA42 
which when used in pairs will give an output of up to 
200W. 

Class AB Amplifiers 

In class AB operation, which is an intermediate stage 
between class A and class B, the grid bias is insufficient to 
reduce the anode current to zero, and hence anode current 
flows for more than half of the input cycle but for less than 
the whole cycle. In class ABI, the input signal is not per¬ 
mitted to be large enough to drive the grids positive, whereas 
in class AB2 grid current is allowed to flow, and consequently 
the driver stage must be capable of delivering appreciable 
power. Since the fixed grid bias is higher than in class A, 
larger signals can be handled without grid current, and the 
standing anode current is less. The efficiency and maximum 
power output are therefore greater than for class A. Opera¬ 
tion in push-pull is, of course, still necessary to avoid dis¬ 
tortion arising from the use of the curved part of the valve 
characteristic. 

To summarize the foregoing, as the mode of operation is 
changed from class A through class AB to class B, the reduc¬ 
tion in standing anode current and anode dissipation under 
no-signal conditions results in a considerable increase in the 
power-handling capacity and the anode efficiency. Against 
this, however, must be set the fact that both the ht and grid¬ 
drive requirements become more critical. A greater input 
voltage is required and, in the case of class AB2 and class B 
operation, the driver stage must be designed to supply the 
grid power and to have good regulation. Since the anode 
current varies over a wide range the anode power supply 
must also have good regulation. 

As a general rule class B operation is liable to produce 
more distortion than class A, but it must be remembered 
that the overall distortion depends on many factors, and 
provided that the regulation of the power supplies and the 
driver stage is good, and particularly if negative feedback is 
employed, the overall distortion can be reduced to a very 
low level. 

Ultra-linear Operation of Tetrodes and Pentodes 

In ultra-linear or “distributed load” operation, the screen 
supply is obtained from taps on the primary winding of the 
output transformer as shown in Fig 9.35. As the position of 
the tap is varied so that the ratio a:b changes from zero to 
100 per cent, the operating conditions of the output valves 
change from those of a tetrode to those of a triode. 

HT+ 

Fig 9.35. Basic arrangement of an ultra-linear output stage. 

Ultra-linear operation thus provides a compromise 
between the high efficiency of tetrodes and the low distortion 
and uncritical load impedance of triodes. The ratio of a:b is 
not very critical and can be between 20 per cent and 50 per 
cent with an optimum value of about 40 per cent. 

Ultra-linear operation is now almost universal in high 
fidelity audio amplifiers but its use is not common in amateur 
radio modulators. It has undoubted advantages for this ser¬ 
vice, ie the matching of the modulator to the rf stage is not so 
critical and as the screen supply is obtained automatically, a 
high-wattage screen potentiometer or stabilizer valves are 
not required. It should be noted that as the anode and screen 
voltages are effectively equal, the output valves must be so 
rated. 
The Woden multi-ratio modulation transformer may be 

used for ultra-linear operation as the tapping points 2 and 5 
on windings 1-4 and 3-6 respectively provide a ratio of about 
40 per cent if the anodes are connected to 3 and 4 and a ratio 
of about 60 per cent if the anodes are connected to 1 and 6. 

MODULATOR DESIGN AND CONSTRUCTION 

To design any particular modulating equipment it is 
necessary to know (a) the voltage output of the microphone 
and (b) the maximum audio power required to fully modulate 
the transmitter. The power output stage should be chosen 
first and the preceding stages designed to give the necessary 
voltage gain. 

Fig 9.36. A pair of beam tetrodes, each with its two grids connected 
together, may be used as zero-bias triodes in a class B amplifier. 
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TABLE 9.6 
Characteristics of Typical Modulator Valves 

Type Class 

Heater 
la la 

(Max. 
signal) 
(mA) 

/g2 
(Max. 
signal) 
(mA) 

Peak 
Input 

Voltage 
(grid-to-

grid) 
(V) 

Load 
Resist- Power 

Vp Vi2 (No 
signal) 
(mA) 

(No 
signal 
(mA) 

anode-to 
anode) 
(ohms) 

(watts) 
(V) (A) 

6AM5 ... 
6AQ5 ... 
6V6 
EL84 
6L6 
6F6 
6L6 
5763 
6BW6 ... 
KT66 
KT88 
6L6 
807 
KT66 
KT88 
EL37 
KT77 
KT88 
EL34 

i 807 
807+ 

i 6146 
1 KT88+ ... 

DA42f .. 
TT2I 

A 
ABI 
ABI 
ABI 
A 
AB2 
ABI * 
AB2 
AB2 
ABI 
ABI 
ABI • 
ABI 
ABI • 
ABI • 
ABI • 
ABI • 
ABI ♦ 
AB2 • 
AB2 • 
B 

ABI 
B 
B 

ABI • 

6-3 
6-3 
6 3 
63 
6 3 
6 3 
6 3 
63 
6 3 
6 3 
6 3 
6 3 
6 3 
6 3 
6 3 
6-3 
6 3 
6-3 
6 3 
6 3 
6-3 
6 3 
6-3 
7-5 
6 3 

0 2 
0-45 
045 
0-76 
09 
0 7 
09 
075 
0 45 
1-27 
16 
09 
09 
1-27 
1-6 
1-4 
1-4 
16 
1-5 
09 
0-9 
1-25 
1-6 
1-2 
1-6 

250 
250 
285 
300 
270 
375 
360 
300 
315 
390 
330 
360 
600 
480 
450 
400 
600 
600 
800 
750 
750 
750 
750 
1000 
1250 

250 
250 
285 
300 
270 
250 
270 
225 
285 
275 
330 
270 
300 
375 
345 
400 
300 
330 
400 
300 

195 

300 

2 X II 
2 X 35 
2 X 35 
2 X 40 

2 X 54 
2 X 44 
2 x 13-5 
2 X 35 
2 X 52 
2 X 85 
2 X 44 
2 X 40 
2 X 40 
2 X 50 
2 X 50 
2 X 40 
2 X 50 
2 X 25 
2 X 26 
2 X 6 
2 X 12 
2 X 10 
2 X 22 
2 X 28 

2 X 16 
2 X 2 5 
2x2 
2x3 

2x8 
2 X 2-5 
2 X II 
2x2 
2 X 2 5 
2 x 7 5 
2 x 2-5 
2x3 
2 x 15 
2x4 
2x6 
2x4 
2x3 
2 x 3 
2 x 2-5 

2 x 1 

2 x 1 

2x13 
2 x 39 5 
2 x 46 
2 x 72 
2 x 72 5 
2 X 74 
2 x 50 
2 X 70 
2 x 77 5 
2 X 62 5 
2 x 95 
2 x 102-5 
2 x 75 
2 x 87-5 
2 x 120 
2 X 138 
2 x 100 
2 x 125 
2x91 
2 x 120 
2 x 120 
2 x 110 
2 x 140 
2 x 140 
2 x 130 

2 x 4-1 
2 x 6-5 
2x7 
2x8 
2 x 8 5 
2 x 18 
2 x 8-5 
2x9 
2x8 
2x9 
2 x 20 
2x8 
2x9 
2 X 9-5 
2 X 17-5 
2 x 36 
2x10 
2 x 16 
2 X 19 
2 x 10 

2x13 

27,3

32 
30 
35 
70 
35 
55 
45 
71 
80 
70 
80 
72 
60 
80 
75 
60 
94 
70 
67 
92 
100 
100 
360 
220 
71 

24,000 
10.000 
8000 
8000 
5000 

10,000 
9000 
4500 
5000 
8000 
3400 
6000 

10,000 
5000 
4000 
3250 

11,000 
5000 

11,000 
7000 
6650 
eooo 
6000 
7000 

15,000 

4 
10 
14 
17 
18-5 
19 
24-5 
25 
30 
30 
40 
47 
47-5 
50 
65 1 
69 
n 
100 
100 
120 
120 * 
120 
150 
175 
200 

* Fixed bias. The figures shown here relate to pairs of valves operating in push-pull, t Triode-connected 

Typical Modulator Valves 
Basic operating conditions of valves commonly used as 

modulators are shown in Table 9.6. It should be realized that 
valves operating under class AB2 or B conditions have a 
considerable change of grid and screen currents over the 
operating cycle and low impedance supplies are essential. 
These requirements can be avoided by using zero-bias triodes 
or tetrodes connected to give this characteristic. A typical 
arrangement of the latter is shown in Fig 9.36. This circuit is 
capable of an output of 120W and requires an anode supply 
of 750V at 240mA. At the same anode voltage the KT88 is 
capable of 150W in this circuit. Although neither grid nor 
screen de supplies are needed, a low-impedance drive source 
is necessary capable of delivering about 5W. 

Power Transistors for Modulators 
A number of power transistors are available suitable for 

modulators up to I00W output while integrated circuit power 
amplifiers are available for lower powers. 

For powers lower than about 4W, the simple comple¬ 
mentary push-pull output stage of Fig 9.37(a) is the most 
popular using germanium transistors such as AC128/176. 
For higher powers, the quasi-complementary circuit of 
Fig 9.37(b) is most often used. The full complementary 
circuits of Fig 9.37(c) and (d) are becoming more popular as 
pnp and npn devices of equal reliability and cost become 
available. 

Three basic input circuits are found and are shown in 
Fig 9.38. The parallel input arrangement of Fig 9.38(a) 

Fig 9.37. Various forms of complementary and quasi-complementary output stages. 
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Fig 9.38. Input methods showing de feedback paths; (a) parallel, (b) series, (c) differential. 

suffers from rather low gain and very low input resistance 
but is simple and stable. The series arrangement of Fig 
9.38(b) gives higher gain and input resistance but requires 
input devices of both polarities. Fig 9.38(c) shows a long 
tailed pair input and although it needs an extra active device, 
and a split ht supply, the mid point or centre line will follow 
earth potential if RI and R4 are made equal. No output 
capacitor is then required. 

The Modulation Transformer 

The modulation transformer is a most important com¬ 
ponent, for its object is to superimpose the output of the 
modulator upon the de supply to the rf stage in order to 
produce the required modulation: it must also convert the 
modulating impedance of the rf amplifier to the load im¬ 
pedance required by the modulator valves. To avoid distor¬ 
tion the iron core should be of generous proportions, and 
modulation transformers should always be used well within 
their ratings. 

The choice of a suitable modulation transformer should 
receive careful attention. Two conditions must be fulfilled: 
(a) the ratio must be correct in order to transform the 
impedance of the modulated rf amplifier to the optimum load 
required for the modulator, and (b) the transformer must be 
capable of handling the maximum power output over the 
audio-frequency range without undue distortion. Multi¬ 
ratio modulation transformers, of which the Woden types 
UMI and UM3 are excellent examples, are frequently used, 
since they enable adjustments of the matching conditions to 
be made. The use of miscellaneous transformers, such as 
mains transformers, which are not designed for audio work 
is not recommended as they rarely have the correct impe¬ 
dance ratio, and magnetic saturation of their cores is likely to 
occur even with relatively low values of direct current. 

Modulator Power Supplies 

The power supplies required for class A or ABI modula¬ 
tors are relatively simple in view of the small variation of 
current drawn. A capacitor input smoothing circuit is 
generally adequate. 

For class AB2 or B operation all the supply voltages must 
have good dynamic regulation in order that the voltages 
shall not vary by more than about 5 per cent in spite of the 
widely varying load. A choke input smoothing circuit is 
required and the use of low impedance semi-conductor 
rectifiers is recommended. If a separate screen supply is 
used, switching precautions should be taken to ensure that 
the screen voltage cannot be applied in the absence of the 

anode voltage. Alternatively a well regulated screen supply 
may be derived from the anode supply by utilizing the 
voltage drop across a gas-discharge stabilizer such as the 
VR150 or across high voltage zener diodes, such as a pair of 
BZX70C75S in series. 

Speech Clipping and Volume Compression 

Although a pure sine wave and a speech waveform may 
have the same peak value, due to the peaky nature of the 
speech waveform, the average value of the latter is lower than 
that of a sine wave. This is shown in Fig 9.39, where (A) 
represents a pure sine wave having just sufficient amplitude 
to modulate a given transmitter to a depth of 100 per cent. 
(B) is a typical speech waveform also with just sufficient 
amplitude to give 100 per cent modulation on peaks. In the 
latter case, if the audio level is conscientiously adjusted to 
give 100 per cent modulation on peaks which may not occur 
very often, the average modulation depth will be much less 
than 100 per cent, probably of the order of 30 per cent. If the 

Fig 9.39. Speech clipping. (A) represents a sinusoidal modulation 
signal the peak amplitude of which is sufficient to modulate a given 
carrier wave to a depth of 100 per cent. (B) shows a typical speech 
waveform of equivalent peak amplitude to (A). Full 100 per cent 
modulation is reached relatively infrequently and the average 
modulation level is low. In (C) the same speech waveform has had 
its peaks removed by clipping, and the mean amplitude of the 
modulating voltage has been increased so that 100 per cent modula¬ 
tion is again reached. As compared with (B), there is greater average 

speech power in the clipped waveform (C). 
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Fig 9.40. The degree of speech clipping is expressed in decibels. The 
diagram shows the corresponding amounts by which the maximum 

amplitude of the waveform must be reduced. 

audio level is increased in order to increase the average modu¬ 
lation depth, then overmodulation will obviously occur on 
the peaks. 

exceeded and therefore to permit over-modulation in spite of 
the speech-clipping action. A similar effect can occur even in 
symmetrical clipping circuits owing to the asymmetrical 
characteristic sometimes experienced in speech waveforms. 
It may be obviated by ensuring that there are the fewest 
possible couplings after the clipper stage, ie the clipper 
should be as late as possible in the audio chain. 

In principle speech clipping may be effected equally well 
at either high or low level. High-level clipping, as its name 
suggests, is introduced between the modulator and the 
modulated rf stage, while low-level clipping is introduced at 
some point preceding the modulator. The necessary filter for 
attenuating the higher audio-frequency components may 
also be inserted at either high or low level, but the filtering 
action must, of course, always take place after the clipping. 

Volume Compression 

Principle of Speech Clipping 

The process of speech clipping consists simply of increas¬ 
ing the audio input level and at the same time clipping or 
limiting the output level at the value corresponding to 100 per 
cent modulation as shown in Fig 9.39. Thus overmodulation 
is prevented and the average level is increased. 

The degree to which this process can be carried is limited 
by the amount of distortion of the speech waveform that can 
be tolerated, and if taken to excess the quality of the speech 
will deteriorate and intelligibility will be diminished. Further¬ 
more the squaring of the individual peaks as shown at (C) in 
Fig 9.39 would introduce very high audio-frequency com¬ 
ponents which will defeat the object of the 
operation by again increasing the bandwidth 
occupied. Any speech-clipping system must 
therefore be followed by a low-pass filter to 
restrict the audio bandwidth to the required 
3kHz. The degree of speech clipping is defined 
as the ratio of the peak level to the clipped 
level, as shown in Fig 9.40. Small amounts of 
clipping, of the order of 4 6dB, will give an 
appreciable increase in audio strength with 
only a slight loss of naturalness. When the 
clipping is increased to about lOdB distortion 
becomes noticeable, while at 20-25dB some 
intelligibility is lost. 

In Fig 9.39 both positive and negative peaks 
are shown clipped (symmetrical clipping). This 
is essential in an fm system where upward 

A volume compresser is an automatic gain control system 
applied to an audio amplifier. If the age time constant is 
slow, say of the order of one second, the system will follow 
the average level of speech and will result in substantially 
constant modulation depth without the operator having to 
maintain a constant voice level and distance from the micro¬ 
phone. In the case of frequency modulation where excessive 
deviation can easily occur without any indication on the 
metering of the transmitter, some form of slow acting audio 
age is highly desirable. If clipping of the audio signal is used, 
the age has the advantage of producing a constant degree of 
clipping, thus avoiding distortion due to excessive clipping. 
If the time constant of the age system is made very short (say 

HT + 

and downward modulation are not meaningful 
expressions, but in an a.m. system either peak 
may be clipped (asymmetrical clipping) provided that the 
phasing of the audio chain is adjusted so that it is the un-
clipped peak that increases the carrier amplitude. Asym¬ 
metrical clipping results in the displacement of the effective 
zero line of the speech waveform. Normal intervalve coup¬ 
lings adjust themselves to give equal areas above and below 
the zero line, and asymmetrical clipping will upset this 
equality, giving a momentary shift in the zero axis. It is 
advisable to make all succeeding coupling capacitances 
small enough so that the time constant of the coupling 
circuits is short enough to allow rapid restoration of the 
normal zero position. It is quite possible for this momentary 
displacement of the zero axis, owing to the presence of ac 
intervalve couplings, to cause the intended level to be 

Fig 9.41. Low>level asymmetrical series clipper. 

a few milliseconds) it is possible to get an effect similar to 
clipping but this is difficult to achieve owing to the problems 
of over-shoot in the feedback loop. It is probable that such a 
system would not need a filter but since some means of 
limiting the audio response of the modulator to 3-4kHz is 
necessary to avoid occupying unnecessary bandwidth, a low 
pass filter is almost essential even in the absence of clipping. 
It is probable that a slow acting audio age system followed 
by a moderate degree of clipping (say lOdB) and followed by 
a low-pass filter represents a good compromise. 

Frequency Response 

A fairly sharp cut-off above 3-4kHz is necessary and has 
little effect on the naturalness of speech. It is sometimes 
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Fig 9.42. Low-level asymmetrical shunt'clipper. 

argued that a corresponding cut of frequencies below 300Hz 
helps to give a more balanced response; probably the voice 
characteristics of the particular speaker influence the advan¬ 
tage to be gained. It should not be assumed without trial that 
intelligibility is improved by a sharp cut below 300Hz but it 
is worthwhile ensuring that maximum response occurs in the 
region 500 to 1500Hz, the optimum range depending on the 
voice characteristics. This ensures that any clipping is effec¬ 
tive over the frequencies carrying most intelligence. 

When using fm it should be noted that many commercially 
made receivers incorporate substantial de-emphasis following 
their discriminators. Any transmission which does not 
employ corresponding pre-emphasis will lack brilliance and 
intelligibility may suffer. A rising response from about 
1kHz to the cut-off at 3-4kHz is an advantage in this 
situation. 

Low-level Clippers 
The limiting of the peaks that occur in speech waveforms 

resembles the limiting of impulsive interference by a con¬ 
ventional noise limiter. The circuits employed are very 
similar and consist of a series or shunt arrangement of 
diodes suitably biased to give the desired clipping level. A 
typical low-level asymmetrical series clipper is shown in 
Fig 9.41. If the anode of V2 is held at, say, + 5V by means 
of potentiometer RV1 signals at all amplitudes to 5V peak 
will be passed on unchanged, but any negative peak which 
exceeds — 5V will cause the diode to become non-conducting 
and the peaks will be clipped. 
The corresponding shunt diode clipper is shown in 

Fig 9.42. In this case the diode V2 is normally non-conduct¬ 
ing, but it conducts when the positive peak voltage at its 

anode exceeds the positive bias applied to the cathode from 
RV1 and thus all positive peaks which exceed this value are 
bypassed by the diode. 
A symmetrical shunt clipping circuit is shown in Fig 9.43. 
Although thermionic diodes such as 6H6 are shown in these 

circuits, semi-conductor diodes can equally well be used. In 
general, a thermionic diode will give flat-topped peaks 
whereas semi-conductor diodes give a somewhat more 
rounded top. This is rarely a disadvantage since the flat¬ 
topped characteristic contains a wider range of undesired 
harmonics and makes the following filter design more diffi¬ 
cult. It is worth remembering that germanium diodes conduct 
at a lower forward voltage than do silicon diodes and hence 
give somewhat greater clipping. 

High-level Clippers 

The high-level series-diode negative-peak clipper is the 
commonest arrangement. The circuit is shown in Fig 9.44. 
The diode V conducts only when its anode is positive with 
respect to its cathode. Therefore the modulated anode voltage 
cannot swing the anode of the rf amplifier negative. For use 
in a 150W transmitter, the diode V may be a rectifier of 
the 500V 250mA class with the two anodes connected 
together. It should be noted that the filament transformer T 
must have a primary-to-secondary insulation suitable for at 
least twice the anode voltage of the rf stage. Such a clipper 
used in conjunction with a good filter makes a very effective 
“splatter” suppressor. It has the advantage that relatively 
few extra components are required, although the filter com¬ 
ponents are likely to be rather bulky if entirely satisfactory 
performance is to be achieved. 

Fig 9.43. Low-level symmetrical shunt-clipper. The 
small positive bias voltages applied through R3 and 
R4 to the cathodes of the double-diode V2 can be 
conveniently obtained from taps on the cathode 
bias resistor R6 of the following amplifier stage V3. 
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Compression and Clipping 

Fig 9.45 shows a circuit giving audio age followed by 
symmetrical low level clipping and a low pass filter. The age 
action is obtained by the use of a fet as a voltage controlled 
variable resistor. Substitution of germanium diodes for D2 
and D3 would give a significant increase in clipping. This 
circuit, preceded and followed by any necessary voltage 
amplification would be very suitable as a speech amplifier for 
an fm transmitter. 

Filters 

Every speech-clipping stage must be followed by a filter to 
remove the harmonics generated by the action of speech 
clipping on the waveform. Such filters must obviously be put 
into the circuit after the clipping has taken place. Trans-

Fig 9.44. High-level series-diode negative-peak clipper. The trans¬ 
former T must be insulated for at least twice the anode voltage of 
the rf stage. V may be a 500V, 250mA rectifier. Suitable values of L 
and C can be calculated from the basic filter design equations (see 

text). 

mitters which only include volume compression do not 
introduce waveform distortion of the same type as clippers, 
but such transmitters, and even those without either clipping 
or compression can, with advantage, incorporate a low-pass 
filter to remove any modulation frequencies above about 
3kHz, thus restricting the total transmitted bandwidth to 
about 6kHz. 

Filter Design 

The complete design of filters is outside the scope of this 
handbook, but the following information should enable the 
amateur to design and make satisfactory filters without very 
much trouble. 

Before the design can be commenced, three factors must be 
known: 

(a) The “cut-off” frequency, ie the frequency separating 
the regions of high attenuation and low attenuation. 

(b) The amount of attenuation required in the attenuating 
band. 

(c) The impedances between which the filter is to operate. 

A recommendation of the TARU Congress (Paris), May 
1950, is that the response of the modulator in an amateur 
telephony transmitter at 4kHz should be 26dB below the 
response at 1kHz. A suggested method of achieving this is 
by the use of two filters, one in the speech amplifier with an 
attenuation of 20dB at 4kHz and a second between the 
modulation transformer and the rf amplifier having an 
attenuation of 6dB, the second filter having a higher cut-off 
frequency than the first. 

The operating impedance of the filter is not critical, and 
normally considerable variation is possible. In the case of a 
high-level filter, it should be designed to work from the 
modulating impedance of the rf amplifier. 

The simplest form of low-pass filter is the pi-network 
illustrated in Fig 9.46. This is known as a “prototype” or 
"constant-k” filter. If the impedance of the two circuits 
which are coupled by the filter are assumed equal, the design 
equations are as follows: 

/1000L R 1000 
R “ V c L ” rtf C KRf 

where R = terminal impedance (D) 
L = inductance in filter (mH) 
C = total capacitance in filter (^F) 
f = cut-off frequency (kHz) 

Thus L and C may be calculated for any chosen values of R 
and f. In a low-pass filter for the purpose described f cotdd 
have a value of 3-3kHz. 

Such a filter by itself has an attenuation curve which does 
not rise very steeply beyond the cut-off frequency, and would 
only give an attenuation of about 6dB at 4kHz and about 
30dB at 10kHz. It would, however, be suitable for a high-
level filter if a filter of higher attenuation is included in the 
speech amplifier. 

The simplest method of increasing the attenuation of a 
filter is to connect several identical sections in cascade. 
Three sections of the type just referred to give an attenuation 
of about 20dB at 4kHz and about 60dB at 10kHz. Thus a 
three-section constant-k filter in the low-level amplifier plus 

Fig 9.45. Compre$»or-clipper-filter. 
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a single section of similar type for the high-level filter would 
just about meet the specified requirement. If a steeper 
attenuation/frequency curve is desired, use may be made of 
what are called “m-derived” half-sections. The arrangement 
of a filter having a single constant-k section and an m-
derived half section at each end is shown in Fig 9.47. The 
design equations for the m-derived half sections at the ends 
are: 

1 _ m 2
Lx = mL CL =   —C C2 = mC 

4m 
The general attenuation characteristic of such section has 

a very sharp peak of attenuation followed by a reduced 
attenuation remote from the cut-off frequency, as compared 

Fig 9.46. Low-pass prototype or constant-k filter. It is also referred 
to as a pi-network filter. Its function is to attenuate all voltages 
having frequencies above a certain value determined by the filter 

components. See text for design equations. 

with the constant-k sections which have a slow but steadily 
increasing attenuation. The quantity m in the above equa¬ 
tions is determined by the separation between the frequency 
of peak attenuation and the cut-off frequency. A convenient 
value of m for design purposes can be taken as 0-6 and these 
equations then become: 

Li = 0-6L C, = 0 27C C2 = 0 6C 
A filter consisting of a single constant-k section and two 

m-derived half-sections would give an attenuation of about 
30dB at 4kHz. 

It will be seen from the above equations that the value of 
inductance required is proportional to the terminal impe¬ 
dance of the filter. High values of inductance introduce 
difficulties owing to the presence of self-capacitance, and for 
this reason it is often preferable to avoid filters of higher 
impedance than, say, 10,000-15,0009. Such filters, however, 

Fig 9.47. An improved low-pass filter having a more sharply-defined 
cut-off frequency than the simple filter shown in Fig 9.46. The dia¬ 
gram illustrates the three separate sections comprising a single¬ 
section ‘‘prototype" filter preceded and followed by an "m-derived" 

section. See text for design equations. 

may not provide adequate load impedance for voltage 
amplifiers, and a means of using a low-pass filter with a 
terminal impedance as low as 500-1,0009 is shown in 
Fig 9.48. The filter is connected between a cathode follower 
and a grounded-grid stage. 

HT+ 

Fig 9.48. A suggested circuit arrangement for a low-impedance type 
of low-pass filter. The use of a cathode follower and a grounded-grid 
stage provides relatively low terminal impedances. The values of 
the filter components can be calculated from the basic filter design 

equations (see text). 

Filter Construction 
As the values of L and C required in a filter depend 

upon the choice of impedance and the cut-off frequency, 
these values may be selected in order to utilize existing 
components. 

The layout of filters is not usually very critical. However, 
care should be taken to avoid undesired couplings between 
filter coils by suitable spacing. The mounting of such coils 
with their axes at right-angles will reduce the coupling 
between them, provided that the axis of one coil intersects 
the axis of another at its centre. 

Capacitors. The capacitance values required rarely coincide 
with those easily obtainable, and series or parallel arrange¬ 
ments are usually necessary. Good quality paper capacitors 
are satisfactory, although mica ones are better, but if these 
are not readily available the extra expense involved is rarely 
justified, provided that the working voltage of the capacitors 
is adequate. In a high-level filter the voltage rating of the 
capacitors should be at least twice the anode voltage of the 
rf amplifier. 

TABLE 9.7 

Winding Data for Air-cored Inductances 

Approximate 
Inductance 
(mH) 

Number of 
Turns 

Outside Diameter 

Bobbin A Bobbin B 

80 
100 
120 
ISO 

2030 
2240 
2400 
2620 

2j in 1 ¿in 

180 
200 
250 
300 

2800 
2930 
3200 
3450 

3in 1 jin 

350 
400 
450 
500 
600 
700 

3660 
3850 
4030 
4200 
4570 
4840 

3 jin 1 jin 

800 
900 

5160 
5480 4in 2in 

1000 5800 4in 2| in 

For bobbin A the wire size is 32swg enamelled. 

For bobbin B the wire size is 40swg enamelled. 
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Fig 9.49. Dimensions of bobbins for inductances wound according to 
Table 9.7. The inductances are all air-cored. 

Many suitable pot-cores are available but a pair of 25mm 
cores type LA1218 are typical of those suitable. These cores 
require 26-9 turns for ImH and Fig 9.50 shows the number of 
turns and the gauge of wire to produce inductances up to 1H 
on these cores. The former should be as full as possible and 
hence the wire size should be no smaller than will allow the 
required number of turns to be wound. Inductances wound 
in this way would have a Q of about 400 and an inductance 
of 1H would have a de resistance of about 100O. 

Typical AF Filters 

The filter shown in Fig 9.51 is a single-section constant-k 
filter suitable for use at high level, feeding an rf amplifier 
having an input of I50W. Assuming an anode supply of 
1,000V and a current of 150mA, the terminal impedance 
required is l,000V/015A, which equals 6,700H. The values of 
the components shown will give a cut-off frequency of 
3-3kHz. 

Inductances. In the case of a high-level filter, the induc¬ 
tances must be capable of carrying the ht current of the 
modulated stage, and they therefore tend to be of larger 
dimensions than those intended for low-level filters where the 
current may be only a few milliamperes. 

Either air-cored or iron-cored inductances may be used. 
Air-cored ones are cheaper and easier to design for high-
level filters but iron-cored inductances using pot-cores are 
smaller, have less external field and are better screened from 
unwanted pick up. They are therefore a useful, if more 
expensive alternative for low-level filters. 

Inductances with an accuracy of 5 10 per cent may be 
made by reference to Table 9.7 which shows the number of 
turns of wire required to give the stated values of inductance 
when wound on one or other of the two bobbins illustrated 
in Fig 9.49. For the larger bobbin (A) the wire size is 32swg 
(enamelled), and inductances wound with this wire will carry 
200mA without overheating, thus being suitable for high-
level filters. The largest coil listed (1 henry) will take about 
lib of wire and will have a resistance of about 260 Í1. 

For the smaller bobbin (B) the wire size required is 
40swg (enamelled), and the largest size shown will need 
about 2}oz of wire and will have a resistance of about 850 Q. 
These inductances are suitable for low-level filters. In either 
case inductances of intermediate values may be found by 
simple interpolation. 

Fig 9.50. Approximate number of turns and gauge (swg) of enamel¬ 
led wire on former type DT 2179 for inductances between 100 and 

1,000m H with cores LA1218. 

65OmH 

Fig 9.51. Single-section ° prototype ” filter 
suitable for feeding a I50W modulated rf 

stage. 

Fig 9.52 shows a filter having a single constant-k section 
with m-derived end sections which would be suitable for use 
at low levels. It is designed for an impedance of 15kS2 and 
has a cut-off frequency of 3kHz. By careful design and 
construction, an attenuation of 50dB at 4kHz is attainable. 

Resistance-capacitance Filters 

A filter with a slower fall-off in its characteristic may be 
obtained from resistance and capacitance elements avoiding 
the use of wound inductances. A single section RC filter may 
be considered as a potentiometer composed of the resistance 
and the reactance of the capacitor. The ratio of the poten¬ 
tiometer therefore, is dependent on the frequency of the 
input voltage. A two-section filter is shown in Fig 9.53 
together with its loss/frequency characteristic. 

Active Filters 

Greater attenuation with better bandpass characteristics 
may be attained using RC filters if active devices (usually 
transistors) are used for coupling and matching. Fig 9.54 
shows an active low-pass filter with a typical frequency 

Fig 9.52. Low-pass filter suitable for use at low levels in a voltage 
amplifier having an output impedance of 15,OOO£2. The cut-off 
frequency is 3kHz. The filter comprises a “constant-k” section with 

an “m-derived” section at each end. 
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response in Fig 9.55. The filter has an in-band attenuation of 
about l-5dB and will handle an input signal of 2-5V peak. 
The load impedance following the filter should be at least 
lOkil. 

TYPICAL FREQUENCY MODULATORS 
A frequency modulated transmission may be produced 

either by frequency or phase modulation and the modulated 
stage may be a crystal oscillator, a vfo, or with phase modula¬ 
tion only, an amplifier. In all cases a voltage controlled 
reactance is required and this may be either a varicap silicon 
diode or a variable reactance valve modulator. 

The Variable Capacitance Diode Modulator 
The variable capacitance diode is a small area p-n junction 

which exhibits a change in junction capacitance with change 
of reverse voltage. This change of capacitance is due to a 
change in thickness of the “depletion layer” between the p 
and n regions. All p-n diodes have this characteristic and 

Fig 9.53. Typical two-stage RC filter and approximate loss/frequency 
characteristic. 

many small silicon rectifiers may be used as modulators but 
in these the capacitance change with reverse voltage is not 
controlled in manufacture and the back resistance may be 
low enough to damp the circuit to which the diode is applied. 
Diodes of the OA200 class are normally successful but 
varactor or varicap diodes with controlled characteristics 
are to be preferred. The usual practice is to apply a few volts 

Fig 9.55. Frequency response of active filter shown in Fig 9.54. 

of reverse de bias so as to select a reasonably linear part of 
the diode characteristic and to superimpose the modulating 
voltage on this bias. It is important to ensure that the peak 
modulating voltage does not drive the diode into forward 
conduction as this would damp the circuit and result in 
amplitude modulation or even the cessation of oscillation on 
speech peaks. 

The Variable-reactance Valve Modulator 
The basic circuit of the variable-reactance or reactor type 

of modulator is shown in Fig 9.56. Essentially it consists of 
a valve connected across the tuned circuit of an oscillator in 
such a way that it behaves like a variable capacitance or 
inductance. In the circuit shown, a potentiometer consisting 
of a capacitor C2 and a resistor R in series is connected from 
anode to earth and also, of course, across the tuned circuit. 
The centre point is taken to the grid of the valve. Provided 
that the resistance of R is large compared with the reactance 

Fig 9.54. Circuit of transistor 
active filter. 
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of C2 at the resonant frequency of the tuned circuit, the grid 
will be fed with a voltage which is very nearly 90 degrees out 
of phase with the voltage at the anode. A similar phase-shift 
but of the opposite sign may also be obtained by inter¬ 
changing C2 and R, in which case the reactance of C2 would 
need to be large compared with the resistor R. 

Since the anode current of a valve is in phase with its grid 
voltage, the current flowing through the reactance valve is 
90 degrees out of phase with the voltage across the tuned 
circuit due to the 90 degrees phase-shift introduced by the 
combination of C2 and R. Since the valve current also flows 
through the tuned circuit, the current through the tuned 
circuit is 90 degrees out of phase with the voltage across it, 
which is equivalent to the result produced by connecting a 
reactance across the tuned circuit. This reactance may be 
either capacitive or inductive according to the configuration 
of the RC2 potentiometer. In the arrangement shown in 
Fig 9.56, the reactance will be inductive, while if R and C2 
are interchanged, the reactance will be capacitive. In either 
case, the effect of this reactance will be to change the resonant 
frequency of the tuned circuit. 

The value of the reactance thrown across the tuned circuit 
and hence the change in resonant frequency will obviously 
depend on the value of the anode current of the valve; in 
other words it will depend on the voltage applied to the 
grid of the valve. Thus the variable reactance valve presents 

Fig 9.56. Basic circuit of a variable-reactance frequency modulator 
L-C1 is the tuned circuit of the master oscillator. 

a simple means of varying the frequency of an oscillator in 
sympathy with an af voltage applied to the grid of the reac¬ 
tance valve. The amplitude of the grid voltage will govern the 
magnitude of the change in frequency; ie the deviation 
produced will be determined by the amplitude of the modula¬ 
ting signal and the rate at which the oscillator frequency is 
varied will be equal to the frequency of the voltage applied. 

A reactance-valve modulator may be used with any type of 
oscillator. It is normally connected directly across the tuned 
circuit of the oscillator as shown in Fig 9.56, although in 
the case of a series-tuned circuit, such as the Clapp oscillator, 
it may be connected across the tuning capacitor. 

Fig 9.57. Direct fm of a crystal oscillator (de supplies to anode and 
screen omitted). 

Fig 9.58. Direct fm of crystal oscillator (de supplies to anode and 
screen omitted). 

Typical Circuits 

A crystal oscillator may be frequency modulated by 
applying a varactor across the crystal (Fig 9.57) or alterna¬ 
tively in series with it. The variation of the capacitance of the 
varactor will pull the oscillation frequency of the crystal but 
the deviation available will vary between one crystal and 
another. Overtone crystals should not normally be used in 
this way but this seldom arises because frequency multiplica¬ 
tion is usually necessary to increase the deviation to a 
reasonable amount and this leads to the use of crystals in the 
6-12MHZ region or lower. These are normally fundamental 
mode crystals. Unless the shunt capacitance is exactly that 
for which the crystal was manufactured, it will not operate at 
precisely its marked frequency. 

An alternative arrangement is shown in Fig 9.58 in which 
a small inductance is placed in series with the crystal and this 
inductance is partly tuned out by the varactor across it. This 
arrangement gives rather better control of the deviation but 

Fig 9.59. Oscillator circuit. 
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Fig 9.60. Phase modulation using varactors. 

the final frequency is likely to be significantly removed from 
the marked value. 

Direct frequency modulation of a vfo is shown in Fig 9.59. 
This is a Vackar oscillator operating around 12MHz. The 
varactor is across one of the frequency determining capaci¬ 
tors but its effect is reduced by a large shunt capacitance C3 
and a small series capacitance C2. The overall effect is that a 
modulating signal of one volt produces a frequency shift of 
about 200Hz which corresponds to 2-4kHz deviation at 
144MHz. Had the varactor been connected directly across 
VC2, adequate deviation would be obtained with a very 
small audio voltage but the vfo would be very sensitive to 

small voltages accidentally reaching the varactor and the 
frequency stability would suffer. 

Fig 9.60 shows a phase modulation arrangement using a 
pair of varactor diodes to vary the tuning of a circuit loosely 
coupled between the oscillator and the following multiplier. 
Fig 9.61 shows a valve crystal oscillator phase modulated by 
a reactance valve, the two valves being the two halves of a 
double triode; it is preceded by a typical speech amplifier and 
clipper. It should be remembered that the audio frequency 
response should fall at 6dB/octave when phase modulation 
is used in order that the transmission may give a normal 
audio response when resolved in a discriminator or by slope 
detection. This is in addition to a sharply falling response 
above 3kHz in order to limit the bandwidth occupied by the 
sidebands. A de-emphasis of 6dB/octave is simply obtained 
by applying the modulation signal across a resistor and 
capacitor in series and taking the output across the capacitor 
alone. This will give a 6dB/octave de-emphasis above the 
frequency at which the capacitive and resistive impedances 
are equal. The 22k Q and 0 01/xF components immediately 
following the low pass filter perform this function in Fig 9.61. 

Setting up Procedure 
When clipping is used, the audio gain control before the 

clipper should be used to set the clipping level and the gain 
control following the clipping to set the deviation. When 
audio age is used, the control loop should be arranged to 
present to the clipper a signal which results in the desired 

HT+32OV 

41 

AUDIO AMPLIFIER CLIPPER 

loop 

3 X O.OO2 2 X 0*002 

L2 
lOO^H 

Microphone 
input 

Fig 9.61. Valve phase modulatorjfor crystals in the 
4-6MHz region, including speech amplifier, diode 
clipper, low pass filter and de>emphasis network. 

MAXIMUM DEVIATION 
CONTROL 

CRYSTAL OSCILLATOR MODULATOR 

100p 
j-U—► Output 
J 33p 
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Fig 9.62. Power supply unit (for battery operation omit all to left of 
dotted line). 

degree of clipping; 10-12dB is recommended. If direct fm is 
used with a varactor, the deviation may be set up by varying 
the de bias on the varactor sufficiently to produce a fre¬ 
quency shift equal to the desired peak deviation and then to 
use an oscilloscope to ensure that the peak value of the audio 
waveform arriving at the varactor equals the change of bias 
previously determined. In other cases, the disappearing 
carrier technique may be used. This is based on the fact that 
the carrier has zero amplitude when the modulation index 
has values of 2-4, 5-5, 8-7 etc since all the energy then occurs 
in the sidebands. As 

, , . . , .. deviation modulation index M =-——;— -
modulating frequency, 

it follows that if a modulation frequency of 1kHz is applied, 
the carrier will disappear when the deviation is 2-4kHz, 
5-5kHz etc. This disappearance may be detected on a receiver 
with a narrow filter or a Q multiplier. If the receiver is 
tuned accurately to the carrier frequency and the deviation 
slowly increased, the carrier will be seen to disappear on the 
S meter when the deviation is 2-4kHz and again at 5-5kHz. 
Should the receiver bandwidth be as great as ± 1kHz, the 

effect will not be seen because the first side frequencies will 
also be received. In this case, the modulating frequency must 
be increased to perhaps 2-5kHz when the first carrier dis¬ 
appearance will occur at 6kHz deviation. 

Varactor Bias Supplies 
Since varactors are used to modify the frequency of 

oscillators in direct fm systems, it follows that any variation 
of the bias on the varactor will lead to frequency change. 
The bias supply should therefore be very well regulated and 
well smoothed to avoid hum modulation. The power supply 
circuit shown in Fig 9.62 would be suitable using the very 
stable 6V supply for the varactor bias and possibly for the 
oscillator supply when transistors are used. The less stable 
12V supply would be suitable for subsequent amplifiers or 
multipliers. 

TYPICAL AMPLITUDE MODULATORS 
A 15W Modulator 
This modulator will give an output of 15-17W using a 

power supply rated for 300V at 125mA. It would be adequate 
for a transmitter with an anode input to the final rf amplifier 
of 25W; such a transmitter might well operate from the 
same ht supply as the modulator. The circuit is shown in 
Fig 9.63. 

The first stage uses a high gain pentode type EF86 RC 
coupled to a paraphase phase splitter (12AT7). The output 
stage uses a push-pull pair of EL84 valves operating in class 
ABI with cathode bias. The grid, screen and anode stopper 
resistances should be mounted close to the valve holders. 
For cw operation, the modulator may be switched off by 
switch SI which removes the ht from the modulator and 
shorts the secondary of the modulation transformer. The 
regulation of the ht supply need not be particularly good 
and a capacitor input filter is adequate. The output valves 
should operate at an anode current of about 46mA each and 
the modulation transformer should be designed to present 
an anode to anode load of 8,000Q. 

Fig 9.63. A 15W modulator using miniature valves. 
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A 100W Modulator 

This modulator will give an output of 100W using four 
tetrodes type KT66 in parallel push-pull class ABI in the 
output stage. The complete modulator and power supply 
shown in Fig 9.64 can be assembled on a chassis 17 by 10 by 
2in. 

The output valves operate in the ultra-linear connection, 
the screen supply being obtained from taps on the primary of 
the Woden type UM3 modulation transformer. Grid and 
screen stoppers should be mounted close to each valve 
holder in the output stage. The total cathode current of 
the parallel pairs of output valves is measured by a 
0-150mA meter which can be switched by S to either pair of 
valves. 

The speech amplifier is coupled to the output stage by a 
push-pull transformer and consists of a triode-connected 
EF86, which is resistance-capacitance coupled to a twin¬ 
triode type 6SN7, the two sections of which are also RC 
coupled. The gain control (a IMO potentiometer) is immedi¬ 
ately after the first stage. The speech amplifier is generously 
decoupled at rf and af to prevent instability and is built into 
a small diecast box 5 by 3 by 2{in. 
The ht supply for the output stage (500V) is obtained 

from a conventional bi-phase half-wave rectifier arrangement 
which is composed of series-connected silicon diodes type 
SX635. A capacitor-input smoothing circuit is used and the 
output capacitor consists of two 160^F 450V working elec¬ 
trolytic capacitors in series. A 100k Q resistor is connected 
across each to equalize the voltage across them. The ht supply 

for the speech amplifier is obtained from a resistive potentio¬ 
meter connected across the 500V supply. The grid bias for 
the output valves is obtained from a small 200-0-200V 
transformer, one 6-3V secondary winding of which is 
connected to a 4V supply obtained from the main heater 
transformer. The bias is adjusted by means of the two 
10,000 if potentiometers. 

The on-off switch SI controls the mains input to both the 
ht and heater transformers while the supply to the ht trans¬ 
former is also controlled by switch S2. For remote control 
operation, the secondary of the modulation transformer is 
shorted by S4. 

The setting-up procedure is simple ; before the ht is applied, 
the bias potentiometers are adjusted to give maximum bias, 
ht is then switched on and each bias is slowly reduced to give 
a standing cathode current of 70mA under no-signal condi¬ 
tions in each parallel pair of output valves. The values of 
bias voltage obtained should agree to within about 5 per cent. 

If the bias voltages differ by more than this amount, the 
valves are not sufficiently well matched. A third valve paired 
with either of the other two will normally provide a pair 
sufficiently well-matched. 

High-power Modulator 

This modulator is capable of an output of 140W, obtained 
from a pair of tetrodes type TT21 operating in class ABI at 
an anode voltage of 1,000V with a screen voltage of 300V 
and a grid bias of approximately —40V. 

Fig »-M. A 100W modulator. Anode-anode load impedance 4,00011. KT88 valves could replace the KT66 with negligible change of performance. 
Mixed types should not be used. 
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Fig 9.65. High power modulator. 

As will be seen from Fig 9.65, the speech amplifier consists 
of two twin triodes; the first (12AX7) is a self-balancing 
floating para-phase phase inverter which feeds a push-pull 
voltage amplifier (12AU7). 

In the interests of simplicity, no balancing arrangements 
for the output stage are provided, but the bias should be 
adjusted so that under zero-signal conditions the anode 
current of each output valve does not exceed 35mA at an 
anode voltage of 1,000V. If the regulation of the power 
supply is such that the anode voltage exceeds 1,000V under 
zero-signal conditions, the anode current must be set 
correspondingly lower so that the anode dissipation does not 
exceed 35W. Consequently the power output would be 
somewhat less than given in the following table. 

The operating conditions of each output valve are as 
follows: 
Anode voltage 
Screen voltage 
Grid voltage* 
Anode current 
Screen current 
Anode dissipation 
Screen dissipation 
Output t 
Anode load (a-a) 
Distortion 

1,000 1,000 
300 300 
-40 -40 
35 56 
4 5 
35 35 
1-2 1-5 
0 40 

16,800 
06 

1.000 1,000V 
300 300V 
-40 -40V 
80 92mA 
9 17mA 
30 22W 
2-7 4-9W 
100 I40W 

16,800 16,8004 
1-4 4i/ 

* Set to give anode current of 35mA/valve at anode volta 
of 1,000V. 

t Measured in resistive load of 7,0000. 
Input to first stage (gain control at max, output of I00W) 

= 25mV. 

Transistor Modulators 

Transistors are available to cover the full range of powers 
required from modulators. The choice between valves and 
transistors is largely decided by available power supplies and 

consideration of space. Although transistor modulators may 
be considerably smaller than those using valves, the need for 
substantial heat sinks often makes high power modulators 
larger than at first expected. The two designs that follow may 
be arranged to cover output powers from 3W to 70W 
depending on the transistors chosen. 

Transistor Modulator for 3—20W Output 

The circuit shown in Fig 9.66 uses both silicon and ger¬ 
manium transistors in a complementary symmetry arrange¬ 
ment, using a class A driver and a complementary pair 
(npn/pnp) of output transistors operated at zero bias. The 
transistors, certain component values and the power supply 
vary with the power output required and are shown in the 
following table. The input signal for full output is 100mV 
in each case. Each amplifier is designed to work into an 
8Q load and the modulation transformer should match this 
to the load offered by the modulated stage. 

Components and supply voltages for Fig 9.66 

Power output (W) 
Supply voltage (V) 
RI 
R3 
R5 
R7 
R8 
R9 
R10 
R13 
R14 
RI 6 
Cl 
C3 
C6 
TR4 
TR5 
TR6 

3 
20 

91k 
68k 
2-7k 
3-9k 
620 
33k 
5-6k 
120 
150 
22 

0 1M 
10p 
100p 

40611 
40610 
40609 

5 
24 

51k 
68k 
3-3k 
3-9k 
620 
27k 
3-6k 
110 
110 
27 

0 25m 
5p 

150p 
40616 
40615 
40614 

12 
36 

16k 
91k 
7-5k 
2-7k 
390 
18k 
I-8k 
91 
91 
56 
>M 

I Op 
220p 
40389 
40622 
40050 

16 
40 
10k 
91k 
6-8k 
2-7k 
430 
27k 
I-8k 
120 
120 
100 
Im 

22p 
470p 

40625 
40624 
40623 

20 
44 

8-2k 
91k 
8-2k 
2'2k 
360 
22k 
l-3k 
100 
100 
100 
2m 
10p 

270p 
40628 
40627 
40626 
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R12 

Fig 9.66. Transistor modulator for 3-20W. See table for component 
values, transistor types and supply voltage. (Note: R17 is omitted 

except for amplifiers of 3 and 5W output.) 

Fig 9.67. Transistor modulator for 25-70W. (See table for missing values.) 
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Transistor Modulator for 25-70W Output 
The circuit shown in Fig 9.67 uses the quasi-complemen-

tary arrangement with silicon transistors throughout. The 
class B npn/pnp driver stage is followed by the npn output 
transistors. A short circuit at the output is likely to damage 
the output transistors and the protection circuit shown within 
the dotted box is recommended. The performance of the 
amplifier under normal load conditions would be unchanged 
if the protection circuit were omitted. These circuits require 
an input of about 700mV for full output and are designed to 
work into a load of 80. The following table lists the com¬ 
ponents not shown on the circuit diagram. 

Component and Supply Voltages for Fig 9.67 
Power output (W) 
Supply voltage (V)* 
R3 
R7 
R8 
RIO 
Rll 
R21f 
R22f 
TR4 
TR5 
TR6 
TR7 

25 40 70 
26 32 42 
12k 15k 18k 
680 560 470 
1,800 2,200 2,700 
2.200 2,700 3,300 
270 390 470 
043 0-39 033 
043 0-39 0-33 

2N3568 40635 40594 
2N3638 40634 40595 
40632 40633 40636 
40632 40633 40636 

t 5W rating 
* Note from the circuit diagram that both positive and 

negative supplies of the values shown are needed. 

Alternative Transistors 
A considerable range of transistors are available, many of 

which could be used as alternatives to those shown in 
Figs 9.66 and 9.67 with adjustments to some circuit values. 
The manufacturers’ data and circuit information should be 
consulted. 

Adjustment of Amplitude-modulated Transmitters 
Before tests on the complete transmitter are attempted, 

the performance of the modulator itself should be checked. 
For this purpose, it should be operated into a resistive load 
able to dissipate the power output of the modulator con¬ 
tinuously and, of course, also of the correct load 
impedance. An oscilloscope connected across the load or 
across part of it may be used both to examine the output 
waveform and to measure the output voltage. If the oscillo¬ 
scope does not have a calibrated shift voltage, an ac volt¬ 
meter will be needed suitable for use at speech frequencies. 
Many multi-range meters maintain their accuracy to a 
sufficiently high frequency. The modulator should be driven 

Fig 9.69. A simple method of checking the audio performance of the 
modulator by a direct listening test. Special care must be taken to 
ensure that no dangerously high voltage ever reaches the headphones. 

from a sine-wave source of reasonable waveform and 
preferably variable frequency. During this testing, the 
performance of any filters or clipping arrangements should 
be investigated. It is useful to switch on the unmodulated 
transmitter, working into a dummy aerial, in order to assess 
any rf pick up in the modulator or speech amplifier, taking 
care that test leads do not cause pick-up which would not 
occur in actual operating. 

Simpler methods are possible when an oscilloscope and 
audio oscillator are not available. The output of the modu¬ 
lator can be monitored by means of a pair of headphones 
connected across a low resistance in series with the load 
resistance, as shown in Fig 9.69. The value of r should be 

Fig 9.68. Modulation monitor employing a ICPI tube. The unit is suitable for building into a transmitter. The timebase speed depends on the 
value of C1 which may be 300pF (12-6kHz), 1,000pF (400Hz-2kHz) or 3,000pF (120-600 Hz). C2 should be five times the value of C1. 
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Fig 9.70. Trapezium test for checking the modulated output from the 
rf power amplifier. Here rf voltage is applied to the Y-plates and af 
voltage is applied to the X-plates. No timebase is required in the 

oscilloscope. 

adjusted to give a comfortable signal strength in the head¬ 
phones; generally 2—3fi is sufficient. As a safety precaution 
it is very important that one side of the headphones should 
be earthed, and that the resistor r should be of a very 
reliable type and very securely connected across the head¬ 
phones. Such a simple testing method will enable any 
serious distortion to be heard when the modulator is driven 
from a test source or from an audible signal reproduced by 
the microphone. 

Testing the Complete System 

The rf sections of the transmitter should be operated into 
a dummy aerial and investigated for correct operating con¬ 
ditions. In particular any trace of instability should be 
corrected by the adjustment of neutralizing if fitted or even 
the introduction of neutralizing or increased decoupling or 
screening. Instability is bound to be made worse when 
modulation is applied and hence must be eliminated from 
the cw condition. When sine-wave modulation is applied, 
the power output should increase and should be one and a 
half times the carrier power at 100 per cent modulation. If 
this cannot be achieved, the operating conditions should be 
checked. Incorrect load coupling or inadequate drive are the 
most likely causes of inadequate increase of output at 100 
per cent modulation. Remember that the modulated ampli¬ 
fier must produce four times the carrier output at the 
instant of crest modulation and the working conditions must 
make this possible; the design information in the valve 
chapter should be consulted. With efficiency modulation 
systems it is rarely possible to achieve 100 per cent modula¬ 
tion without distortion. 

Measurement of Modulation Depth 

The cathode ray oscilloscope is the best instrument for 
measuring the depth of modulation. There are two distinct 
methods, one of which requires a timebase. 

A very simple oscilloscope using a cathode ray tube with a 
small diameter screen is shown in Fig 9.68. It is suitable for 
mounting alongside the meters in a transmitter and includes 
a simple timebase so that both presentations may be used. 
VI is a transitron-Miller timebase while V2 provides 
symmetrical deflection and also amplifies the modulating 
waveform. 

The method which does not require a timebase is illustrated 
in Fig 9.70. A small fraction of the modulated output voltage 

is fed to the Y-plates of the oscilloscope by a pick-up loop 
loosely coupled to the output tank circuit while the af modu¬ 
lating voltage is fed to the X-plates. With a steady modulating 
signal a trapezoidal or wedge-shaped pattern will be pro¬ 
duced on the screen. Fig 9.71 shows the variations in this 
pattern for various degrees of modulation. The modulation 
depth is calculated as follows: 

m = P — Q 
P + Q 

X 100 per cent 

where P and Q are the lengths of the vertical sides of the 
pattern. P and Q can be measured with reasonable accuracy 
by means of a pair of dividers. For 100 per cent modulation a 
triangular pattern is produced. 

Fig 9.71. Typical oscilloscope patterns obtained by the method 
shown in Fig 9.70. The vertical line in A shows the unmodulated-
carrier amplitude. In B the carrier is modulated 50 per cent while 
in C it is modulated 100 per cent. Where the sloping edges of the 
pattern are flattened, as in D, the carrier is over-modulated. 

The oscilloscope pattern can also be used to examine the 
overall performance in other respects besides the actual 
modulation depth. If the operating conditions are correct so 
that there is no distortion in the modulation process, the 
sloping sides of the trapezoidal pattern will be perfectly 
straight: any curvature of these sides indicates non-linear 

Fig 9.72. Fault conditions in anode modulation : (A) insufficient drive; 
(B) over-modulation; (C) instability in power amplifier; (D) incor¬ 

rect matching of modulator to pa. 

modulation. Typical patterns for various fault conditions in 
both anode- and grid-modulation systems are shown in 
Figs 9.72 and 9.73 respectively. The audio voltage applied to 
the X-plates may be derived directly from the audio input to 
the amplifying system of the transmitter instead of from the 
output of the modulator, in which case any distortion in the 
audio part of the system will become apparent. 

Fig 9.73. Fault conditions in grid modulation: (A)excessive drive; 
(B) over-modulation; (C) power amplifier insufficiently loaded. 
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Fig 9.74. Alternative method for checking the modulated output 
from the rf power amplifier. The test signal is applied to the Y-
plates, while the X-plates are supplied with a linear timebase voltage 

of any suitable frequency. 

The alternative method, which requires the use of a time¬ 
base, produces the envelope of the modulated wave on the 
screen. In the arrangement shown in Fig 9.74 the modulated 
rf voltage is applied to the Y-plates as in the previous method, 
and the normal timebase which is of course applied to the 
X-plates is adjusted so that the audio-frequency components 
of the envelope are suitably displayed. A rectangular patch 
of constant height will be observed when there is no modula¬ 
tion, and this will show the appropriate change of shape 
during modulation. The type of patterns displayed on the 
cathode-ray tube are shown in Fig 9.75. By measuring the 
height R corresponding to a modulation peak and the height 

S of the unmodulated carrier, the depth of modulation can 
be calculated directly : 

R_ g 
m = —-— X 100 per cent 

The patterns resulting from incorrect operation of the trans¬ 
mitter are more difficult to interpret in this method, and for 
this reason the trapezium test is usually found more satis¬ 
factory. 

Whichever method is used the results are easier to interpret 
when a constant sinusoidal input is applied to the modulator. 
It should be noted that both the methods require that suffi¬ 
cient rf signal reaches the Y-plates of the cathode ray tube to 
give a reasonable deflection. This becomes increasingly 
difficult as the frequency increases and for vhf use a crt with 
side arm connections is required in order to keep the series 
inductance and shunt capacitance to reasonable values. 

Fig 9.75. Typical oscilloscope pattern obtained by the method shown 
in Fig 9.74: (A) unmodulated carrier; (B) 50 per cent modulation; 
(C) 100 per cent modulation; (D) over-modulation. Since the time¬ 
base frequency is independently fixed the patterns obtained with 
a normal speech input are constantly varying in position on the 

horizontal axis. 
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CHAPTER 10 

RTTY 

ID ADIOTELETYPE (rtty) is a facet of amateur radio 
AV which has gained increasing support and interest since 
World War II. RTTY is a little different from other facets of 
amateur radio in that it is necessary to have sophisticated 
mechanical devices in the amateur station to operate in the 
rtty mode, and for this reason development has tended to 
follow the availability of surplus equipment. Unhappily 
very few amateurs have the facilities for the home con¬ 
struction of teleprinters and ancillary mechanical equipment. 

From the outset of the science of telegraphy man has been 
concerned with providing a visible record of information 
transmitted between two points. It may come as a surprise to 
many people to learn that printing telegraphs were in 
existence as far back as 1832. With the speed-up in the 
processes of commerce and industry the increasing require¬ 
ments for transfer of complex information between world 
centres brought about concentrated development work in the 
new field of line telegraphy. Such was the progress in 
machine telegraphy that by the early 1930s a comprehensive 
network of cable teleprinter circuits existed, and attention 
turned to using the then new development of high frequency 
radio as a carrier for telegraph signals. At the start of World 
War II some progress had been made, but it is a sad fact 
that only the necessities of wartime communication gave the 
impetus to the development of some of the sophisticated 
techniques in use today. 

Amateur rtty really got under way in the early 1950s in 
Great Britain and the USA, and today activity originates 
from well over 100 countries. 

As a result of the dual development in the sphere of 
printing telegraph machines in the USA and Great Britain, 
the two terms “teleprinter” and “teletype” have come 
into common usage to describe telegraph machines. It 
should be made clear at this stage that Teleprinter is a 
registered trade mark of ITT-Creed, and Teletype of the 
Teletype Corporation. Understandably, USA amateurs tend 
to refer to teletype and their British counterparts to tele¬ 
printer. 

FIRST PRINCIPLES 
The teleprinter can in many ways be likened to the type¬ 

writer, and the keyboards for the two devices are very 
similar. However, the requirements for transmission of 
information between two teleprinters are somewhat com¬ 
plicated by the need to transmit machine function signals 
such as carriage return and line feed. 

Figs 10.1 and 10.2 show typical teleprinter keyboards. A 
number of detailed variations exist between keyboards fitted 
to machines of different manufacture. In addition special 
purpose machines having non-standard keyboards are often 
found on the surplus market. Where uncertainty exists as to 
the suitability of equipment for amateur purposes, the 
advice of an experienced rtty operator should be sought. 

Apart from the various keys used for machine functions, 
the major difference between the typewriter and teleprinter is 
the absence of a lower case type face on the teleprinter. In 
place of this the teleprinter has letters and figures cases 
which are selected by the appropriate machine function keys. 

Telegraph Codes 

It should be first of all clearly established that the various 
telegraph codes bear no relationship to the Morse code. 
Accepting the premise that only a single path for the trans¬ 
mission of information will exist between two machines, 
clearly any code which can transmit the necessary number of 
combinations must be time-sequential. A machine receiving 
signals from another must therefore be aware of the time 
scale on which the signals were originated so that it may 
correctly decode them. In practice a state of mechanical 
synchronization between the two machines is necessary. 
While nowadays sophisticated techniques exist in commercial 
practice for synchronization, the majority of telegraph 
circuits and all amateur practice utilize the start-stop mode. 
In order to minimize the mechanical problems of synchro¬ 
nization, a start signal is transmitted by the originating 
machine, followed by the information coding. The process is 

Fig 10.1. A typical three-row 
teleprinter keyboard.. 

RUN 
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Fig 10.2. A four-row teleprinter 
keyboard. 

then completed by the transmission of a stop signal. In this 
way very accurate mechanical synchronization need only be 
held during the transmission of one character. Hence the 
most important difference between Morse and the telegraph 
codes—all character sequences in the telegraph codes are 
of identical length in time. Most readers will appreciate that 
the Morse character E takes less time to send than, for 
example, the character O. 

The original telegraph codes due to Baudot and Murray 
have been slightly altered over the years, but the standard 
code now used for most commercial and all amateur 
purposes is the International Telegraph Alphabet No 2. Fig 
10.3 shows the time-sequential pulse signalling sequences used. 
Each letter, figure, or character starts with a space (off) 
pulse and terminates with a mark (on) pulse. The sequence 
of mark/space signals for the five signalling elements gives 32 
binary combinations, each identifying a letter, figure or other 
character/function in the International Telegraph Alphabet 
No 2. While the start pulse or element is always of the same 
duration as each of the five signalling elements, some varia¬ 
tion exists in the length of the stop pulse between different 
types of machine. The duration of the stop pulse can vary 
between one and two signalling elements according to the 
machine or convention in use. 

Telegraph Speed 

Prior to the start of international telegraph working 
separate development of telegraph machines had been carried 
out on both sides of the Atlantic. The result was that the 
majority of commercial operations in the USA standardized 
at one speed, and the UK and Europe standardized at 
another (slightly faster) speed. The differential in speeds and 
the consequent obvious compatibility problems have persisted 
to the present day. Only the modern requirement for greater 
information transfer rates and the obvious advantages of 
speed compatibility now that international telex working is 
an accomplished fact have led to international agreement on 
line speeds. The consequences of the original speed decisions 
linger on in amateur circles where the major source of 
equipment is surplus from the commercials. The pro¬ 
liferation of surplus USA equipment following World War II 
led to most international amateur working taking place at 
the USA speed. Domestic working in the UK (particularly on 
vhf) has been carried on at the CCIT/British standard speed 
in some cases, and many stations have found it necessary 
to provide for dual speed operation. It is difficult to visualize 
an early solution to this problem, particularly since much 
USA equipment cannot readily be modified for the UK speed. 
Luckily most British and European machines use mechanical 

speed governing devices which can readily be modified to the 
slower USA speed. 

The standard unit of telegraph line speed is the baud. The 
line speed in bauds is defined as the number of pulses per 
second, and it should be emphasized that the variation in 
length of the stop pulse referred to earlier does not affect the 
baud rate. 

For this reason it can be seen that two transmissions 
having identical baud rates can transmit a different number 
of characters in the same time purely because one of the 
transmissions uses a longer stop pulse than the other! For 
the same reason the equivalent speed in words per minute will 
also differ. Table 10.1 relates line speed and the other charac¬ 
teristics of types of transmissions found in common usage. 

Until early 1972 USA amateurs were only permitted to use 
60 speed by their licensing authority. Although this restric¬ 
tion has now been removed, equipment availability in the 
rest of the world makes widespread operation on other 
speeds unlikely in the foreseeable future. In practice it is 
anticipated that most international working will continue at 
45-45 bauds. In April 1975, at the Region 1 IARU conference 
in Warsaw, Region 1 voted in favour of 45-45 bauds for hf, 
vhf and uhf working. This means that amateurs worldwide 
have now standardized at a speed of 45-45 bauds. 

Machine Speeds 

From the foregoing the reader will appreciate that the 
time sequential nature of telegraph transmissions makes it 
essential that the sending and receiving machinery must be 
compatible in speed during the transmission of a character. 
Speed synchronization to tolerable limits may be achieved 
by adjusting motor speed (where possible) and viewing the 
governor or drive shaft stroboscopically by eye through a 

TABLE 10.1 
Characteristics of various common telegraphy systems 

Speed Baud 
rate 

Units 
per 

second 

Speed 
(wpm) 

(approx) 

Start 
pulse 
length 
(mi) 

Signal 
pulse 
length 
(ms) 

Stop 
pulse 
length 
(ms) 

60 speed 
(USA) 
European/ 
CCIT 
standard 
75 speed 
(USA) 
100 speed 
(USA) 
75 baud 
(European/ 
CCIT) 

45-45 

5000 

56 88 

74-20 

75-00 

7-42 

7-50 

7-42 

7-42 

7-50 

61-33 

66 67 

7667 

100 00 

100 00 

22 

20 

17-57 

13-47 

13-33 

22 

20 

17-57 

13-47 

13-33 

31 

20 

25 

19-18 

zo 
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MARK ELEMENT • 

Fig 10.3. International Telegraph Alphabet No 2. 

LETTERS Q FIGURES 

A • •• — 

B • • • • ? 

C • • • • • 

D • • • WHO ARE VOU 

E • • 3 

F • • • • OPTIONAL 

G • • • • OPTIONAL 

H • • • OPTIONAL 

I • • • 8 

J • • •• 8ELL 

K • • • •• ( 

L • • • ) 

M • •• • • 

N • • • » 

O • • • 9 

P • • • • O 

Q • • • • • 1 

R • • • 4 

S • • • » 

T • 5 

U • • • 9 7 

V • • e « • = 

w • • •• 2 

X • ••* • / 

Y 6 

z • • • + 

CARRIAGE RETURN • • CARRIAGE RETURN 

LINE FEED • • LINE FEED 

LETTERS LETTERS 

FIGURES • • • •• FIGURES 

SPACE • • SPACE 

^TR^ TAPE ^IG^ 

specially manufactured tuning fork. Alternatively a tacho¬ 
meter may be used to check shaft or motor speed. Motor 
speeds and also drive shaft speeds vary widely and the reader 
should consult handbook information for his machine. 
Where synchronous motors are fitted, machine speed can 
usually only be changed by altering gear ratios. Governor 
controlled machines lend themselves to speed changes 
(within a reasonable range) by adjustment of the governor 
and this can be carried out by electrical or mechanical means. 

Telegraph Distortion 
Telegraph signals sent by any transmission medium are 

subject to distortion which can take the form of pulse 
shortening or lengthening, or displacement of pulses in time 

Fig 10.4. Letter Y showing ideal selection timing. 

during transmission. In order to minimize these effects the 
receiving machine will normally examine the incoming 
signal for a very short period in the middle of the pulse or 
element time duration. Fig 10.4 shows the selection timing 
diagram for a 7| unit 50 baud machine. 

A number of forms of distortion exist, any or all of which 
may be sufficient to cause the receiving machine to make the 
wrong decision during any or all of the five signalling ele¬ 
ments, and result in an incorrect selection. Additionally, the 
transmitted signal may itself be distorted by incorrect 
machine adjustments. The reader will appreciate that the 
primary concern of any rtty operator must therefore be to 
minimize all controllable distortions so the maximum 
amount of unavoidable distortion due to the transmission 
medium can be tolerated. 
Bias Distortion results in the lengthening of either mark or 
space pulses by a fixed amount and the shortening of the 
complementary space or mark pulses. Fig 10.5(a) illustrates 
lengthening of the mark pulses or marking bias. Spacing or 
marking bias distortion generally arises because of mechanical 
bias on transmitting contacts or receiving relay. Alternatively 
electrical bias can occur due to the lack of symmetry in 
electronic equipment. All forms of bias distortion can be 
eliminated by careful adjustment. 
Characteristic Distortion is a more random effect occurring in 
the manner shown typically in Fig 10.5(b). This type of distor¬ 
tion generally results from the failure of electronic circuitry to 
register a transition between the mark and space signalling 
conditions at the correct time following a long mark or long 
space condition. This effect is generally due to incorrect 
time constants in detector circuits, but can also occur as a 
result of transient disturbances in the transmission media, 
caused by the presence of the signal. 
Fortuitous Distortion results from entirely random causes 
such as accidental irregularities in mechanical apparatus or 
external interference affecting the transmission media. 

Merk 

(a) 

Space 
Stjj 1 

Mark 

(b) 

Space 

i i 
! 2 ! 3 Stop 

Fig 10.5.(a) Bias distortion, letter “Y” with marking bias (b) charac¬ 
teristic distortion, carriage return signal with characteristic 

distortion of element 4. 
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All the foregoing types of distortion can add or subtract in 
a manner which can cause a wrong selection to be made by 
the receiving machine. More serious problems can arise 
where telegraph signals are conveyed on a radio circuit, 
where deep fading can result in the total loss of say, a start 
element. This means that the receiving machine will regard 
the next space element as the start pulse and possibly take up 
part of the next character, resulting in a loss of synchronism 
between the transmitting and receiving machines which can 
take four or five characters to recover. 

THE TELEPRINTER 
It has been shown that teleprinters operate by the trans¬ 

mission and reception of a time-sequential series of pulses in 
a binary code using two signalling conditions which have been 
called mark and space. Before considering the problems and 
equipment associated with radio transmission and reception, 
it may be helpful to the newcomer to understand the way in 
which teleprinters are used on a landline circuit. 

Indeed, an essential preliminary to successful rtty opera¬ 
tion is operation on a de loop or local basis. Prior to con¬ 
sideration of local loop operation it is as well to describe the 
facilities provided by the teleprinter keyboard. Not all the 
facilities listed exist on all machines, and in some cases they 
are not really applicable to amateur operation. 

Keyboard Controls 

Line Feed—each stroke of this key causes the paper in the 
local and distant machines to be fed up to the next printing 
line. 
Carriage Return—this key returns the printing unit at the 
local and distant machines to the beginning of the line. 
Space Bar—each stroke of the space bar moves the printing 
unit at the local and distant machines forward one space 
without printing. 
Figure Shift—operate this key whenever you wish to change 
to the figures case, ie to print figures, symbols or punctuation 
marks. 
Letter Shift—operate this key whenever you wish to change 
back to the letters case. 
Run Out—this key provides for the continuous transmission 
of any selected printing character or any of the following 
functions:—carriage return; line feed; figure shift; letter 
shift, space and bell. 

To run out on a particular character or function, operate 
the keys concerned in the following sequence: 

(1) hold down the run out key. 
(2) hold down the key whose character it is required to 

transmit continuously. Run out then commences. 
(3) release the run out key. (Run out ceases). 
(4) release the character key. 

Avoid errors by making a distinct pause between each of 
these operations. 
Alarm—to attract the attention of the operator at the 
distant station, operate the figures key once and then the 
bell key once. This will cause an alarm to operate at the 
distant station which will continue until another key is 
operated at either station. It is good practice to cut off the 
alarm condition by operating the letters key as this returns 
both machines to the letters condition for subsequent traffic. 
In amateur practice this key is often used at the end of a 
transmission. 

Who-are-you? facility—operating the figures key and then 
the who-are-you ? key will cause the distant machine to 
transmit its call sign back to the enquiring station. This 
assures the local operator that he is through to the correct 
station and that it is working properly even if it is unattended. 
This facility cannot, of course, be used via a simplex radio 
connection, and is often disconnected on amateur machines. 
Here-is facility— operate this key once to transmit the home 
station call sign. It is important that this key should not be 
depressed again until the transmission of the call sign has 
been completed. In amateur practice it is often not possible 
to arrange for the device to be set to the operator’s call sign 
and the facility is removed to prevent spurious character 
generation on receipt of a false who-are-you interrogation. 

How to Use the Shift Keys 

3-row keyboards: in the typical 3-row keyboard shown in 
Fig 10.1 most of the keys bear two characters, one a letter 
and the other a figure, symbol or punctuation mark. Two 
keys, one marked Ltrs and the other marked Figs, are 
provided to transmit special signals which enable the 
receiver to discriminate between the two characters associ¬ 
ated with a particular printing key. 

Operating the Figs (short for “change to figures”) key 
causes the home and distant machines to condition them¬ 
selves so that only figures, symbols and punctuation marks 
can be printed. Both machines will then remain in this 
state until the Ltrs key is operated. 

Operating the Ltrs (short for “change to letters”) key 
causes the home and distant machines to condition them¬ 
selves so that only letters can be printed and both machines 
will remain in this state until the Figs key is operated again. 

The carriage return, line feed and space keys may be used 
either in the letters or the figures condition of the keyboard. 
4-row keyboards: The 4-row keyboard layout shown in 
Fig 10.2 differs from the 3-row in that it has a separate key 
for each character. Its mechanism is arranged so that when 
the letters key has been operated all its figure, symbol and 
punctuation-mark keys are locked; similarly when the 
figures key is operated all the letter keys are locked. 

Operate the figures key whenever it is wished to print 
figures, symbols or punctuation marks and also when it is 
wished to use the bell and who-are-you? facilities. Operate 
the letters key whenever it is wished to print letters. 

As with the 3-row keyboard, the carriage return, line feed 
and space keys may be used in either the letters or the figures 
condition of the keyboard. 

Line Signalling Circuits 

Figs 10.6 and 10.7 show the basic line signalling circuits for 
single current and double current signalling. In either circuit 
the earth return may be replaced by a physical connection. 

Single current signalling has the advantage that only one 
signalling supply is required, but against this the space or 
open circuit condition leaves the receiving machine open to 
induced currents or spurious interference picked up on the 
telegraph line. 

Double current signalling (sometimes called polar sig¬ 
nalling) requires the use of two signalling supplies, but this 
added complexity is offset by the advantages of an unam¬ 
biguous signalling condition for both mark and space. This 
renders the telegraph circuit relatively immune to induced 
interference. Double current signalling also permits the use 
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Fig 10.6. Single current signalling (simplex operation). 

of the balanced or polar receiving relay, which by the use of 
mechanical bias can be made much more sensitive than a 
single current telegraph relay. 

Both of the circuits shown are for simplex or one way 
operation; somewhat more complex circuits utilizing the 
transmit/receive switch fitted to most teleprinters permit 
simplex operation in both directions over one signalling 
circuit. Even more complex arrangements provide half and 
full duplex operation. These arrangements do not normally 
concern the amateur radio operator. 

The circuit shown in Fig 10.6 makes use of the flow of 
current in the line to attract the receiver magnet into the 
mark position. When no current flows in the line the receiver 
magnet is pulled into the space condition by a mechanical 
spring. This is known as a mechanical bias or neutral sig¬ 
nalling circuit. It will be obvious that considerable mech¬ 
anical energy may be necessary in teleprinters to operate the 
selection mechanisms, and therefore a high line current is 
necessary to secure reliable operation. An improvement on 
this system is to interpose a relay between line and teleprinter 
enabling the use of much reduced line current. 

Fig 10.7 shows the differential or polar signalling arrange¬ 
ment, where a current flow in one direction indicates the 
mark condition, and the space condition is signalled by 
current flow in the reverse direction. This signalling arrange¬ 
ment is based on the use of the polar relay. 

The Polar Relay and Selector Magnets 
Fig 10.8 shows the construction of a typical polar relay, 

and similar principles are employed in teleprinter receiving 
magnets suitable for double current operation. 

The basic difference between a polar relay and a con¬ 
ventional relay is that the polar type is centre stable without 
coil energization. The centre stable condition is obtained by 
setting up a balanced magnetic circuit using an armature 

Fig 10.7. Double current signalling (simplex operation) 

Fig 10.8. Simplified polar relay construction drawing. Flux due to the 
permanent magnet “E” is shown by the dashed line while flux paths 
due to current in coil windings “D” are indicated by the dot dash line. 
“A" are the contact assembly whilst armature "F" has its travel 

limited by adjustable pole piece screws "B”. 

positioned in the centre of a permanent magnet yoke assem¬ 
bly. Electromagnet coils are also provided. The magnetic 
circuit is adjusted to give a condition where the armature 
floats between the pole faces of the permanent magnet. In 
this way it is only necessary to overcome the mass of the 
armature to deflect it to one pole face or the other. When 
released the armature will in theory return to the centre 
stable condition. As the armature has mass and cannot be 
perfectly balanced, it normally remains at one pole face or 
another until sufficient force is exerted to move it to the other 
pole face. The mechanical design is such that the mechanical 
effort required to obtain transition from one pole face to the 
other is the same for either direction, and the relay is said to 
be bias free. Balancing springs are often provided on tele¬ 
printer magnets in view of the relatively high mechanical 
energy required to operate the selection mechanism, but 
polar relays are normally magnetically balanced. This is 
done to make the electromagnetic force required to alter the 
state of the armature as small as possible and thus increase 
the sensitivity of the relay. With a polar relay, the contacts 
are normally mounted directly on the armature. 

Two electromagnet coils are mounted symmetrically on 
either side of the armature. The application of current to 
either coil will generate a flux which will be additive with the 
flux due to the permanent magnet and deflect the armature to 
a pole face. A reversal of current flow in the coil will reverse 
the flux and cause the armature to deflect in the other direc 
tion. If the two coils are connected in series aiding and 
current flows, the action will be to aid the flux attracting the 
armature to one pole face, and tend to cancel the magnetic 
flux due to the other pole face of the permanent magnet. The 
result will be to aid the attraction to one pole face and thus 
further increase the sensitivity of the relay. 

Polarized relays such as the Carpenter type are often 
encountered in telegraph practice. Like the double-current 
magnet they are completely balanced mechanically and side¬ 
stable. When the current is removed entirely from the coils, 
the contact remains switched according to the direction of 
the current prior to its removal. There is only one change-
over contact, the fixed contacts being designated mark and 
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Double-current 
2-wire (Single or 

Fig 10.9. Polarized telegraph connection. See text for application. 

space, and the moving contact as the tongue. Generally 
there are two identical coils. 

Fig 10.9 shows a number of arrangements for telegraph 
relays. The circuit in (a) has coils A and B in series assisting, 
and requires the current in the coils to reverse direction for 
the contact to change over. It therefore accepts a normal 
double-current signal, and may be used to convert double to 
single-current signalling, or to convert a double-current 
signal working about one reference voltage to a double¬ 
current signal working about another reference voltage. 

The circuit in (b) has each coil fed separately from a two-
wire source. A positive current in coil A will operate the 
relay one way, and a similar current in coil B will change it 
over. Only one coil is energized at a time. It is used with 
circuits such as a bistable where one coil may be placed in 
series with each output. The relay then follows the switching 
of the bistable and allows the electronic circuitry to be inter¬ 
faced with the telegraph circuitry. 

Circuit (c) works entirely from single-current signals, and 
is the least sensitive of the three arrangements. A steady 
current is passed continuously through coil B, so that when 
no current flows in coil A, the relay will always switch one 
way. The signal current in coil A is set to be twice the current 
in coil B, so that the change in magnetic force acting upon the 
armature for operation from mark to space and from space to 
mark is always the same. Since the force arising from the 
continuous energization of coil B is always in opposition to 
the force arising from signal current in coil A sensitivity is 
reduced. However the arrangement is better than using a 
relay with a spring return for the armature, because opera¬ 
tion in each direction is effected by identical change of 
magnetic force, and the relay retains its mechanical balance. 
This circuit can be used to convert single to double-current 
signalling. 

All the circuit arrangements shown may be used for 
energizing teleprinter magnets. 

Driving the Teleprinter Magnet 

At first sight the energization of a teleprinter magnet seems 
to be a straightforward procedure, and the uninitiated tend to 
consider the magnet as being similar to an ordinary relay. 
Such a relay would have a coil voltage rating, and it would 

I 

(a) |, 20mS 20mS _| time 

Fig 10.10. Marking bias distortion may be introduced by failure to 
drive a teleprinter magnet from a high resistance source, (a) shows 
the current waveform in a purely resistive circuit; a and b are the 
operate and release points, (b) shows the exponential build-up and 
decay of current in a series L-R circuit with R small in comparison 
with XL. Exponential build-up and decay of current may be mini¬ 
mized by keeping R as high as possible as shown in (c), thus avoiding 

pulse lengthening. 

logical to expect the selector magnets in a teleprinter to have 
a similar rating. This is not the case, and hence we 
arrive at one of the pitfalls awaiting the newcomer to rtty. 
Selector magnets have a current rating and must be supplied 
from a current or high impedance source. This current 
source consists of a relatively high voltage applied via a 
resistance. The higher the voltage and the higher the value of 
resistance, the better for the avoidance of bias distortion. An 
understanding of this principle is fundamental to good 
results and the following explanation should assist. 

Consider Fig 10.10(a) where R represents the resistance of 
a teleprinter magnet being driven from a low impedance de 
supply via contacts x. The teleprinter magnet is assumed to 
have no inductance, and the application of a 1:1 mark— 
space ratio at contacts x will result in a square current wave¬ 
form in the circuit. For the purpose of this explanation it is 
assumed that the magnet will operate and release at a current 
of 30mA. It can be seen that, subject only to mechanical 
delay which should not be significant, the operation of the 
magnet armature should faithfully reproduce the current 
waveform in the circuit and the bias introduced is zero. 
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Fig 10.11. Simplified local loop circuit—single current keying. 

A practical magnet will have a comparatively high induc¬ 
tance and thus the circuit must be modified to that shown in 
Fig 10.10(b). 

Due to the presence of series inductance the current 
waveform in the circuit is modified. Current in the circuit 
increases in an exponential manner at a rate determined by 
the L/R time constant. When contacts x break, the current 
decreases, again in an exponential manner. 

It can be seen that the operate and release points of the 
armature have been displaced in time from the ideal and that 
the period of operation has been markedly affected. The 
result of this state of affairs is considerable telegraph dis¬ 
tortion. 

In order to minimize the effects of the coil inductance it is 
necessary to reduce the L/R time constant to a minimum in 
the magnet circuit. Since time is proportional to L/R, R 
should be at a maximum to minimize the time constant. 
However, a little thought will reveal that if R is increased to 
minimize the time constant, the circuit voltage must be 
increased to obtain the necessary operate current. In practice 
the magnet winding will have some resistance, but external 
series resistance is also used. A good empirical rule is to 
ensure that the series resistor is at least ten times the magnet 
winding resistance. 

Where two or three machines are required to operate 
simultaneously, it is possible to put the magnet coils in series 
with an appropriate resistance. 

The series resistance is often made variable to permit the 
setting up of the loop current to the correct value specified 
by the machine manufacturer. 

Figs 10.11 and 10.12 show local loop circuits for single 
and double current keying using a single machine. The choice 
of single or double current loop operation within the amateur 
station is often dictated by the machines available, which 
may only be suitable for one or the other mode. Double 

Fig 10.12. Simplified local loop circuit—double current keying. 

current operation is to be preferred, although it requires 
more complex power supply arrangements. A word or two 
about the loop power supply may help at this stage: the 
reader might infer from the inclusion of a series resistor to 
provide a current source that regulation is unimportant. 
This is far from the case, particularly when one considers the 
reasons for poor transient regulation in power supplies. In 
many cases poor regulation occurs due to the inability of 
power supply reservoir capacitors to meet the demands made 
upon them. For this reason the supply reservoir time con¬ 
stants may well modify the current wave form in the loop 
circuit. This is clearly another way of introducing telegraph 
distortion. The telegraph supply must be capable of deliver¬ 
ing the required current with no worse than a 10 per cent 
voltage drop. 

Local Record 

The circuits in Figs 10.11 and 10.12 will produce an elec¬ 
trical local record, that is, the transmitted signal is reproduced 
on the teleprinter receiver normally associated with the 
transmitter. This facility is necessary because most tele¬ 
printers consist of separate transmitting and receiving sec¬ 
tions, and an electrical connection is required. A few types of 
teleprinter, such as the Creed 75, utilize mechanical local 
record and no electrical connection is necessary. However, 
when using mechanical local record the valuable self-checking 
obtained by the use of the electrical connection is lost. The 
electrical connection can include the station transceiver. 

The problems of obtaining local record are complicated by 
the introduction of a second teleprinter or an auto trans¬ 
mitter into the local loop. Fortunately most teleprinters and 
auto transmitters incorporate transmit-receive contacts which 
can be used to solve this problem. A typical arrangement 
using two teleprinters and one auto transmitter is shown in 
Fig 10.13. Transmit-receive contacts in teleprinters are 

Fig 10.13. Typical double current 
loop circuit for two teleprinters 
and one auto-transmitter, illus¬ 
trating the use of send-receive 

contacts. 
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Fig 10.14. Signal circuits—Creed model 54 teleprinter. 

arranged to change over from the normal receive condition to 
transmit immediately prior to the transmission of a charac¬ 
ter, and to restore immediately after that transmission. 
There are many variations of the basic circuit shown, but these 
variations must always be arranged to provide +80V, or the 
mark condition, when all the machines are quiescent. It 
will be noted that the first machine in the loop can always 
override the others, but this is not often a problem in amateur 
practice. Normally machines are connected into the series 
loop by plugging into closed circuit jack sockets, and this 
arrangement allows maximum flexibility. 

Radio Interference Suppression 
Up to this point the circuits presented to the reader have 

been simplified by the omission of many components which 
are provided for the suppression of radio interference. The 
switching, at comparatively high speeds, of inductive cir¬ 
cuits can generate serious radio interference unless measures 
are taken to suppress the problem at source. Normally all 
machines are fitted with suitable circuitry for this purpose. 

Fig 10.14 shows the signal circuit for a Creed 54 teleprinter 
which can be regarded as typical. The bell signal switch 
operates when the ‘‘bell” character is received, and the con¬ 
tacts may be used for alarm or other purposes. The trans¬ 
mitter contacts T (tongue), S( space) and M (mark) and the 
send receive contacts TS/R (tongue), S (send) and R (receive) 
each have filter components. The electro-magnet coils are 
usually operated in parallel. The series RC circuit is con¬ 
nected across the coils, for double current working only, for 
the suppression of transients. 

Fig 10.15 shows the motor circuit for the type 54 machine. 
Block Q contains a capacitive network to provide a low im¬ 
pedance path to earth for interference currents. Block R 
shows the centrifugal governor mechanism responsible for 

speed control of the series wound motor shown at W. 
ImH chokes and an RC network are mounted in the 
governor assembly, which operates by placing a short circuit 
across series governor resistor L. B is the motor start switch 
assembly which allows the motor to be started by an in¬ 
coming transmission. Following a period in excess of 90 
seconds without incoming signals, the motor will be shut 
down automatically until further signals are received. 

OTHER RTTY EQUIPMENT 
There are a number of other pieces of equipment often 

found in the amateur rtty station and details are given below. 

Auto Transmitter 
A motor driven automatic transmitter which accepts 

punched or perforated paper tape and converts this to tele¬ 
graph signals. Only the five signalling elements are punched 
on the tape, the start and stop elements are inserted by the 
automatic transmitter. The auto, as it is colloquially known, 
will send telegraph information at the full machine speed. 
Fig 10.3 shows the standard tape punching arrangement for 
the International Telegraph Alphabet No 2, the black repre¬ 
senting holes in the paper. The small holes between the 
third and fourth elements are sprocket feed holes. 

Perforator 

Hand or keyboard perforators are available to punch or 
perforate paper tape for automatic transmission. Reference 
is often made to the chad or punching. Where the tape is 
punched and the hole is clean the tape is said to be chadless. 
Some perforating machinery only cuts the paper for some 
jin of the circumference of the hole, allowing the chad or 
perforation to remain attached to the tape. Perforators are 
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Fig 10.15. Motor circuit—Creed model 54 teleprinter. 

available which print the character on the tape as well as 
punch the holes. In many cases these machines produce 
chadded tape to enable the printed character to remain 
legible. 
Reperforators perform a similar function to perforators with 
the exception that they accept electrical signals in the same 
way as a teleprinter. Reperforators are commonly attached 
to teleprinters so that they may be used to prepare paper 
tapes for subsequent automatic transmission, either from 
keyboard initiated information or from incoming signals. 

TYPES OF TRANSMISSION 
There can be a problem in transmitting telegraph informa¬ 

tion over a radio path with the minimum of distortion. This 
problem is complicated by fading and interference, but with 
careful design good results can be obtained with simple 
equipment. 

The simplest method of transmitting information is to use 
on-off keying and the cw operator will readily appreciate this 
mode. However, the key-up or space condition is completely 
open to interference and it is preferable to use polar sig¬ 
nalling as for line operation. This is accomplished by trans¬ 
mitting mark and space as two separate frequencies. 
The two frequencies can take the form of audio tones 

modulating the carrier of a conventional a.m. or fm trans¬ 
mission, and this mode is known as afsk (audio frequency 
shift keying). Alternatively transmissions can be made by 
changing the frequency of a carrier (frequency shift keying). 

On the hf bands frequency shift keying is accomplished 
either by changing the frequency of an existing transmitter 
oscillator in response to telegraph modulation or by con¬ 
necting a two-tone audio signal to the audio input of 
an ssb transmitter. Using a product detector or simply 
the conventional bfo as employed for cw reception it can be 
seen that audio frequencies can be reconstituted at the 
receiver for connection to a telegraph terminal unit. 

A number of techniques may be used for the reception of 

rtty signals, but possibly the most popular in amateur circles 
is the audio frequency terminal unit. Either afsk, or fsk 
signals converted to afsk in the receiver detector circuits, can 
be utilized. No special modifications to the receiver are 
necessary and the terminal unit is a convenient add-on 
feature to a station used for other modes of emission. 

A few years ago it was also common practice in the com¬ 
mercial fields to use intermediate frequency telegraph adap¬ 
ter units for reception of fsk signals. The received signal was 
extracted from the receiver i.f. stages and applied to the adap¬ 
ter unit. Many excellent adapter units of this type have 
reached the surplus market. The disadvantage is the require¬ 
ment for an i.f. output from the station receiver, often at low 
impedance. Very few amateur station equipments have this 
facility available, and many operators are reluctant to modify 
their receivers. For this reason the majority of rtty operators 
now use the audio frequency type of terminal unit. 

AFSK Transmission 
The afsk mode is commonly employed on the vhf bands, 

generally over comparatively restricted distances. The 
standard tone frequencies used are 1445Hz (mark) and 
1275Hz (space) giving a frequency shift of 170Hz. The 
change to these tone frequencies and the narrow shift afsk 
standard were agreed by IARU Region 1 in Warsaw, April 
1975. 

FSK Transmission 
On the amateur bands up to 30MHz fsk transmission is 

normally employed and fsk is also used for longer distance 
working on vhf. Two main methods of generating fsk are 
used and the simplest method will be considered first. The 
general requirement is that it shall be possible to frequency 
shift the transmitted signal by either 850Hz or 170Hz at the 
radiated frequency, dependent upon whether wide or narrow 
shift is in use. Most stations have facilities for both, although 
narrow shift is rapidly becoming standard on all bands. 

Any modification made to transmit fsk must presuppose a 
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Fig 10.16. Outline frequency shift keying arrangement. 

high order of stability in the oscillator concerned. The 
stability requirements for rtty, particularly with narrow 
shift, are possibly more stringent than for ssb operation. 
Modifications to oscillators also require great care, and the 
reader is recommended to utilize only high grade com¬ 
ponents and to take all the usual precautions associated with 
construction work on oscillators. It is essential that all com¬ 
ponents associated with the tuned circuits must be rigidly 
mounted inside the screened section of the oscillator. 

Fig 10.16 shows a suitable keying arrangement for use with 
a typical oscillator. Diode DI is normally reverse biased by 
the mark potential from the keyboard. On receipt of the 
space potential DI switches to conduction and places capaci¬ 
tor Cl in parallel with existing circuit capacitances, thus 
lowering the frequency by the required amount of frequency 
shift. With the circuit in the mark condition it will be neces¬ 
sary to readjust the original oscillator trimming capacitor to 
restore the original calibration. This operation should be 
carried out only after reference to any handbook or align¬ 
ment information. A reliable frequency standard should be 
employed. 

Where frequency multiplication of the keyed oscillator 
takes place to obtain the radiated frequency, remember to 
allow for this when setting the frequency shift at the oscillator 
frequency. However it is preferable to set the shift at the 
radiated frequency. 

When an oscillator is heterodyned or mixed to obtain the 
output frequency it may be necessary to reverse the diode to 
obtain the correct keyed output frequencies. The reason for 
this is that a frequency inversion may take place in the mixing 
process. If this is so a decrease in frequency at the oscillator 
will give an increase in radiated frequency. 

The normal amateur convention on all bands is that the 
highest radiated frequency represents the mark and the 
lowest radiated frequency the space, and the diode orientation 
should be selected to give this condition. In the nature of 
things not all amateur operators adhere to this convention 
and most stations are equipped with reversal switches on the 

Fig 10.17. Switched frequency shift keyer for wide/narrow shift 
operation. S1 may be mounted remotely. 

terminal unit to reverse the keying polarity of the received 
signals when necessary. 

Provision for dual shift operation (850Hz and 170Hz) is 
preferably made by duplicating the shift circuitry, where 
possible. It is then possible to switch to the required keying 
circuit at de, remotely if required. A practical arrangement 
is shown in Fig 10.17. 

It is also possible to select the required shift by switching 
in alternative capacitors at Cl but clearly this is a much more 
extensive modification to the oscillator which should only be 
carried out when there is no alternative. 

Setting up the frequency shift accurately is always a diffi¬ 
cult problem, particularly where only limited testgear is 
available. A number of methods are practicable: 

(i) Utilize some form of calibrated frequency meter 
having a measurement accuracy of 10Hz or better. 

(ii) Listen to the signal on a receiver and heterodyne the 
receiver audio output with the output from an accu¬ 
rately calibrated audio oscillator. 

(iii) Enlist the co-operation of another rtty station to 
measure the shift. 

When on SSB 

With the growing predominance of ssb equipment many 
operators find it very convenient to generate a quasi-fsk 
signa] by applying a keyed tone audio frequency input to the 
audio stages of an ssb transmitter. Provided care is taken 
this is a quite acceptable procedure, and the same two-tone 
audio oscillator can be used for vhf operation. A number of 
precautions are necessary, however, and these are outlined 
below. 

(i) In order to avoid the generation of excessive spurii, 
the carrier suppression and intermodulation distor¬ 
tion performance of the ssb equipment must be 
exceptionally good. Additionally, great care must be 
taken not to overdrive the equipment. 

(ii) Many ssb equipments cannot be safely operated 
at full input on rtty; this is particularly true of equip¬ 
ment using colour television sweep tubes as out¬ 
put amplifiers. No attempt should be made to exceed 
the a.m. carrier input limitation or if no such rating is 
available the equipment manufacturer should be asked 
for a continuous carrier input rating. The input limi¬ 
tation should, of course, apply whatever method of 
fsk generation is used. 

(iii) The accepted standard for narrow shift tone frequen¬ 
cies are 1275Hz (space) and 1445Hz (mark). If for 
some reason wide shift is used the mark tone should 
be 2125Hz. All these three frequencies will go through 
ssb filters without the problems previously associated 
with higher audio tones. The above audio standard 
will give correct sense fsk when these tones are fed 
into a usb transmitter. Care must be taken to avoid 
audio harmonics. 

AFSK Oscillators 

The principal requirements of an afsk oscillator can be 
summarized as: 

(i) good waveform and low harmonic distortion to 
minimize spurious radiated components, and 

(ii) minimum transient distortion and overshoot during 
keying transitions from the mark to the space tone. 
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Fig 10.18. Two-tone afsk oscillator for 1275/1445Hz. 

The tone keyer shown in Fig 10.18 generates a sine wave 
tone on 1445Hz in the idle or mark condition, and when the 
input line is taken low, the frequency changes to 1275Hz 
for the space condition. It can thus be used for afsk operation 
into an a.m. or fm transmitter, or for fsk operation by 
feeding the unit into a usb transmitter. 

The NE555 ic is connected as a multivibrator, the period 
of oscillation being determined by Ct and the network RV1, 
RV2 and Rt. In the space condition, with TRI and TR2 
turned off, the period is determined by Rt in series with RV1, 
and in the mark condition, TR2 switches in RV2 to raise the 
frequency. The output from pin 3 is a train of narrow 
negative-going pulses, rich in harmonics and unsuitable for 
transmission, and so the NE555 is actually made to oscillate 
on twice the required frequency. The pulses are taken via 
TR3 to a divide-by-two circuit consisting of TR4-7. The 
output of the divide-by-two circuit is a perfect square wave 
containing far less harmonics. This square wave is filtered by 
TR8 and TR9 which are connected as an active filter with a 
cut-off frequency of about 1900Hz, and this removes the 
harmonics, leaving a sine wave of about 500mV rms. 

The unit was designed for use from a 12V supply, but will 
function well from 9 to 15V, and the frequency is substan¬ 
tially independent of the supply voltage over this range. A 
ceramic capacitor must not be used for Ct because of its 
temperature coefficient. Where wide temperature fluctua¬ 
tions may be found, Rt should be a metal film resistor and 
Ct a polystyrene capacitor so that their temperature coeffi¬ 
cients will cancel. To set the frequencies, first adjust the 
space tone to 1275Hz with RV1, with the keying input 
grounded, and then set the mark tone to 1445Hz with RV2, 
with the keying input open-circuited. 

TERMINAL UNITS 

The reception of rtty signals requires a means of translating 
a frequency shifted signal into telegraph information for 
connection to the teleprinter system, the necessary device 
being known as a terminal unit. General amateur practice 
today is to use an audio frequency unit as an extra to the 
normal station receiving equipment. The station receiver is 
then set up to produce an audio frequency shift (afsk) output 

at the standard rtty audio frequencies, which are 1275/ 
2125Hz for 850Hz wide shift and 1275/1445Hz for 170Hz 
narrow shift. 

The requirements for the design of a terminal unit are: 
(a) Selection of the appropriate audio tone frequencies 

together with a bandwidth appropriate to the reception 
of telegraph information, and the rejection to the 
greatest possible degree of other audio frequencies 
present in the receiver output. 

(b) The provision of envelope detection facilities which 
will recover the telegraph information from the 
modulated audio frequencies. 

(c) The provision of circuitry which will compensate for 
the wide variations in signal level which occur as a 
result of fading under hf band conditions. This fading 
may take the form of “flat fades” or level variations 
affecting both mark and space signals or selective 
fading affecting the level of one or other signal. Both 
types of signal fading can occur simultaneously on the 
amateur bands. Under commercial conditions a ter¬ 
minal unit might have to tolerate up to 50dB of selective 
fading between mark and space signals, and amateur 
conditions may require even better performance. A 
detailed discussion of design theory is beyond the scope 
of this handbook and the reader is referred to the 
references at the end of the chapter for further reading 
matter on this subject. 

Terminal units in use on the amateur bands fall into two 
groups: 

(i) Limiterless or a.m. units, or 
(ii) Limiter-discriminator or fm units. 
The limiterless two tone or a.m. unit utilizes a linear ampli¬ 

fier and envelope detector for the mark and space audio 
frequencies. The outputs from the two envelope detectors 
are combined in an “assessor” circuit which is arranged to 
compensate for level differences between the two tones. 
Separate filters are provided for both mark and space 
frequencies with bandwidth kept to the minimum necessary 
to convey telegraph intelligence. Separate linear amplifiers 
can be used with age control to minimize the effect of signal 
level variations. 
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Fig 10.19. The DL6EQ terminal unit. 

Limiter-discriminator or fm terminal units are the com¬ 
monest type used in amateur service and consist of a limiting 
amplifier followed by a discriminator circuit. The limiting 
amplifier is often preceded by a filter having sufficient 
bandwidth to accept the mark and space frequencies together 
with the bandwidth required for telegraphic information. 

Many learned authorities have argued the merits and 
demerits of the two systems, including the CCIR, which 
eventually issued a report stating that for very long distance 
working the two tone or limiterless method was slightly 
superior. In many respects the arguments between the two 
systems are analogous to the fm/a.m. dispute. With the use of 
narrower shifts in amateur practice the marginal theoretical 
advantage of the two tone system is largely cancelled out by 
the simpler techniques used in the fm system. 

Both systems require the use of a low pass filter following 
the detector to minimize the effect of in-band noise and 
similar effects. Terminal unit designs are completed by a 
limiter or slicer and the necessary de amplification to make 
the output suitable for driving the teleprinter magnet circuit. 

DL6EQ TWO TONE LIMITERLESS DESIGN 

Fig 10.19 shows the circuit of the DL6EQ terminal unit in 
use at many stations. It is characterized by simplicity and the 
use of non-critical components. VI is a class À preamplifier 
stage having 600Í1 input impedance and suitable for direct 
connection to the phone patch sockets provided on many 
modern receivers and transceivers. Alternatively the input 
may be connected in parallel with the loudspeaker circuit 
using a suitable matching transformer. As this is a limiterless 
type of terminal unit care should be taken not to exceed 0-2V 

rms input. V2a/b is a tuned audio amplifier with the grid 
circuits resonant to the mark/space frequencies of 1275Hz 
and 1445Hz respectively. Potentiometer VR1 is set to 
balance the af voltages at the anodes of V2 with 100mV rms 
inputs at the mark and space frequencies. The tuning 
capacitors across the 88mH inductors may require adjustment 
to resonate exactly at the correct tone frequencies, and this 
may conveniently be accomplished by padding with capaci¬ 
tors of suitable value. 

For wide shift (850Hz) operation the 0138¡xF capacitor 
will need to be decreased to approximately 0 064pF. SI is 
provided as a reverse-normal switch and reverses the sense 
of the tone inputs to the detector circuits. Provision is made 
in the detector circuits for differences in the signal amplitudes 
between mark and space to be corrected and this terminal 
unit will operate correctly (although with increased telegraph 
distortion) in the complete absence of one tone input. The 
detector output is coupled to a 12AX7 (V5) connected as a 
limiter stage. Limiter potentiometer VR3 is set to obtain a 
symmetrically limited waveform when the terminal unit is 
driven from a local two tone oscillator keyed with a 1:1 
mark-space ratio signal. The tone oscillator output level 
should be reduced until the 12AX7 just limits for this 
adjustment. 

Output from the limiter cathode is taken to the magnet 
driver stage V3/V4 via two neon trigger tubes. Any small 
neon having a striking voltage around 35V will serve in this 
position. Adjust VR2 with S2 open so that the neons just 
strike reliably and then increase the setting slightly to give a 
safety margin. S2 is provided to hold the magnet driver stage 
in the mark or magnet operated condition and is used to 
inhibit printer operation while tuning. The driver anode 
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Fig 10.20. The Mainline STS terminal unit. 

current is adjusted to a suitable value for the machines in 
use. Most single current machines require a magnet current 
of 40mA. 

MAINLINE STS TERMINAL UNIT 

Based on a design by Irvin M. Hoff, W6FFC, but modified 
for use on the new IARU Region 1 tone standards, this 
terminal unit uses two 709 ic operational amplifiers as 
limiter and slicer/trigger stages, together with a full-wave 
discriminator and a double current keyer using MJE340 high-
voltage transistors. The use of high-gain operational ampli¬ 
fiers means a frequency shift as low as 5Hz can be copied. 

Fig 10.20 shows the limiter, discriminator and slicer stages, 
and Table 10.2 gives the component values for narrow and 
w ide shift operation. The use of a 709 as limiter gives nearly 
90dB of limiting with a threshold at signal input levels 
around 200/iV. A simple RC high-pass filter is used in the 
input to offer some discrimination against hum. The limiter 
is followed by a discriminator/detector for 1275/1445Hz or 
1275/2125HZ operation, using full-wave detection for 
greater efficiency. The discriminator can be used on both 
narrow and wide shift by using a combination of four 
0 033'J.F capacitors for C6 (narrow shift) and then switching 
out tw'o for wide shift. The unbalance of the discriminator 

TABLE 10.2 
Component values for narrow and wide shift in Fig 10.20 

Component Narrow shift 
(1275/1445Hz) 

Wide shift 
(1275/2125Hz) 

R9 
R10 
R12 
C6 

2-7kQ 
27kQ 
2 7kI2 
0-132piF 

1-5kQ 
8-2kQ 
2 2kQ 
0 066fzF 

resulting from not using the wide-shift resistor values is not 
serious, but it will cause the tuning meter (see later) to read 
higher on 2125Hz on mark on wide shift. This is however a 
small price to pay for the convenience of switched operation. 

Another simple RC filter, this time low-pass, removes tone 
frequency ripple from the discriminator output to the slicer 
stage. If reception of reversed tones is required the connec¬ 
tion to pins 2 and 3 of IC2 may be reversed by means of a 
switch (not shown). 

The double current keyer (Fig 10.21) uses two 2N706 
transistors in a bistable flip-flop circuit which drives two 
MJE340 high-voltage keying transistors. The latter are used 
because of their comparative immunity to the high-voltage 
spikes generated by the teleprinter inductance, although 
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diode spike suppressors are also fitted across the magnet 
resistors. No heat sinks are necessary for the MJE340 
devices. The transmit/receive switch is a dpst switch 
Sia, b. 

The input of the keyer circuit at point Z is connected to 
pin 6 of the 709 slicer ic. Point B can be connected to an 
afsk oscillator keyer, positive being mark. The 80V supply 
should be rated to at least 25mA, but no special stabilization 
is required and voltages in the range 8O-12OV will be 
satisfactory. 

Fig 10.22. Logic keyer driver for the STS. 

Fig 10.22 shows an inexpensive ttl keyer driver which can 
be substituted for the 2N706 bistable if desired. A 5V 
stabilized supply is required, but the circuit has a number of 
advantages over the simpler driver. Instead of being con¬ 
nected across the magnet, as in Fig 10.21, the input from the 
printer keyboard is fed into a bistable circuit which removes 
any contact bounce, and compensates for slight maladjust¬ 
ment of the contacts themselves. A logic input is provided, 
and grounding this changes the system from mark to space, 
thus allowing single-current keying inputs. This logic input 
can also be used to connect other ttl-compatible devices, 
such as a memory, into the system. 
The simplex/duplex switch set to the duplex position 

allows the received signal to be printed and the keyboard 
on logic input to be passed to the afsk oscillator for trans¬ 
mission without local copy. This position also allows the 
reception of one’s own transmission for the receiving system 
and terminal unit, thus acting as a check on one’s own copy. 

The input has a 4-7V zener diode across it to limit the 
positive-going voltage, and a germanium diode to limit the 
negative-going voltage to 0-3V. The 4-7kQ resistor on the key 
contact permits the keyboard plug to be withdrawn without 
the bistable having a tendency to “flop” to the space condi¬ 
tion. No switching of the keyboard is required, and it may be 
left in circuit in the mark position without affecting recep¬ 
tion. Similarly the logic input may be left open-circuited 
when not in use. 

Make sure that if the ttl driver is substituted for an existing 
2N706 bistable the latter is disconnected at points X and Y. 

Fig 10.23 shows the circuit of a tuning meter for use with 
the ST5 terminal. Such a meter can also be of considerable 
use during alignment. In this design it is connected to point 
A on Fig 10.20. The transistor de amplifier permits the use 
of a comparatively insensitive meter, and offers a high 
impedance at point A. 

Fig 10.23 Tuning meter for 
the ST5. 

Components and Construction 

No special care is needed in the construction of this 
terminal unit other than the usual precautions necessary 
when dealing with high-gain amplifiers. All resistors are JW 
except where indicated. All capacitors should be polyester 
or polycarbonate in order to preserve circuit Q. Paper types 
should not be used. 

Provision should be made in the component layout to 
allow small-value padding capacitors to be added to C5 
and C6 during alignment (see next section). 

All diodes marked “G” and “Sil” are small germanium 
and silicon types respectively. RV1 and RV2 are small pre¬ 
set potentiometers. C2, C4 and Cl 1 in Fig 10.20 can be small 
disc, mica or similar types. The pin numbers of ICI and IC2 
are those of the round-can TO-style packages. The 2N706 
transistors in Fig 10.21 may be replaced by any small silicon 
npn type with similar characteristics. 

Alignment 

With the input signal disconnected, connect a test meter 
between pin 6 on ICI and earth, and adjust RV1 for zero 
voltage. With a high impedance meter (or the tuning meter 
described above) connected to point A, tune a tone input 
connected on to the terminal unit from mark to space 
frequency, and adjust RV2 to obtain equal meter indication 
on both frequencies. For dual shift users of mainly narrow 
shift, it is recommended that the balance be obtained on the 
narrow shift tone frequencies and the wide shift frequency of 
2125Hz be left out of adjustment if balance cannot be 

Fig 10.24. Method of alignment for af tuned circuits. 
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Fig 10.25. Bandpass filter for 170Hz or 850Hz shift. 

achieved on all three tones. A compromise may be needed 
if both types of shifts are regularly used, but the resultant 
error is usually small. 

Because the toroid inductors actually used may not be 
exactly 88mH, best results will be obtained if C5 and C6 are 
padded to the correct valve using the test circuit of Fig 10.24. 
The input impedance of the valve voltmeter or scope should 
be not less than IMß, and the frequency meter or af oscil¬ 
lator calibration should be accurate to within 5Hz. 

BANDPASS INPUT FILTERS 
The performance of most terminal units can be consider¬ 

ably improved by the inclusion of a bandpass input filter 
between the receiver and the input to the terminal unit. A 
design suitable for use with the ST5 terminal on narrow or 
wide shift is shown in Fig 10.25, and the component values 
are given in Table 10.3. 

The 850Hz (1275/2125Hz) filter can of course be used for 
170Hz shift on 1275/1445Hz as well and, though the results 
will not be as good as those obtained with the narrower 
bandwidth filter, they will still be a great improvement. The 
inductors are the commonly available 88mH toroids, and 
the two windings are in series for 88mH and in parallel for 
22mH. R1/R.3 is a matching attenuator and R2 terminates 
the filter in the correct impedance. 

Good-quality polycarbonate or polyester capacitors should 
be used—ceramic or paper types are not recommended. As 
with the terminal, provision should be made in the compo¬ 
nent layout for the addition of small-value padding capaci¬ 
tors during alignment. 

The input of the filter should be connected to a 600Q 
socket on the receiver. If there is no such output, 35 turns 
of approximately 32swg enamelled wire should be wound 
(in a similar manner to the existing windings) onto LI in 
Fig 10.25, and connected to the 30 loudspeaker output of 
the receiver. 

TABLE 10.3 
Component value* for narrow and wide shifts in Fig 10.25 

Component Narrow shift 
(1275/1445 Hz) 

Wide shift 
(1275/2125Hz) 

LI. 2, 3 
C1 
C2 
C3 
C4 
C5 
R1 
R2 

22m H 
0 47 i 0-15ptF 
0 47 + 0 022{zF 
0-63jxF 
0-1 nF 
0 1iaF 
1 6k£2 
2-2kQ 

88mH 
0-15piF 
0 01 nF 
0-15|zF 
0047nF 
0-047{iF 
3-3kQ 
3 3kQ 

The 680ß resistor RI in Fig 10.20 should be removed if the 
filter is used with the ST5 terminal. If both wide and narrow 
shift filters are incorporated then a simple switch may be 
used to change from one to the other by switching both 
inputs and outputs. 

Aligning the Filters 
The following procedure can be used to adjust the filters. 
1. Disconnect the input and output, and also resistors RI, 

2 and 3. 
2. Short L2 out temporarily. 
3. Adjust the first section to resonate at mid-band (narrow 

shift) or just above 1275Hz (wide shift). 
4. Repeat step 3 for the last section. 
5. Adjust the centre section to resonate at mid-band 

(narrow shift) or just below 2125Hz (wide shift). 
7. Remove all short circuits and restore the input and 

output resistors and wiring. 
Alignment may be conveniently carried out by padding 

the inductor/capacitor combination using small-value 
capacitors, and the circuit shown in Fig 10.24 can be used for 
the necessary measurements. 

If other terminal units than the ST5 are used, the values of 
RI to R3 may need adjustment. 

TUNING INDICATORS 
Nearly the most important piece of ancillary equipment 

in the rtty station is the tuning indicator. We have already 
seen that the station receiver is adjusted so as to translate 
the incoming rtty signal to audio frequency tones for appli¬ 
cation to the terminal unit. It is necessary to set the received 
tones to within 10Hz for narrow shift operation, and pre¬ 
supposing that the resetting accuracy of the receiver is 
sufficiently good, some convenient means of aligning the 
receiver output correctly is needed. 

A number of methods exist, one of which is the tuning 
meter already described for use with the ST5. The meter 
circuit normally gives equal deflection on mark and space, 
and the receiver is adjusted to give no change in the meter 
deflection for a keyed signal. The disadvantage of this 
arrangement is that no direct indication of incorrect shift 
is available, and most serious rtty operators agree that some 
form of oscilloscope display is more satisfactory. The 
simplest arrangement is to apply the mark and space fre¬ 
quencies to the X and Y deflection plates respectively. The 
oscilloscope amplifier gains are then adjusted to give equal 
vertical and horizontal deflections. The inputs to the 
oscilloscope are normally derived from the terminal unit 
discriminator tuned circuits, or from the mark/space 
amplifiers in a two-tone or a.m. unit. The receiver tuning 
is adjusted to give equal vertical and horizontal deflections 
on a keyed signal. Once again the disadvantage with this 
form of display is that there is no direct indication of fre¬ 
quency error in the incoming signals. Signals having abnor¬ 
mal shifts cannot be detected except by observing the ampli¬ 
tude of the X and Y displays as compared with a standard 
signal. 

An alternative form of oscilloscope display giving an 
indication of tone frequencies is the phase shift indicator. 
A typical circuit is shown in Fig 10.26. 

The phase-shift monitor scope uses signals taken directly 
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Fig 10.26. Phase shift monitor 
oscilloscope. 

from the receiver output. Where a bandpass filter precedes 
the terminal unit, the monitor scope feed can with advantage 
be taken between the filter and the terminal unit. 

The basis of the monitor is a series LC circuit resonant 
at the mean frequency of the rtty tone spectrum—normally 
1360Hz (narrow shift). 
When two sine waves are applied to the X and Y deflection 

plates of an oscilloscope the resultant display is dependent 
upon the phase and amplitude relationship between the sine 
waves. 

As will be seen from Fig 10.26 two signals are derived from 
the series circuit. The phase/amplitude of the emf across the 
series circuit is compared with that across the inductor. 
The resultant display is a straight line rotating about the 
centre of the tube. The angle of rotation about the datum 
(equivalent to the mean frequency) is proportional to the 
frequency difference between the datum and input frequen¬ 
cies. For a keyed rtty signal a cross display is obtained. 
However, it will be realized that incorrect shifts and similar 
faults can be observed with this display, and in addition the 
ability to continuously check the outgoing transmission is 
very valuable. 

For wide shift working it is possible to switch in an 
alternative circuit series-resonant at 1700Hz, giving a more 
precise display. With the mixture of shifts currently in use 
the wide shift network calibrated for use with both 850 and 
170Hz shifts is normally adequate. Calibration, accom¬ 
plished with accurate tone frequencies may be by lines drawn 
on the face of the crt, or by specially prepared graticule. 
Fig 10.27 shows a number of displays commonly obtained. 

In use, it is only necessary to align the crt display with the 
marks on the tube face by means of the receiver tuning and 
to turn on the printer. Not only is the shift of the incoming 
signal (or of one’s own transmitter) shown instantly, but the 

correct tuning point also. The angle between the arms of 
the “X” gives the shift, while the whole display rotates on 
the tube face according to the correctness of tuning or other¬ 
wise. At the same time one can instantly detect from the posi¬ 
tion of the mark signal whether the station is being received 
with the correct orientation. 

SETTING UP AN RTTY STATION 
There are, of course, many different methods of getting 

going on rtty and undoubtedly the assistance of someone 
already knowledgeable in the field is of great value. In 
the nature of things such a person is not always available 
and it is the purpose of this chapter section to guide the 
newcomer and to describe a typical simple rtty station. 

The first requirement is naturally a teleprinter and the 
availability of suitable machines varies from country to 
country. In general it is wise to choose a type of machine 
which is used in commercial service by some authority in 
your country. In this way you are more likely to find techni¬ 
cians experienced in teleprinter maintenance within the 
amateur or allied fraternities. Try also to obtain handbooks 
and maintenance instructions; these can be invaluable. 

A reperforator attachment or separate tape perforator 
and auto-transmitter are not essential, but desirable if they 
can be obtained. Be sure that any machines you obtain can 
be operated at amateur speeds and have standard keyboards. 
Many special purpose machines, not suitable for amateur 
working, appear on the surplus market and are often pur¬ 
chased by enthusiastic amateurs unaware of the pitfalls. 

When you obtain a suitable machine you will often find 
it to be in an unserviceable condition and here is where the 
assistance of a technician is valuable. If no such person is 
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Fig 10.27. Examples of oscilloscope displays. 

available then you are recommended to carry out the main¬ 
tenance procedures detailed in the handbook. Initial efforts 
should be directed towards obtaining good local loop copy-
do not attempt to adjust a machine on the air. The follow¬ 
ing general comments may be helpful although much depends 
on the type of machine in use. 
Check : 

(i) Mains tappings on motor. 
(ii) All electrical connections with special attention to 

plugs and sockets. 
(iii) Slip rings on governor for cleanliness—fine grade 

steel wool may be used to clean if necessary. 
(iv) Contacts in governor for cleanliness and correct 

action—remove pits in contacts and dress up with diamond 
file. In bad cases it may be necessary to change the contacts. 

(v) Governor and motor brushes for excessive wear; 
replace if necessary. 

(vi) Clean motor commutator and check for excessive 
wear—in bad cases the commutator may require skimming. 
Remove any accumulation of carbon dust. 

(vii) Remove any accumulated dust, paper lint, or 
excess grease. Excess grease can often be the cause of 
trouble when bearings become clogged. Methylated spirits 
will often soften solidified grease sufficiently to allow 
removal. When the machine has not been used for a 
lengthy period it may be necessary to repack ball-bearings 
with fresh grease. It is always worthwhile carrying out the 
maker’s lubrication instructions. 
Following the initial checks and lubrication, turn the 

motor by hand and ensure that no mechanical obstruction 
occurs. Manual operation of the magnet to the space condi¬ 
tion should enable the receiver clutch and typchead mechan¬ 
ism to be checked. Only when you are satisfied that the mach¬ 
ine can be freely turned over by hand should any attempt 
be made to apply power. Prior to the connection of the 
machine into a local loop circuit, check whether your mach¬ 
ine requires single or double current drive and arrange your 
circuitry accordingly. Some machines can be set up for single 
or double current working, and in this case a choice should be 

Relay coil or 
cóil s in series 

25Hz square 
or si ne wave 

Fig 10.28. Bias test set for polarized telegraph relays. R1 and R2 are 
selected to give full scale deflection in mark or space direction when 
the contact is operated by hand. RV is used to set the coil current. 

made having regard to standardization with other machines 
in use and other factors. 

Motor speed should be carefully set using the procedure 
given in the machine handbook, preferably using a strobo¬ 
scopic fork. It is well worth while to carry out some 
preliminary electrical tests with the object of eliminating 
telegraph distortion. Unfortunately few amateurs have 
access to the necessary equipment, but it is possible to make 
a few simple checks which will eliminate bias distortion. 
Telegraph relays are a common source of bias distortion, and 
their adjustment is critical. The mark and space contacts 
mounted on the tips of screws with fine threads are made 
adjustable. Ideally they should be adjusted dynamically 
using a test set as shown in Fig 10.28. They can be set out of 
circuit approximately as follows: 

(i) Back off both mark and space contacts until they 
are clear of the tongue contact. 
(ii) Slowly advance one contact until the tongue 

switches away from it. 
(iii) Advance the other contact until the tongue 

switches away from it. 
(iv) Repeat the process, advancing each contact in turn 

to make the tongue just switch, until the tongue travel is 
correct for the type of relay. 

(v) Fine up the adjustment with the contact screws, 
backing off one as the other is advanced by the same 
amount until the tongue remains whichever side it is put. 
Use a small screwdriver tip to toggle the tongue back and 
forth, judging that the force required to toggle it is the 
same for each direction. Telegraph mechanics become 
highly skilled at this process, but it takes some practice. 

The contact travel of a telegraph relay when correctly set 
should be of the order of 0 002in, and this can be measured 
with a set of engineer’s feeler gauges. Often the contact 
screws are calibrated around their knobs or heads, relative 
to the threads. When in good adjustment the relay should 
change over with 0-5mA flowing through either coil. The 
contacts will have some form of spring mounting to absorb 
the impact when the contact changes over, so that the con¬ 
tact will not bounce away. 

Transmitter contacts should be mechanically adjusted in 
accordance with handbook instructions. A further electrical 
check may be carried out by connecting the teleprinter in a 
local loop circuit together with a series milliameter. The 
continuous transmission of the combination RYRYRY 
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Receiver audio output 

Fig 10.29. Block diagram of a rtty station. 

using the keyboard should produce a 1 : 1 mark/space 
ratio. For a double current loop the meter should indicate 
zero, and in single current loops half the loop current. The 
same check can be applied to transmit contacts on an auto¬ 
transmitter, in this case a test tape carrying the test combina¬ 
tion RYRYRY should be used. 

Bias adjustments on a terminal unit can be set up by using 
a locally keyed signal derived from correctly adjusted 
transmit contacts. 

Following the initial procedures listed above, efforts 
should be directed towards obtaining satisfactory operation 
on a local basis—and here the help of a knowledgeable 
amateur can be very useful. This is particularly the case 
where the machine requires extensive adjustments. However, 
the newcomer should not be discouraged because many rtty 
operators have succeeded by careful study of the handbook 
and lots of patience. 
A word or two on the operating environment might be 

useful. It should be remembered that a teleprinter is like any 
other light machinery, and should be kept in warm dry 
conditions. The machine should always be covered when not 
in use and a plastic sheet is preferable for this purpose. Dust 
and/or a humid atmosphere can very quickly ruin any 
machinery. 

Many operators prefer to mount their teleprinter on a 
trolley rather than occupy valuable bench space. This course 

of action allows the printer to be mounted a little lower than 
the standard table height of 30 inches. A keyboard height 
of around 24 inches will be found convenient. 

A good deal of thought on station layout is often necessary 
to avoid an advanced state of chaos during an rtty contact. 
It should be possible to reach the receiver and all station 
controls from the operating position. Where an auto trans¬ 
mitter is used this should also be to hand. 

If two teleprinters are available one machine can be used 
to take incoming copy, while the other, if equipped with a 
perforator, may be used to punch tape for subsequent trans¬ 
mission. The second machine would operate on a separate 
local loop to avoid interference with the incoming signals. 

Fig 10.29 is a block diagram of a typical rtty station using 
the ST5 terminal described earlier in this chapter. 

RTTY—where to find it 

Most amateur rtty activity on hf takes place in the 80 
and 20m bands, typical frequencies being 3 590MHz and 
14 090MHz, both ±10kHz. In Europe, most activity on vhf 
is found around 144-6MHz (fsk) and 145-3MHz (afsk), but in 
the UK 70 56MHz is also utilized. The uhf rtty frequencies 
are 432 6MHz (fsk) and 433-3MHz (afsk). 

When receiving rtty signals for the first time, find a strong 
amateur rtty signal and make sure that the terminal unit is 
set to the correct shift. Set up the incoming signal levels and 
frequencies by adjustment of the receiver with reference to 
the display on the monitor scope, and there should then be 
no trouble in copying the signal. 

References 

Further and more detailed information on rtty can be 
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publish regular information on developments in the rtty 
field. 
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CHAPTER I I 

PROPAGATION 

ANY reader who consults this chapter in the belief that 
it contains the key to all his propagation problems is 

due for a disappointment, because the hard truth is that 
few such problems can be solved precisely, even in retrospect, 
for the simple reason that there are too many unknown 
variables involved. Whereas we know, for example, the 
relationship between the voltage across a carbon resistor and 
the current flowing through it and can draw a graph through 
just two points which will save us the trouble of having to 
work out any of the others in between, a line, such as that 
which appears to relate the field strength of a 300MHz 
signal with distance from the transmitter to a similar 
degree of precision has, in all probability, come about as a 
best-fit curve through a broad spread of points measured 
over quite a considerable period. 

Thus many of the graphs which follow must be regarded 
as displaying statistical trends rather than hard-and-fast 
equalities, and they can no more predict an isolated S-meter 
reading than can a knowledge of the mean monthly tem¬ 
perature for August tell one whether or not to wear a jacket 
to the office sports. 

With that reservation it is the purpose of this chapter to 
describe some of the various processes which play a part in 
determining the progress of a radio wave from the trans¬ 
mitting aerial to the receiver. The object has been to treat the 
material as a single topic, with no clear-cut divisions for 
uhf, vhf, hf, etc, because there are no definite limits to most 
of the issues involved. In the space available there is room 
only to indicate the broad outlines of a very large subject. 

The RSGB, in common with a number of other national 
societies, conducts a continuing programme of research into 
certain aspects of a more specialized nature than can be 
dealt with here and, in that connection, it should be noted 
that the field of radio propagation is one in which radio 
amateurs can still usefully contribute something to comple¬ 
ment the work of professionals. 

A study of radio propagation should properly begin with a 
section about the sun, for it is there that most of the direct 
influences on our signal paths have their origin. 

But to start there in this account would mean trying to 
explain the relationships between causes and effects without 
first defining the nature of the effects. 

Therefore it seems preferable to examine first the make-up 
of our earth’s atmosphere where the action takes place, as 
much to introduce and define the regions of interest as to 
show the scale on which they are arranged, and then to 
review certain fundamental considerations and the various 
modes by which radio waves may be propagated before 
attempting to describe the sun and its radiations, and the 
part they play in determining the properties of the medium 
through which radio waves pass. 

The Earth’s Atmosphere 

There is a certain amount of confusion surrounding any 
attempt to identify various portions of the earth’s atmosphere, 
and this has come about as a result of there being no obvious 
natural boundaries, as there are between land and sea. 
Workers in different disciplines have different ideas about 
which functions ought to be separated and it is particularly 
awkward for the radio engineer that he has to deal with the 
troposphere and stratosphere, which are terms from one set 
of divisions, and the ionosphere, which is from another. 
The diagram Fig 11.1 shows the nomenclature favoured 

by meteorologists and now widely accepted among physicists 
generally. It is based on temperature variations, as might be 

Fig 11.1. Some features of the earth's atmosphere. The height scale 
is logarithmic beginning at 1km above sea level. The equivalent 
pressure scale on the right is not regularly spaced because the 
relationship between pressure and height depends on temperature, 

which does not change uniformly with height. 
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expected from its origin. (Note, incidentally, that the height 
scale of kilometres on the diagram is a logarithmic one). 

In the troposphere, the part of the atmosphere nearest the 
ground, temperature tends to fall off with height. At the 
tropopause, around 10km, (although all these heights vary 
from day to day and from place to place), it becomes fairly 
uniform at first and then begins to increase again in the 
region known as the stratosphere. This trend reverses at the 
stratopause, at an altitude of about 50km, to reach another 
minimum at the mesopause (ca 80km) after traversing the 
mesosphere. Above the mesopause temperatures begin to rise 
again in the thermosphere, soon surpassing anything en¬ 
countered at lower altitudes, and levelling off at about 
+ 1200° C around 700km, where we must leave it in this 
survey. 
The ionosphere, which has been defined as "The region 

above the earth’s surface in which ionisation takes place, with 
diurnal and annual variations which are regularly associated 
with ultra-violet radiation from the sun, and sporadic 
variations arising from hydrogen bursts from sunspots” 
(Chambers’ Technical Dictionary), overlaps the thermo¬ 
sphere, mesosphere and part of the stratosphere, but for 
practical purposes may be considered as lying between 60 
and 700km. The name ionosphere is perhaps misleading 
because it is the number of free electrons, rather than the 
ions they have left behind, which principally determines the 
electrical properties of the region. The electron density 
curve in the diagram shows a number of “ledges”, identified 
by the letters D, E, Fl and F2, which are the concentrations 
of free electrons described as “layers” later on, when dealing 
with propagation in the ionosphere. They tend to act as 
mirrors to transmissions of certain wavelengths, while 
allowing others to pass through. The lowest ledge is generally 
referred to as the D-region, rather than the D-layer, because, 
as we shall see, its principal role is one of absorption rather 
than reflection, and its presence is usually easier to infer 
than it is to observe. 

It may be found helpful to refer to this diagram again when 
features of the ionosphere and troposphere are dealt with in 
later sections of this chapter. 

FUNDAMENTAL CONSIDERATIONS 

Radiation 

The transmitted signal may be regarded as a succession of 
concentric spheres of ever-increasing radius, each one a unit 
of one wavelength apart, formed by forces moving outwards 
from the aerial. These hypothetical spherical surfaces, called 
wave-fronts, approximate to plane surfaces at great distances. 

There are two inseparable fields associated with the trans¬ 
mitted signal, an electric field due to voltage changes and a 
magnetic field due to current changes, and these always 
remain at right-angles to one another and to the direction of 
propagation as the wave proceeds. They always oscillate in 
phase and the ratio of their amplitudes remains constant. 
The lines of force in the electric field run in the plane of the 
transmitting aerial in the same way as would longitude lines 
on a globe having the aerial along its axis. The electric field 
is measured by the change of potential per unit distance, and 
this value is referred to as the field strength. 

The two fields are constantly changing in magnitude and 
reverse in direction with every half-cycle of the transmitted 
carrier. As shown in Fig 11.2, successive wave-fronts passing 
a suitably-placed second aerial induce in it a received signal 

Fig 11.2. The fields radiated from a transmitting aerial, (a) The 
expanding spherical wavefront consists of alternate reversals of 
electric field, with which are associated simultaneous reversals of 
the magnetic field at right angles to it, as shown in (b) and (c). The 
dotted arcs represent nulls. The lower diagrams should be inter¬ 
preted as though they have been rotated through 90J of arc, so that 

the magnetic field lines are perpendicular to the page. 

which follows all the changes carried by the field and there¬ 
fore reproduces the character of the transmitted signal. 

By convention the direction of the electric lines of force 
defines the direction of polarization of the radio waves. Thus 
horizontal dipoles propagate horizontally polarized waves 
and vertical dipoles propagate vertically polarized waves. In 
free space, remote from ground effects and the influence of 
the earth’s atmosphere, these senses remain constant and a 
suitably aligned receiving aerial would respond to the whole 
of the incident field. When the advancing wave-front 
encounters the surface of the earth or becomes deflected by 
certain layers in the atmosphere a degree of cross-polarization 
may be introduced which results in signals arriving at the 
receiving aerial with both horizontal and vertical components 
present. Circularly polarized signals, which contain equal 
components of both horizontal and vertical polarization, are 
receivable on dipoles having any alignment in the plane of 
the wavefront, but the magnitude of the received signal will 
be only half that which would result from the use of an 
aerial correctly designed for such a form of polarization (it 
must not be overlooked that there are two forms, differing 
only in their direction of rotation). Matters such as these are 
dealt with in detail in Chapter 13— VHFIUHF aerials. 

Field Strength 

As the energy in the expanding wave-front has to cover an 
ever-increasing area the further it travels, the amplitude of 
the signal induced in the receiving aerial diminishes as a 
function of distance. Under “free-space” conditions an 
inverse square-law relationship applies, but in most cases 
the nature of the intervening medium has a profound, and 
often very variable, effect on the magnitude of the received 
signal. 

The intensity of a radio wave at any point in space may be 
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Fig 11.3. Field strength from an omnidirectional aerial radiating 
from 1kW to 1W into free space. This is an application of the “in¬ 

verse distance” law. 

expressed in terms of the strength of its electric field at right¬ 
angles to the line of the transmission path. The units used 
indicate the difference of electric force between two points 
one metre apart, and Fig 11.3 (which should not be used for 
general calculations as it relates only to free-space conditions) 
has been included here to give an indication of the magni¬ 
tudes of fields likely to be met with in the amateur service in 
cases where a more-or-less direct path exists between trans¬ 
mitting and receiving aerials and all other considerations may 
be ignored. In practice signal levels very much less than the 
free-space values may be expected because of various losses 
en route, so that field strengths down to about 1/xV/m need 
to be considered. 

Signal Input 

In many calculations dealing with propagation the para¬ 
meter of interest is not the field strength at a particular place 
but the voltage which is induced by it across the input of a 
receiver. If a half-wave dipole is introduced into a field and 
aligned for maximum signal pick-up, the open-circuit emf 
induced at its centre is given by the expression: 

where e = emf at the centre of the dipole, in volts 
E = the incident field strength in volts/metre 
A = the wavelength of the transmitted signal in 

metres. 
When connected to a matched feeder correctly terminated 

at the receiver the input voltage available will be half this, or 

e/2. By substituting frequency for wavelength the equation 
may be reduced to the more practical form: 

where Vr = microvolts of signal across the receiver input 
f = frequency of the transmitted signal in MHz 
E = the incident field strength in /xV/m. 

It should be noted that for a given frequency the first 
term becomes a constant factor. 

By a further rearrangement 

which enables the field to be estimated from the magnitude 
of the received signal in cases where the receiver is fed from a 
perfectly matched half-wave dipole. 

It is an advantage to work in decibels in calculations of 
this nature. If a standard level of 1/xV/m is adopted for field 
strength and of 1/xV for signal level it is a simple matter to 
take into account the various gains and losses in a practical 
receiving system. Fig 11.4 shows the terminated voltage at 
the receiver (Vo) in terms of decibels relative to l^V for a 
normalized incident field strength of l^V/m at the transmit¬ 
ter frequency, derived from expression (2). Then, 

Vr(dB) = Vo(dB) + Vi(dB) + Gr(dB) - L fr(dB) (4) 
where Vr(dB) = input to receiver in dB relative to 1/xV 

Vo(dB) = input in dB relative to l^V, for l^V/m 
incident field strength (from graph) 

Vi(dB) = the actual incident field strength in dB 
relative to 1/xV/m 

Gr(dB) = the gain in dB of the receiving aerial 
relative to a half-wave dipole 

Ltr(dB) = loss in the feeder line between aerial and 
receiver. 

Example. The incident field strength of a 70MHz trans¬ 
mission is 100/xV/m (or 40dB above 1/xV/m). A 3-element 
Yagi having a gain of 5dB over a half-wave dipole is con¬ 
nected to the receiver through 100ft of coaxial cable which 
introduces a loss of 2dB. From this, Vo = -3-5, Vi = +40, 
Gr = +5 and Ln = +2 (the fact that Ln is a loss is allowed 
for in Eqn (4)), and Vr = —3 5 + 40 + 5 — 2dB 

= 39-5dB relative to 1/xV, 
or a receiver input voltage of 94/xV. 

Fig 11.4. The relationship between the incident field strength on a 
half-wave dipole and the voltage at the receiver end of a correctly 

matched perfect feeder connected to it. 
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Fig 11.5. The spectrum of electro¬ 
magnetic waves. This diagram 
shows on a logarithmic scale the 
relationship between X-rays, 
“visible” and “invisible" light, 
heat (infra-red), radio waves and 
the very slow waves associated 
with geomagnetic pulsations, all 
of them similar in basic character. 

Table 11.1, a skeleton decibel table to slide rule accuracy, 
will be found useful in converting the rather unfamiliar 
looking values of decibels met with in radio propagation 
work into their corresponding voltage or power ratios. 

MODES OF PROPAGATION 

Introduction 

There are four principal modes by which radio waves are 
propagated. They are: 

Free-space waves, which are unaffected by any considera¬ 
tion other than distance, 

Ionospheric waves, which are influenced by the action of 
free electrons in the upper levels of the earth's atmosphere. 

Tropospheric waves, which are subject to deflection in the 
lower levels by variations in the refractive index structure of 
the air through which they pass, and 

Ground waves, which are modified by the nature of the 
terrain over which they travel. 

Free-space waves propagate from point-to-point by the 
most direct path. Waves in the other three categories are 

TABLE 11.1 
Skeleton decibel table to slide-rule accuracy 

Combine by 
multiplication 

Voltage ratios 

Combine 
by 

addition 

dB 

Combine by 
multiplication 

Power ratios 

up down up down 

1-01 X 10° 
102 X 10° 
103 x 10° 
105 x 10° 
106 x 10° 
107 x 10° 
108 x 10° 
1-10 x 10° 
1-11 x 10° 

1 12 x 10° 
1-26 x 10° 
1-41 X 10° 
1-58 X 10° 
1 78 X 10° 
2 00 x 10° 
2-24 x 10° 
2-51 x 10° 
2-82 x 10° 

3-16 x 10° 
100 x 10* 
3-16 x 10* 
100 X 10s 

3-16 x 10« 
100 x 10» 
3-16 x 10» 
100 x 10* 
3-16 x 10* 

1-00 x 10» 
100 x 10»° 

9 89 x 10- 1 

9 77 x 10- 1
9 66 x 10- 1 
9-55 x 10"» 
9 44 x 10- 1 
9 33 X 10~» 
9-23 X 10-* 
9 12 X 10-* 
902 x 10-» 

8 91 x 10-* 
7 94 x 10-* 
7 08 X 10~» 
6-31 x 10"» 
5-62 x 10-* 
5 01 X 10- 1 

4 47 x 10-1
3 98 x 10"» 
3 55 x 10“» 

3 16 x 10- 1 

1 00 x 10-* 
3-16 x 10-» 
1 00 x 10-» 
316 x 10-» 
1 00 x 10-» 
3-16 x 10-* 
1 00 x 10-* 
316 x 10-» 

1 00 x 10-» 
1 00 x 10-»° 

01 
02 
0 3 
04 
0-5 
06 
07 
08 
09 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
20 
30 
40 
50 
60 
70 
80 
90 

100 
200 

102 x 10° 
1 05 x 10° 
107 x 10° 
1 10 x 10° 
1-12 x 10° 
1-15 x 10° 
1-17 x 10° 
1 20 x 10° 
1-23 x 10° 

1-26 x 10° 
1-58 x 10° 
2 00 x 10° 
2-51 x 10° 
3 16 x 10° 
3 98 x 10° 
5 01 x 10° 
6 31 x 10° 
7 94 x 10° 

1 00 x 10» 
1 00 X 10« 
1 00 x 10» 
1 00 x 10* 
1 00 x 10» 
1 00 x 10» 
1 00 x 107
1 00 x 10» 
1 00 x 10’ 

100 x 10*° 
1 00 x 10«° 

9 77 x 10-* 
9 55 x 10-* 
9-33 X 10"» 
9-12 x 10-» 
8 91 x 10"» 
8 71 x 10-» 
8 51 x 10-» 
8 32 x 10-» 
8 13 x 10-» 

7 94 X 10-» 
6-31 X 10-* 
5 01 X 10-» 
3 98 x 10-» 
3 16 x 10-» 
2-51 x 10-» 
1 99 x 10-» 
1 59 x 10-» 
1-26 x 10-» 

1 00 x 10- 1 

1 00 x 10-« 
1 00 x 10 » 
100 x 10-* 
1 00 x 10- 5 

1 00 x 10-» 
1 00 x 10- 7 

1 00 x 10- 8
1 00 x 10-’ 

1 00 x 10-»° 
1 00 x 10-«° 

Example: 39-5dB above 1ßV (voltage ratio). 
39-5dB = 30 + 9 4- 0 5dB 
Combining equivalents by multiplication 

- (3-16 X 10*) X (2 82 X 10°) X (106 x 10°) 
= 94 times 1pV, or 94mV. 

influenced by factors which make them tend to follow the 
curvature of the earth, either by reflection as with ionospheric 
waves, refraction as with tropospheric waves, or diffraction 
at the surface of the earth itself as with ground waves. 

Wavelength is the chief consideration which determines 
the mode of propagation of earth-based transmissions. 

The Spectrum of Electromagnetic Waves 

The position of man-made radio waves in the electro¬ 
magnetic wave spectrum is shown in Fig 11.5, where they 
can be seen to occupy an appreciable portion of a family of 
naturally-occurring radiations, all of which are characterized 
by inseparable oscillations of electric and magnetic fields 
and travel with the same velocity in free space. This velocity, 
2-99790 X 108m/s (generally taken as 3 x 108m/s in cal¬ 
culations) is popularly known as “the speed of light” 
although visible light forms but a minor part of the whole 
range. 

At the long wavelength end the waves propagate in a 
manner which is similar in many respects to the way in 
which sound waves propagate in air, although, of course, 
the actual mechanism is different. Thus, reports of heavy 
gunfire in the 1914-18 war at abnormal ranges beyond a 
zone of inaudibility revealed the presence of a sonic sky-
wave which had been reflected by the thermal structure of 
the atmosphere around 30km in height, and this has a 
parallel in the reflection of long wavelength radio sky-waves 
Oy the atomic structure of the atmosphere around 100km 
in height, which also leads to a zone of inaudibility at 
medium ranges. 

Radio waves at the other end of the spectrum show 
characteristics which are shared by the propagation of light 
waves, from which they differ only in wavelength. For 
example, millimetre waves, which represent the present 
frontier of practical technology, suffer attenuation due to 
scattering and absorption by clouds, fog and water droplets 
in the atmosphere—the same factors which determine 
“visibility” in the meteorological sense. 

The radio wave portion of the spectrum has been divided 
by the International Telecommunication Union into a 
series of bands based on successive orders of magnitude in 
wavelength. 

In Table 11.2 an attempt has been made to outline the 
principal propagation characteristics of each band, but it 
must be appreciated that there are no clear-cut boundaries 
to the various effects described. 

Wave Propagation in Free-Space 

The concept of “free-space” propagation, of a transmitter 
radiating without restraint into an infinite empty surrounding 
space, has been introduced briefly in the section on field 
strength where it was used to illustrate, in a general way, the 
relationship between the strength of the field due to a 
transmitter and the distance over which the waves have 
travelled. 
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TABLE 11.2 
A survey of the radio frequency spectrum 

ITU 
band 
No 

Metric name of band 
and limits by 
wavelength 

Alternative name of band 
and limits by 
frequency 

UK amateur bands by 
frequency (and usual 
description based on 

wavelength) 

Principal propagation 
modes 

Principal limitations 

4 

5 

6 

7 

8 

9 

10 

11 

12 

Myriametric 
100,000-10,000m 

Kilometric 
10,000-1,000m 

Hectometric 
1,000-100m 

Decametric 
100m-10m 

Metric 
10m-1 m 

Decimetric 
1 m-10cm 

Centimetric 
10cm-1cm 

Millimetric 
1cm-1mm 

Decimilimetric 
(sub-millimetric) 
1 mm-0'1 mm 

Very low frequency (vlf) 
3-30kHz 

Low frequency (If) 
3O-3OOkHz 

Medium frequency (mf) 
300-3,000kHz 

High frequency (hf) 
3-3OMHz 

Very high frequency (vhf) 
3O-3OOMHz 

Ultra high frequency (uhf) 
300-3,000MHz 

Super high frequency (shf) 
3-30GHZ 

Extra high frequency (ehf) 
3O-3OOGHZ 

300-3,000GHz 

1,800-2,000kHz (160m band) 
(also known as "Top band") 

3-5-3-8MHz (80m), 7 00-
710MHz (40m), 1400-
14 35MHz (20m), 21-00-
2145MHz (15m), 28-00-
2970MHz (10m) 
70025-70-7MHz(4m) 
144-146M Hz (2m) 

430-440MHz (70cm), 
1,21 5-1,325MHz (23cm) 
2,300-2,450MHz (13cm) 
3-4OO-3-475GHz (9cm) 
5-65O-5-85OGHz (6cm) 
10 000-10-500GHz (3cm) 
24 000-24-250GHz(12mm) 

Extensive surface wave. 
Ground - ionosphere space 
acts as a waveguide 
Surface wave and reflections 
from lower ionosphere 

Surface wave only during 
daylight. At night reflection 
from decaying E-layer 

Short-distance working via 
E-layer. Nearly all long-dis¬ 
tance working via F2-layer 

F2 occasionally at If end of 
band around sunspot maxi¬ 
mum. Irregularly by sporadic-
E and auroral-E. Otherwise 
maximum range determined 
by temperature and humidity 
structure of lower tropo¬ 
sphere 
Line-of-sight, modified by 
tropospheric effects 

Line-of-sight 

Line-of-sight 

Line-of-sight 

Very high power and very 
large aerials required. Few 
channels available 
High power and large aerials 
required. Limited number of 
channels available. Subject to 
fading where surface wave and 
sky wave mix 
Strong D - region absorption 
during day. Long ranges 
possible at night but signals 
subject to fading and con¬ 
siderable mutual interference 
Daytime attenuation by D-
region, E and F1-layer absorp¬ 
tion. Signal strength subject 
to diurnal, seasonal, solar¬ 
cycle and irregular changes 
Ranges generally only just 
beyond the horizon 

Atmospheric absorption effects 
noticeable at top of band 

Attenuation due to oxygen, 
water vapour and precipita¬ 
tion becomes increasingly 
important 
Atmospheric propagation 
losses create pass and stop 
bands. Background noise sets 
a threshold 
Present limit of technology 

It is only recently, with the advent of the Space Age, that 
we have acquired a practical opportunity to operate long¬ 
distance circuits under true free-space conditions as, for 
example, between space-craft and orbiting satellites, and it 
may be some considerable time before radio amateurs have 
direct access to paths of that nature. Earth-moon-earth 
contacts are becoming increasingly popular, however, and 
reception of satellite signals commonplace, and for these 
the “free-space” calculations apply with only relatively minor 
adjustments because such a large part of the transmission 
paths involved lie beyond the reach of terrestrial influences. 

In many cases, and especially where wavelengths of less 
than about 10 metres are concerned, the “free-space” cal¬ 
culations are even applied to paths which are subject to 
relatively unpredictable perturbations in order to estimate a 
convenient (and often unobtainable) ideal—a bogey for the 
path—against which the other losses may be compared. 

The basic transmission loss in free space is given by the 
expressions : 

Lbt = 3245 + 20 log f(MHz) + 20 log r(km) (5) 
Lbt = 36-6 + 20 log f(MHz) + 20 log r(miles) (6) 

where r is the straight line distance involved. 
If transmitter and receiver levels are expressed in either 

dBW (relative to 1 watt) or dBm (relative to 1 milliwatt)—it 
does not matter which providing that the same units are used 
for both—with other relevant parameters similarly given in 
terms of decibels it is a relatively simple matter to determine 

the received power at any distance by adding to the trans¬ 
mitter level all the appropriate gains and subtracting all the 
losses. 
Thus: 
Pr(dBm) = Pt(dBm) + Gt(dB) - L rt(dB) - L b[(dB) 

+ Gr(dB) - Ltr(dB) 
where Pr = Received power level (dBm or dBW). 

Pt = Transmitted power level (dBm or dBW) 
Gt = Gain of the transmitting aerial in the direction 

of the path, relative to an isotropic radiator 
Ltr = Transmitting feeder loss 
Lbt = Free-space transmission loss 
Gr = Gain of the receiving aerial in the direction of 

the path, relative to an isotropic radiator 
Ltr = Receiving feeder loss 

The free-space transmission loss may be estimated approxi¬ 
mately from Fig 11.6 which perhaps conveys a better idea of 
its relationship to frequency (or wavelength) and distance 
than the nomogram generally provided. Unless a large 
number of calculations have to be made it is no great 
hardship to use the formula for individual cases, should 
greater accuracy be desired. It should be noted that aerial 
gains quoted with respect to a half-wave dipole need to be 
increased by 2dB to express them relative to an isotropic 
radiator. 

Example. A 70MHz transmitter radiates 100W erp in the 
direction of a receiver 550km away. The receiving aerial has 
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FREQUENCY DISTANCE 
Gigahertz Megahertz Kilometres Moon 
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decibels 
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Free-space transmission loss between isotropic aerials 

Fig 11.6. The effects of frequency 
(or wavelength) and distance on 
the free-space transmission loss 
between isotropic aerials. The 
length on the diagram between 
points corresponding to frequency 
and distance on the upper scale 
corresponds to the free-space 
transmission loss measured from 
the zero decibel mark on the 

lower scale. 

a gain of 5dB over a half-wave dipole (2dB more over an 
isotropic radiator), and there is a 2d B loss in the feeder. 
In this case the effective radiated power is known, which 
takes the place of the terms Pt, Gt and Lrt. 

Perp = 100W = 105mW = 50dBm 
Lbt = 124 from Fig 11.6 or by use of the expressions 

(5) or (6) 
Gr = 7dB over an isotropic radiator 
Ln = 2dB 

Then Pt = Perp — N + Gr — Ln 
= 50 - 124 + 7 -2 
= — 69dBm, or 69dB below ImW 
= 12-6 x 10‘mW 

If this power is dissipated in an input impedance of 70 
ohms the voltage appearing across the receiver Vr is 
V PrZin, in this case V12 6 x 10 9 x 70 which is 94^V. This 
example deals with the same situation which was considered 
earlier in connection with field strength and offers an 
alternative method of calculating signal input. 

Wave Propagation in the Ionosphere 

It has been shown that a transmitted signal may be 
considered as consisting of a succession of spherical wave 
fronts, each one one wavelength apart, which approximate to 
plane surfaces at great distances. At certain heights in the 
upper atmosphere concentrations of negatively-charged free 
electrons occur, and these are set into oscillatory motion by 
the oncoming waves, which causes them to emit secondary 
wavelets having a phase which is 90 degrees in advance of 
the main wave. It is only in the forward direction that the 
original waves and their dependent wavelets combine 
coherently and their resultant consists of a wave in which 
the maxima and minima occur earlier than in the projection 
of the originating wave—-to all intents and purposes the 
equivalent of the wave having travelled faster in order to 
arrive earlier. The amount of phase advancement is a function 
of the concentration of electrons and the change of speed is 
greatest at long wavelengths, decreasing therefore as the 
signal frequency increases. 

The advancing wave-front, travelling, let us say, obliquely 
upwards from the ground, meets the layer containing the 
accumulation of free electrons in such a way that its upper 
portion passes through a greater concentration of charge 
than does a portion lower down. The top of the wave-front 
is therefore accelerated to a greater extent by the process just 
outlined than are the parts immediately below, which results 
in a gradual swing-round until the wave-front is being 
returned towards the ground as though it had experienced a 
reflection. 

The nearer the wave-front is to being vertically above the 
transmitter the more quickly must the top accelerate relative 
to the bottom, and the more concentrated must be the 
charge of electrons. It may be that the density of electrons is 

sufficiently high to turn even wave-fronts propagating 
vertically upwards (a condition known as vertical incidence), 
although it must be appreciated that deeper penetration into 
the layer is required as the propagation angle becomes 
steeper. 

Consider the circumstances outlined in Fig 11.7, where T 
indicates the site of a transmitting station and RI, R2 and R3 
three receiving sites. For a given electron concentration there 
is a critical frequency, fo, which is the highest to return from 
radiation directly vertically upward. Frequencies higher than 
this will penetrate the layer completely and be lost in space, 
but their reflection may still be possible at oblique incidence 
where waves have to travel a greater distance within the 
electron concentration. This is not the case at point A in the 
diagram, so that reception by sky-wave is impossible at R 
under these circumstances, but at a certain angle of incidence 
to the layer (as at point B) the ray bending becomes just 
sufficient to return signals to the ground, making R2 the 
nearest location relative to the transmitter at which the 
sky-wave could be received. The range over which no 
signals are possible via the ionosphere is known as the skip 
distance, and the roughly circular area described by it is 
called the skip zone. Lower angle radiation results in longer 
ranges, as to point R3 from a reflection at C, until further 
extensions are prevented by the curvature of the earth. 

For oblique incidence on a particular path (eg the ray 
from T to R3 via point C in the ionosphere) there is a 
maximum usable frequency (muf), generally much higher 
than the critical frequency was at vertical incidence, which 
is approximately equal to fo/cos <¡>, where f is the angle of 
incidence of the ray to the point of reflection, as is shown in 
the figure. The limiting angle which defines the point at which 
reflections first become possible is called the critical wave 
angle, and it is this function which determines the extent of 
the skip zone. The relationship between the two is shown in 
Fig 11.8 where the two curves relate to ionospheric layers 
at approximately 120km and 400km above the ground. 

This mechanism is effective for signals in excess of about 
100kHz, for which the concentration of electrons appears as 
a succession of layers of increasing electron density having 

Fig 11.7. Wave propagation via the ionosphere. T is the site of a 
transmitter, R1, R2 and R3 are the sites of three receivers. The 
significance of the ray at vertical incidence (dotted) and the three 

oblique rays is explained in the text. 
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Fig 11.8. Relationship between 
angles of take-off and resulting 
path-length. The two ionospheric 
layers are presumed to be at 
heights of 120km and 400km 

respectively. 

the effect of progressively bending the rays as the region is 
penetrated. 

Below 100kHz the change in concentration occurs within 
a distance which is small compared to the wavelength and 
which therefore appears as an almost perfect reflector. Waves 
are propagated in that way over great distances by virtue of 
being confined between two concentric spheres, one being 
the lower edge of the layer and the other the surface of the 
earth. 

During the hours of daylight the quantity of free electrons 
in the lower ionosphere becomes so great that the oscillations 
set up by incident waves are heavily damped on account of 
energy lost by frequent collisions with the surrounding 
neutral air particles. Medium wave broadcast band signals 
are so much affected by this as to have their sky-waves 
completely absorbed during the day, leading to the familiar 
rapid weakening of distant stations around dawn and their 
subsequent disappearance at the very time when the reflecting 
layers might otherwise be expected to be most effective. The 
shorter wavelengths are less severely affected, but suffer 
attenuation nevertheless. 

A certain amount of cross-polarization occurs when 
ionospheric reflections take place so that the received signals 
generally contain a mixture of both horizontal and vertical 
components irrespective of which predominated at the 
transmitting aerial. 

Ionospheric scatter propagation does not make use of the 
regular layers of increased electron density. Instead forward 
scattering takes place from small irregularities in the iono¬ 
sphere comparable in size with the wavelength in use 
(generally around 8m or about 35MHz). With high powers 
and very low angles of radiation, paths of some 2,000km are 
possible and this mode has the advantage of being workable 
in auroral regions where conventional hf methods are often 
unreliable, but only a very small proportion of the trans¬ 
mitted power is able to find its way in the desired direction. 

Wave Propagation in the Troposphere 
The troposphere is that lower portion of the atmosphere in 

which the general tendency is for air temperature to decrease 
with height. It is separated from the stratosphere, the region 
immediately above, where the air temperature tends to 
remain invariant with height, by a boundary called the 
tropopause, at around 10km. The troposphere contains all 
the well-known cloud forms and is responsible for nearly 

everything loosely grouped under the general heading of 
“weather”. 

Its effect upon radio waves is to bend them, generally in 
the same direction as that taken by the earth’s curvature, not 
by encounters with free electrons or layers of ionization, but 
as a result of successive changes in the refractive index of the 
air through which the waves pass In optical terms this is the 
mechanism responsible for the appearance of mirages, where 
objects beyond the horizon are brought into view by ray¬ 
bending, in that case resulting from temperature changes 
along the line-of-sight path. In the case of radio signals the 
distribution of water-vapour also plays a part, often a major 
one where anomalous propagation events are concerned. 

The refractive index, n, of a sample of air can be found 
from the expression n = 1 + 10' ’N, where N is the refracti¬ 
vity expressed by: 

_T 77-6P , 4810 e 
N = — + — 

P being the atmospheric pressure in millibars 
e the water vapour-pressure, also in millibars, and 
T the temperature in degrees absolute. 

Substituting successive values of P, e and T from a standard 
atmosphere table shows that there is a tendency for refractive 
index to decrease with height, from a value just above unity 
at the earth’s surface to unity itself in free space. This 
gradient is sufficient to create a condition in which rays are 
normally bent down towards the earth, leading to a similar 
state of affairs as that which would result from the radio 
horizon being extended to beyond the optical line-of-sight 
limit by an average of about 15 per cent. 

The distance, d, to the horizon from an aerial of height h 
is approximately V2ah, where a is the radius of the earth and 
h is small compared with it. The effect of refraction can be 
allowed for by increasing the true value of the earth’s radius 
until the ray paths, curved by the refractive index gradient, 
become straight again. This modified radius a' can be found 
from the expression: 

1 1 dn 
a' a dh 

where dn/dh is the rate of decrease of refractive index with 
height. The ratio a '/a is known as the effective earth radius 
factor, k, so that the distance to the radio horizon becomes 
d = V 2kah. 
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Fig 11.9. Effective earth radius corresponding to various values of 
surface refractivity. A curved ray-path drawn over an earth section 
between terminals may be rendered straight by exaggerating the 
earth’s curvature. An average value often used is equal to 1-33 times 
the actual radius; this is sometimes referred to as “the four-thirds-

earth approximation”. (Based on CCIR Report 244.) 

An average value Tor k, based on a standard atmosphere, 
is 1-33 or 4/3 (whence a common description of this conven¬ 
tion, “the four-thirds earth”). This leads to the very simple 
relationship, often used when refraction effects in the tropo¬ 
sphere must be taken into account, d \ 2h, provided that 
in this case d is expressed in miles and h in feet, the various 
factors conveniently cancelling out. Notes relating to the 
construction of path profiles using this convention will be 
found in a later section of this chapter. When the four-thirds 
earth concept is known to be inappropriate an estimate of a 
suitable value for k can be obtained from the surface 
refractivity Ns (obtained from Fig 11.9), using for N the 
value obtained from ground-level readings of pressure, 
temperature and vapour pressure. 

Waves of widely separated length are liable to be disturbed 
by the troposphere in some way or other, but it is generally 
only those shorter than about 10m (over 30MHz) which 
need be considered. There are two reasons for this; one is 
that usually ionospheric effects are so pronounced at the 
longer wavelengths that attention is diverted from the com¬ 
paratively minor enhancements due to the refractive index 
structure of the troposphere, and the other that anomalies, 
when they occur, are often of insufficient depth to accom¬ 
modate waves as long as, or longer than, 10m. For 
example, it might be that the decrease of refractive index 

with height becomes so sharp in the lower 100m of the 
troposphere, that waves are trapped in an atmospheric duct, 
within which they remain confined for abnormally long 
distances. The maximum wavelength which can be trapped 
completely in a duct of 100m thickness is about Im 
(corresponding to a frequency of 300MHz), for example, so 
that the most favourable conditions are generally found in 
the vhf, uhf bands, or above. The relationship between maxi¬ 
mum wavelength A and duct thickness t is shown in the 
expression : 

t = 500 A2/3
where both t and A are expressed in centimetres. 

At centimetre wavelengths signals propagated through the 
troposphere suffer rapid fluctuations in amplitude and phase 
due to irregular small-scale variations in refractive index 
which give rise to continuous changes known as scintillations, 
and they are also attenuated by water in the form of pre¬ 
cipitation (rain, snow, hail, etc) or as fog or cloud. As 
Table 11.3 shows, this effect increases both with radio 
frequency and with either the rate of rainfall or the con¬ 
centration of water droplets. Precipitation causes losses by 
absorption and by random scattering from the liquid (or 
solid in the case of ice) surfaces and this scattering becomes 
so pronounced as to act as a “target” for weather radars 
which use these precipitation echoes to detect rain areas. 

At even shorter wavelengths resonances occur within the 
molecules of some of the gases which make up the atmo¬ 
sphere. Only one of these approximates to an amateur band, 
the attenuation at 22-23GHz due to water vapour. The 
principal oxygen resonances at around 60 and 120GHz are 
well beyond the reach of amateur activities, but are likely to 
prove to be limiting factors where professional work at 
millimetre wavelengths involves paths passing through the 
atmosphere, as opposed to outer space working. 

Wave Propagation Near the Ground 

Diffraction is an alteration in direction of the propagation 
of a wave due to change in velocity over its wave-front. Radio 
waves meeting an obstacle tend to diffract around it, and the 
surface of the earth is no exception to this. Bending comes 
about as a result of energy being extracted due to currents 
induced in the ground. These constitute an attenuation by 
absorption, having the effect of slowing down the lower parts 
of the wave-front, causing it to tilt forward in a way which 
follows the earth’s curvature. The amount of diffraction is 
dependent on the ratio of the wavelength to the radius of the 
earth and so is greatest when the waves are longest. It also 
depends on the electrical characteristics of the surface, 
namely its relative permeability (generally regarded as unity 

TABLE 11.3 
The attenuation in decibels per kilometre to be expected from various rates of rainfall and for various degrees of cloud intensity. 

Frequency band 

(GHz) 

Precipitation (mm/h) 
Fog or cloud water content 

(g/m3) (at0°C) 

100 50 25 10 1 2 35 042 0 043 

3 400-3 475 
5-65O-5 85O 

10-10 5 
21-22 
24 

48-49 

0-1 
06 
3-0 

13 0 
170 
300 

0-4 
025 
1-5 
60 
80 
170 

002 
01 
06 
2-5 
3 8 
9-0 

002 
0-2 
1-0 
1-5 
40 

001 
0-1 
0-1 
06 

009 
0-23 
0 94 
1-41 
470 

004 
0-17 
025 
084 

002 
003 
009 

100mm/h = tropical downpour; 50mm/h = very heavy rain; 25mm/h =heavy rain; 10mm/h =» moderate rain, 1mm/h light rain. 2-35g/m* = 
visibility of 30m; 0-42g/m’ = 100m; C-043g/m* = 500m. 
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TABLE 11.4 
Typical values of dielectric constant, conductivity and depth of wave penetration for various types 

of surface at various frequencies. 

Type of surface Dielectric 
constant 

€ 

Conductivity 
a 

(mho/m) 

Depth of penetration 
8 (m) 

1MHz 10MHz 100MHz 1,000MHz 

Sea water 0°C 
Fresh water 10°C 
Very moist soil 
Average ground 
Very dry ground 

80 
84 
30 
15 
3 

4-5 
1 X 10~’to1 X 10“’ 
5 X 10“’to2 X 10“’ 
5 X 10“4 to 5 X 10“’ 
5 X 10- 5to1 X 10-‘ 

0-25 
11 
5-5 

21 
95 

008 
9 
3 

16 
90 

002 
4 
2 

16 
90 

001 
0-2 
0 3 

16 
90 

for this purpose), its dielectric constant, e (epsilon), and 
conductivity, a (sigma). This diffracted wave is known as the 
surface wave. 

Moisture content is probably the major factor in determin¬ 
ing the electrical constants of the ground, which can vary 
considerably with the type of surface as can be seen from 
Table 11.4. The depth to which the wave penetrates is a 
function also of frequency, and the depth given by the 8 
(delta) value is that at which the wave has been attenuated to 
1 /e (or about 37 per cent) of its surface magnitude. 

At vhf and at higher frequencies the depth of penetration 
is relatively small and normal diffraction effects are slight. 
At all frequencies open to amateur use, however, the ground 
itself appears as a reflector, and the better the conductivity of 
the surface the more effective the reflection (Table 11.5). It is 
this effect which makes generalizations of wave propagation 
near the ground difficult to make for frequencies greater than 
about 10MHz where the received field is, more often than 
not, due to the resultant of waves which have travelled by 
different paths. 

Further aspects of propagation near the ground will be 
dealt with in the section on multiple-path propagation where 
it will be necessary to consider the consequences of operating 
with aerials at heights of one to several wavelengths above 
the ground. 

MULTIPLE-PATH EFFECTS 
Introduction 
The preceding descriptions of the various modes of 

propagation do not necessarily paint a very realistic picture 
of the way in which the signals received at a distant location 
depend on the radio frequency in use and the distance from 
the transmitter, excluding ionospheric components. The 
reason for this is that the wave incident on the receiving 
aerial is rarely only the one which has arrived by the most 
direct path but is more often the resultant of two or more 
waves which have travelled by different routes and have 
covered different distances in doing so. If these waves should 
eventually arrive in phase they would act to reinforce one 

another, but should they reach the receiving aerial in 
antiphase they would interfere with one another and, if they 
happened to be equal in amplitude, would cancel one 
another completely. 

These alternative paths may arise as a result of reflections 
in the horizontal plane (as in Fig 11.10(a), where a tall 
gasholder intercepts the oncoming waves and deflects them 
towards the receiving site) or in the vertical plane (as in 
Fig 11.10(b), where reflection occurs from a point on the 
ground in line-of-sight from both ends of the link). If the 
reflecting surface is stationary, as it ought to be in the two 
cases so far considered, the phase difference (whatever it 
may be) would be constant and a steady signal would result. 

It may happen that the surface of reflection is in motion, 
as it would be if it was part of an aeroplane flying along the 
transmission path. In that case the distance travelled by the 
reflected wave would be changing continually and the relative 
phases would progressively advance or retard through suc¬ 
cessive cycles (effectively an increase or decrease in 
frequency—-the Doppler effect}, leading to alternate enhance¬ 
ments and degradations as the two waves aid or oppose one 
another. This performance is one which is particularly 
noticeable on television receivers sited near an airport, and 
even non-technical viewers can instantly diagnose as “aircraft 
flutter” the fluctuations in picture brilliance which result. 
Any “ghost” image on the television picture is evidence of a 
second transmission path, and the amount of its horizontal 
displacement from the main picture is a measure of the 
additional transmission distance involved. So, with the 
reflection from the moving aircraft the displacement of the 
ghost picture will change as the path length changes, and its 
brilliance will reach a maximum every time the difference 
between the direct path and the reflected path is exactly a 
whole number of wavelengths. An analytical treatment of 
the appearance of aircraft reflections on pen recordings of 
distant signals has appeared in the pages of Radio Com¬ 
munication', see reference [I]. 

Because the waves along the reflected path repeat them¬ 
selves after intervals of exactly one wavelength, it is only 

TABLE 11.5 
The number of decibels to be subtracted from the calculated free-space field in order to take into account various combinations of ground 

conductivity and distance. The values are shown in each case for 1-8, 3-5 and 70 MHz. Vertical polarization is presumed. 

Distance 
(km) 

Free-space field in dB 
rel to I^V/m for a 
1kW transmitter 

Sea, a — 4 Land a = 3 X 10“* Land a = 3 X 10“’ Land c = 10“ 3

18 3 6 70 18 35 70 18 3 5 70 18 3 5 70 

3 
10 
30 

100 
300 

1,000 

100 
90 
80 
70 
60 
50 

1 
1 
1 
2 

10 
48 

1 
1 
2 
3 

12 
55 

1 
1 
2 
7 

23 

1 
6 
8 

18 
43 

3 
8 

18 
33 
61 

12 
22 
34 
51 
88 

8 
18 
28 
44 
68 

18 
29 
41 
56 
85 

30 
42 
51 
68 

19 
30 
40 
58 
78 

28 
38 
48 
63 

36 
47 
56 
73 

11.9 



RSGB—RADIO COMMUNICATION HANDBOOK 

GASOMETER 

DIRECT RAY 

PLAN VIEW 

ELEVATION 
Fig 11.10. Multipath effects brought about by reflections in (a) the 

horizontal plane, and (b) the vertical plane. 

the portion of a wavelength "left over” which determines 
the phase relationship in comparison with the direct-path 
wave. This suggests that relatively small changes in the 
position of a receiving aerial could have profound effects on 
the magnitude of the received signal when multiple paths 
are present, and this is indeed found to be the case, par¬ 
ticularly where the point of reflection is near at hand. 

Ground Wave Propagation 

It should now be evident why it was not possible to 
generalize on the relationship between distance and received 
signal strength when dealing with propagation near the 
ground. The surface wave, influenced by the diffraction 
effects considered earlier, is only one of the possible paths. 
If the spacing of the transmitting and receiving aerials is 
such that they are not hidden from one another by the 
curvature of the earth there will also be a space wave, made 
up of a direct wave and a ground-reflected wave, as suggested 
by Fig 11.11. The combination of this space wave and the 
diffracted surface wave form what is called the ground wave, 
and it may sometimes be difficult (and often perhaps 
unnecessary) to try to separate this into its three components. 

Beyond the radio horizon the direct and reflected rays are 
blocked by the bulge of the earth, and the range attained is 
then determined by the surface wave alone. This diffracted 
wave is strong at low frequencies (including the amateur 
160m band) but becomes less so as the carrier frequency 
increases and may be considered negligible at vhfand beyond. 
When occasional signals are received well beyond the horizon 
the dominant mechanism may be forward scatter. 

The strength of the reflected component of the space wave 
depends largely on the conductivity and smoothness of the 
ground at the point of reflection, being greatest where over¬ 
sea paths are involved, and least over dry ground and rock. 
An extensive treatment of the various factors concerned will 
be found in the Society’s journal [2]. If perfect reflection 
is presumed, the received field strength due to the interaction 
of one reflected ray with the direct ray can be estimated from 
the expression : 

2E0 . h,hA E = - ■ stn(2r 

where E is the resultant received signal strength, 

Eo is the direct-ray field strength, 
ht and hr the effective aerial heights above a plane tangential 
to the earth at the point of reflection, 
d is the distance traversed by the direct ray, and 
A the wavelength, all units being consistent (eg metres). 

It can be seen that the magnitude of the received signal 
depends on the relative heights of the two aerials, the 
distance between them, and, of course, the frequency. 

This relationship suggests that doubling the aerial height 
has the same effect on the received signal strength as halving 
the length of the path. In view of the respective distances 
involved it will be appreciated that an increase in the height 
of one of the aerials has a greater effect than a comparable 
horizontal movement towards the transmitter. 

The Effect of Varying Height 

A few moments of experiment with two pieces of cotton 
representing the two alternative ray paths will provide a 
convincing demonstration of the effect of altering the height 
of one or both of the aerials. An increase in height of (say) 
the receiving aerial has little effect on the length of the direct 
path, but the ground-reflected ray has to travel further to 
make up the additional distance and it therefore arrives at a 
later point on its cycle. The consequence is even more 
pronounced when it is realized that at very low angles of 
incidence, when the two aerials are at ground level, the 
indirect ray may well have experienced a phase change of 
180 degrees upon reflection so that the two components 
arrive roughly equal in magnitude but opposite in phase, so 
tending to cancel. As the height of one or both aerials is 
increased the space wave increases in magnitude and the 
field becomes the vector sum of the diffracted surface wave 
and the space wave. At even greater heights the effect of the 
surface wave can be neglected, while the intensity of the 
space wave continues to increase. 

In practice these considerations apply only to aerials 
carrying vhf, uhf and above. This is because it is not practic¬ 
able to raise aerials to the necessary heights at the longer 
wavelengths, and in any case the reception of ionospherically 
propagated waves imposes different requirements as regards 
angle of arrival. 

As with other functions which depend on earth constants 
for their effectiveness there is a marked difference between 
over-land and over-sea conditions. There is more to be 
gained by raising an aerial over land than over sea, for high 
frequencies than for low, and for horizontally-polarized 
waves rather than vertically polarized ones. 

The ratio of the received field at any given height above 
ground to the field at ground level due to the surface wave 
alone (presuming that the two components of the space 
wave have cancelled one another) is known as the Height¬ 
gain Factor. This can be expressed either as a multiplier, or 

Fig ll.ll. The diffracted surface wave S together with the space 
wave, composed in turn of a direct wave (a) and a reflected wave (b) 

and (c). 
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Fig 11.12. The effect of terrain on direct and indirect rays, showing 
the effective heights of the aerials when undertaking height-gain 

calculations. 

as the corresponding equivalent in decibels, using the voltage 
scale of relationships. 

Over flat ground there is little to be gained from raising 
aerials for frequencies below about 3MHz, unless it is to 
clear local obstacles, but it should not be overlooked that it 
may be desirable to raise aerials no matter what their 
frequency of operation for reasons unconnected with height¬ 
gain benefits—to increase the distance to the radio horizon, 
for example. 

The result of changing the receiving aerial height is by no 
means as predictable as some authorities would have us 
believe, and the subject is still a matter thought worthy of 
further investigation at some research establishments. The 
following figures summarize the gains to be expected after 
raising a receiving aerial from a height of 3m to a height 
of 10m above the ground, according to a current CCIR 
report [3], primarily concerned with television broad¬ 
casting frequencies but relevant nevertheless: 

50-lOOMHz 
18O-23OMHz 

450-1,000MHz 

Median values of height-gain 9-10dB 
Median values of height-gain 7dB in flat 
terrain and 4-6dB in urban or hilly areas 
Median values of height-gain very depen¬ 
dent on terrain irregularity. In suburban 
areas the median is 6-7dB, and in areas 
with many tall buildings 4-5dB 

A simple rule-of-thumb often adopted by radio amateurs is 
to reckon on a height-gain of 6dB for each time that the 
aerial height is doubled (eg if 12dB at 3m height, then 
expect 18dB at 6m, 24dB at 12m, etc), but the presence 

of more component waves than the two considered can 
lead to wide departures from this relationship, particularly 
in urban areas. 

If the terrain is not flat the result of altering the aerial 
height dépends largely on the position in the vertical plane 
of the reflection points relative to the two terminals. Thus in 
Fig 11.12 the situation shown in (a) corresponds to the one 
already considered. Should the two aerials be sited on hills, 
or separated by a valley, as at (b), there will be large 
differences in path length between the direct and ground-
reflected rays which alterations in aerial height will do little 
to alter so that elevating it is unlikely to have very much 
effect on the received signal strength. On the other hand, the 
presence of high ground between transmitter and receiver, as 
at (c), may make communication between them difficult at 
low aerial heights, and in that case there would be a great 
deal to be gained from raising them. In cases (b) and (c) the 
two aerials should be considered as having effective heights 
of h'T and h a respectively when dealing with height-gain 
calculations. 

If the intervening high ground has a relatively sharp and 
well-defined upper boundary, such as would be the case with 
a mountain ridge, the receiving aerial height at which signals 
cease might be much lower than would be expected from 
line-of-sight considerations, even when refractivity changes 
are taken into account. This is because of an effect known 
as knife-edge diffraction, which often enables 2m operators 
situated in the Scottish Highlands (to cite an instance) 
to receive signals from other stations which are apparently 
obscured from them by surrounding mountains. 

The Effect of Varying Distance 

The effect on the field strength of varying the distance 
between transmitter and receiver is shown in Fig 11.13, 
where, again, the result is due to the interference between 

Fig 11.13. Relationship between field-strength and distance at vhf and 
uhf. 
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the direct wave and the ground-reflected wave, passing 
through successive maxima and minima as the path 
difference becomes an exact odd or even number of half¬ 
wavelengths. (It must be remembered that a low-angle 
ground-reflection itself introduces a phase change of very 
nearly 180 degrees). The spacing of the maxima (which are 
greater in magnitude than the free-space value) is closer the 
higher the frequency of operation and the shorter the path 
for a given frequency. The most distant maximum will occur 
when the path difference is down to one half wavelength; 
beyond that the difference tends towards zero and the two 
waves progressively oppose one another, the field rapidly 
falling below the free-space estimate. If the aerial heights are 
raised the patterns move outwards. 

As with all these matters involving ground reflection there 
is a difference between the behaviour of horizontally and 
vertically polarized waves, and the foregoing description 
favours the former. The reflection coefficient and phase 
shift at the reflection point vary appreciably with the ground 
constants when vertical polarization is employed. In practice, 
whichever is used, the measured field strength may vary 
considerably from the calculated value because of the 
presence of other components due to local reflections. A 
fairly reliable first estimate for vhf and uhf paths up to about 
50km unobstructed length is just to allow for a possible 
increase or decrease of lOdB on the free-space figure. 

Fresnel Zones 

In all the explanations so far it has been presumed that 
reflection at a surface occurs at the point which enables the 
reflected ray to travel the shortest distance. 

Because the surfaces considered in radio propagation work 
are neither plane nor perfect reflectors, the received wave¬ 
form is the resultant of signals which have been reflected 
from an area, the size of which is determined by the frequency 
and by the separation of the terminal aerials, so that the 
individual reflected path lengths differ by no more than half 
a wavelength from one another. The locus of all the points 
surrounding the direct path which give exactly half a wave¬ 
length path difference is described by an ellipsoid of revolu¬ 
tion having its foci at the transmitting and receiving aerials 
respectively. A cross-section of this volume on an intersecting 
plane of reflection encloses an area known as the first 
Fresnel zone. 

The radius, R, of the first Fresnel zone at any point, P, 
is given by the expression 

_ Ad.d, 
dt + d2

where d, and d2 are the two distances from P to the ends of 
the path, and A is the wavelength, all quantities being in 
similar units. The maximum radius occurs when d, and d 2 

are equal. Thus, on an 80km path at a wavelength of 2m 
the radius of the first Fresnel zone at the mid-point is 200m, 
and this represents the clearance of the line-of-sight ray 
(corrected for refraction) necessary if the path is to be 
considered unobstructed. 

Higher orders of Fresnel zone surround the regions where 
similar relationships occur after separations of one¬ 
wavelength, two wavelengths, etc, but the conditions for 
reflection in the required direction rapidly become less 
favourable and Fresnel zones other than the first are rarely 
considered. 

Fig 11.14. Fading due to multipath reception. In case (a) the fre¬ 
quency in use is higher than the E-layer muf atthe points marked “x”, 
but lower at “y”, where the ray will suffer reflection. In case (b) the 
frequency is higher than the muf of the E-layer at all four contacts 

with it. 

Ionospheric Multi-path Effects 

The multiple-path effects so far considered have been 
mainly associated with vhf, uhf and shf where very low 
angles of radiation and reception are generally involved, and 
the wavelengths concerned are sufficiently small to enable 
optimum heights and favourable positions to be found for 
the aerials. 

When ionospherically propagated signals are of interest it 
is generally sufficient to regard the ground wave as a single 
entity, without attempting to separate it into its three 
components. When multi-path effects occur (as they fre¬ 
quently do) they may be between the ground wave and an 
ionospheric wave, between two ionospheric waves which 
may have been propagated by different layers, or, in the case 
of long range transmissions, by signals which have followed 
different paths entirely in different directions around the 
earth’s curvature, perhaps in several “hops” between the 
ionosphere and the ground. Whatever the cause the result 
is inevitably a fading signal. 

The ionosphere is not a perfect reflector; it has no definite 
boundaries and it is subject to frequent changes in form and 
intensity. These deficiencies appear on the received signal as 
continual small alterations in phase or frequency as the 
effective path length alters and, when only a single iono¬ 
spheric wave is present, can pass almost unnoticed by the 
average hf listener, who is remarkably tolerant of imper¬ 
fections on distant transmissions. However, when a second 
signal from the same source is present, which may be either 
the relatively steady ground wave or another ionospheric 
component, these phase or frequency changes become 
further emphasized by appearing as changes in amplitude 
as the waves alternately reinforce and interfere, and by 
distortion of modulated signals if the various sideband 
frequencies do not resolve back into their original form. 

Pen recordings of signal strength generally show very 
clearly the period of fading which results when two modes 
of propagation begin to interact, continuing until the second 
predominates. This could occur as a result of circumstances 
similar to those shown in Fig 11.14, where the receiver at 
R2 may receive signals either by double-hop off the ground 
(as in path (b)) or double-hop off an intermediate layer, path 
(a), depending on the relationship between the signal fre¬ 
quency and the maximum usable frequency at point y. The 
transition between one propagation mode and another is 
generally accomplished within a relatively short time. 

Occasionally very long-distance transmissions may be 
heard with a marked echo on their modulation. As the two 
signal components responsible have obviously travelled 
routes of markedly differing length they probably require 
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very different azimuths at both ends of the path. This effect 
is most noticeable on omnidirectional broadcast trans¬ 
missions and is minimized by the use of narrow-beam aerials 
for transmission and reception. 

Fading 
Fading is generally, though not exclusively, a consequence 

of the presence of multiple transmission paths. For that 
reason it is appropriate to include a summary of its causes 
here, although more properly some of the comments belong 
elsewhere in this chapter. 

Fading is a repetitive rise and fall in signal level, often 
described as being deep or shallow when referring to the range 
of amplitudes concerned, and slow or rapid when discussing 
the period. It is sometimes random, usually periodic, but 
occasionally double periodic, as when a signal with a rapid 
fade displays slow changes in mean level. Generally the 
fading rate increases with frequency because a particular 
motion in the ionosphere causes a greater phase shift at the 
shorter wavelengths. 

At vhf and uhf the fading rate is often closely associated 
with the pattern of atmospheric pressure at the surface, 
tending to become slower during periods of high pressure. 
This can be particularly noticeable on a pen recording of 
signal strength taken while a ridge of high pressure moves 
along the transmission path, the slowest rate occurring as 
the ridge crosses the mid-point. 

Interference fading, as its name implies, is caused by 
interference between two component waves when one or 
both path lengths are changing, perhaps due to fluctuations 
in the ionosphere or troposphere, or due to reflections from 
a moving surface. The period is relatively short, usually up to 
a few seconds. Fast interference fading is often called flutter. 
Auroral flutter comes in this category, being caused by 
motion of the reflecting surfaces. 

Polarization fading is brought about by continuous changes 
in polarization due to the effect of the earth’s magnetic field 
on the ionosphere. Signals are at a maximum when they 
arrive with the same polarization as the receiving aerial. 
Period again up to a few seconds. 

Absorption fading, generally of fairly long period, is 
caused by inhomogeneities in the troposphere or ionosphere. 
Period up to an hour, or longer. 

Skip fading occurs when a receiver is on the edge of a skip 
zone and changes in muf cause the skip distance to shorten 
and lengthen. Highly irregular as regards period of fade. 

Selective fading is the name given to a form of fading 
characterized by severe modulation distortion in which the 
path length in the ionosphere varies with frequency to such 
an extent that the various sideband frequencies are differently 
affected. It is most severe when ground and sky waves are of 
comparable intensity. 

Scintillations are rapid fluctuations in amplitude, phase 
and angle-of-arrival of tropospheric signals, produced by 
irregular small-scale variations in refractive index. The term 
is also used to describe irregular fluctuations on hf signals 
transmitted through the ionosphere from satellites and other 
sources outside the earth. 

Diversity Reception 
The effects of fading can be countered to a certain extent 

by the use of more than one receiving system coupled to a 

common network which selects at all times the strongest of 
the outputs available. 

There are three principal versions in common use: 
Space diversity, obtained by using aerials which are so 

positioned as to receive different combinations of com¬ 
ponents in situations where multi-path conditions exist, 

Frequency diversity, realized by combining signals which 
have been transmitted on different frequencies, and 

Polarization diversity, where two receivers are fed from 
aerials having different planes of polarization. 

It is unlikely that any of these systems have any application 
in normal amateur activities, but they may be of interest in 
connection with research projects relating to the amateur 
bands. 

SOLAR AND MAGNETIC INFLUENCES 
The Sun 

Our sun is at the centre of a complex system consisting of 
nine major planets (including ours), five of which have two 
or more attendant moons, of several thousand minor 
planets (or asteroids), and of an unknown number of lesser 
bodies variously classed as comets or meteoroid swarms. 

It is a huge sphere of incandescence of a size which is 
equivalent to about double our moon’s orbit around the 
earth, but, despite appearances to the contrary, it has no 
true “edge” because nearly the whole of the sun is gaseous 
and the part we see with apparently sharp boundaries is 
merely a layer of the solar atmosphere called the photosphere 
which has the appearance of a bright surface, preventing us 
from seeing anything which lies beneath. 

Beyond the photosphere is a relatively cooler, transparent 
layer called the chromosphere, so named because it has a 
bright rose tint when visible as a bright narrow ring during 
total eclipses of the sun. From the chromosphere great fiery 
jets of gas, known as prominences, extend. Some are slow-
changing and remain suspended for weeks, while others, 
called eruptive prominences, are like narrow jets of fire moving 
at high speeds and for great distances. 

Outside the chromosphere is the corona, extending a 
distance of several solar diameters before it becomes lost in 
the general near-vacuum of interplanetary space. At the 
moment of totality in a solar eclipse it has the appearance of 
a bright halo surrounding the sun, and at certain times 
photographs of it clearly show it being influenced by the lines 
of force of the solar magnetic field. 

The visible sun is not entirely featureless—often relatively 
dark sunspots appear and are seen to move from east to 
west, changing in size, number and dimensions as they go. 
They are of interest for two reasons: one is that they provide 
reference marks by which the angular rotation of the sun 
can be gauged, the other that by their variations in number 
they reveal that the solar activity waxes and wanes in fairly 
regular cycles. The sun’s rotation period has been found to 
vary with latitude, with its maximum angular speed at the 
equator. The mean rotation period with respect to the stars 
is 25-38 mean solar days, but a more useful figure is the mean 
synodic rotation period of 27-2753 days, which is the time 
required for the sun to rotate until the same part faces the 
earth taking into account the earth’s steady motion around it. 
We shall have occasion to note these periods again when 
dealing with the recurrence of abnormal magnetic activity 
on the earth. 
The sun’s rotations have been numbered since 1853 
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Fig 11.15. Monthly mean values of Zurich sunspot numbers. The recurrence pattern is a very complex one and every cycle remains a 
mystery until it becomes certain that the next has begun. 

(Rotation 1651 commenced in 1977 on 28 January), and 
observations of solar features are referred to an imaginary 
network of latitudes and longitudes which rotates from east 
to west, as seen from the earth. A long-persistent feature 
which first appears at the east limb is visible for about 13J 
days before it disappears from sight at the west limb. For 
many purposes it is more convenient to refer the positions of 
noteworthy features to a related, but stationary set of co¬ 
ordinates, the heliocentric latitude and longitude, in which 
locations are described with respect to the centre of the 
visible disc. An important statistic relating to sunspots is the 
time of Central Meridian Passage. 

Sunspots are the visible manifestations of very powerful 
magnetic fields and adjacent spots often have opposite 
polarities. These intense magnetic fields also produce solar 
flares, which are emissions of hydrogen gas and are also 
responsible for the ejection of streams of charged particles 
and X-rays. 

Sunspot numbers have been recorded for over 200 years 
and it has been found that their totals vary over a fairly 
regular cycle occupying around 11 years. The numbers at 
sunspot maximum vary considerably from one cycle to the 
next as can be seen from Fig 11.15, but there are often 
periods at sunspot minimum when there are no spots at all. 

The sun also emits electromagnetic waves which cover a 
large portion of the radio section of the spectrum. There is a 
close correspondence between measurements made at a 
frequency of 2,8OOMHz and the physical counts of sunspots. 
The sun at radio frequencies is a larger body than the one 
outlined by the visible disc. Radio telescopes detect features 
which are usually situated in the vicinity of the corona, which 
accounts for the fact that they sometimes reveal disturbances 
beyond the limbs which travel across the disc at a faster rate 
than the spots beneath. 

The Solar Wind 
The solar corona was described in the last section as 

extending outwards until it became lost in interplanetary 
space. In fact it does not become lost at all, but turns into a 
tenuous flow of hydrogen which expands outwards through 
the solar system, taking with it gases evaporating from the 
planets, fine meteoric dust and cosmic rays. It becomes the 
solar wind. 

Near the sun the corona behaves as a static atmosphere, 
but once away it gradually accelerates with increasing dis¬ 
tance to speeds of hundreds of kilometres per second, the gas 
particles taking about nine days to travel the 150,000,000km 
to the earth, carrying with them a magnetic field (because 
the gas is ionized) which assumes a spiral form due to 
the sun’s rotation. It is the solar wind, rather than light 
pressure alone, which is responsible for comets’ tails flowing 
away from the sun, causing them to take on the appearance 
of celestial wind-socks. 

The existence of the solar wind was first detected and 
measured by space vehicles such as the Luniks, Mariner II 
and Explorer X, which showed that its speed and turbulence 
are related to solar activity. Regular measurements of solar 
wind velocity are now routine. 

There is thus a direct connection between the atmosphere 
of the sun and the atmosphere of the earth. In the circum¬ 
stances it is hardly surprising that solar events, remote 
though they may at first seem, soon make their effects felt 
here on earth. 

The Earth’s Magnetosphere 

It is well known that the earth possesses a magnetic field, 
for most of us have used a compass, at some time or another, 
to help us to get our “bearings”. We know from such 
experiences that the field appears to be concentrated at a 
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point somewhere near the north pole (and are p. epared to 
believe that there is another point of opposing polarity 
somewhere near the south pole). Popular science articles 
have familiarized us with a picture of field lines surrounding 
the earth like a section of a ring doughnut made up of 
onion-like layers. 

Because the particles carried by the solar wind are charged 
their movement produces a magnetic field which interacts 
with the geomagnetic field. A blunt shock-wave is set up, 
called the magnetosheath, and the wind flows round it 
rejoining behind where the field on the far side is stretched 
in the form of a long tail, the overall effect being reminiscent 
of the shape of a pear with its stalk pointing away from the 
sun. The region within the magnetosheath, into which the 
wind does not pass, is called the magnetosphere. 

On the earthward side the magnetosphere merges into the 
ionosphere. Inside the magnetosphere there are regions where 
charged particles can become trapped by geomagnetic lines 
of force in a way which causes them to oscillate back and 
forth over great distances. Particles from the solar wind can 
enter these regions (often called Van Allen belts after their 
discoverer) in some way as yet not perfectly understood. 

The concentration of electrons in the magnetosphere can 
be gauged from the ground by observations on “whistlers”, 
naturally-occurring audio-frequency oscillations of descend¬ 
ing pitch which are caused by waves radiated from the 
electric discharge in a lightning flash. These travel north and 
south through the ionosphere and magnetosphere from one 
hemisphere to another along the magnetic lines of force. The 
various component frequencies propagate at different 
speeds so that the original flash (which appears on an ordi¬ 
nary radio receiver as an “atmospheric”) arrives at the 
observer considerably spread out in time. The interval 
between the reception of the highest and lowest frequencies 
is a function of the concentration of electrons encountered 
along the way. 

These trapped particles move backwards and forwards 
along the geomagnetic field lines within the Van Allen belts 
and some collide with atoms in the ionosphere near the 
poles where the belts approach the earth most closely. Here 
they yield up energy either as ionization or illumination and 
are said to have been dumped. These dumping regions 
surround the two poles forming what is called the auroral 
zones. The radius of the circular motion in the spirals (they 
are of a similar form to that of a helical spring) is a function 
of the strength of the magnetic field, being small when the 
field is strong. Electrons and protons perform their circular 
motions in opposite senses, and the two kinds of spiralling 
columns drift sideways in opposite directions, the electrons 
eastward, the protons westward, around the world. Because 
of the different signs on the two charges these two drifts 
combine to give the equivalent of a current flowing in a ring 
around the earth from east to west. 

This ring current creates a magnetic field at the ground 
which combines with the more-or-less steady field produced 
from within the earth. We shall see later the sort of effects 
that solar disturbances have on the magnetosphere, the 
ionosphere, and the total geomagnetic field. 

The Quiet Ionosphere 
With the stage set to follow the antics of the ions and 

electrons deposited by dumping we must pause again, this 
time to examine the normal day-to-day working of the 

ionosphere, which is dependent for its chemistry on another 
form of incoming solar radiation. 
The gas molecules in the earth’s upper atmosphere are 

normally electrically neutral, that is to say the overall nega¬ 
tive charges carried by their orbiting electrons exactly 
balance the overall positive charges of their nuclei. Under 
the influence of ultra-violet radiation from the sun, however, 
some of the outer electrons can become detached from their 
parent atoms, leaving behind overall positive charges due to 
the resulting unbalance of the molecular structure. These 
ionized molecules are called ions, from which of course 
stems the word ionosphere. 

This process, called disassociation, tends to produce layers 
of free electrons, brought about in the following manner. 
At the top of the atmosphere where the solar radiation is 
strong there are very few gas molecules and hence very few 
free electrons. At lower levels, as the numbers of molecules 
increase, more and more free electrons can be produced, but 
the action progressively weakens the strength of the radia¬ 
tion until it is unable to take full advantage of the increased 
availability of molecules and the electron density begins to 
decline. Because of this there is a tendency for a maximum 
(or peak) to occur in the production of electrons at the level 
where the increase in air density is matched by the decrease 
in the strength of radiation. A peak formed in this way is 
known as a Chapman layer, after the scientist who first 
outlined the process. 

The height of the peak is determined not by the strength of 
the radiation but by the density/height distribution of the 
atmosphere and by its capability to absorb the solar radiation 
(which is a function of the uv wavelength) so that the layer 
is lower when the radiation is less readily absorbed. The 
strength of the radiation affects the rate of production of 
electrons at the peak, which is also dependent on the direc¬ 
tion of arrival. The electron density is greatest when the 
radiation arrives vertically and it falls off as a function of 
zenith distance, being proportional to cos x, where x is 
the angle between the vertical and the direction of the 
incoming radiation. As cos x decreases (ie when the sun’s 
altitude declines) a process of recombination sets in, 
whereby the free electrons attach themselves to nearby 
ions and the gas molecules revert to their normal neutral 
state. 

Experimental results have led to the belief that the E 
layer (at about 120 km) and the Fl layer (at about 200km) 
are formed according to Chapman’s theory as a result of two 
different kinds of radiation with perhaps two different 
atmospheric constituents involved. 

The uppermost layer, F2 (around 400km), which norm¬ 
ally appears only during the day, does not follow the same 
pattern, and is thought to be formed in a different way, 
perhaps by the diffusion of ions and electrons, but there are 
still a number of anomalies in its behaviour which are the 
subject of current investigation. These include the diurnal 
anomaly, when the peak occurs at an unexpected time during 
the day; the night anomaly, when the intensity of the layer 
increases during the hours of darkness when no radiation 
falls upon it; the polar anomaly, when peaks occur during 
the winter months at high latitudes, when no illumination 
reaches the layer at all; the seasonal anomaly, when mag¬ 
netically quiet days in summer (with a high sun) sometimes 
show lower penetration frequencies than quiet days in winter 
(with a low sun); and a geomagnetic anomaly where, at the 
equinoxes, when the sun is over the equator, the F2 layer is 
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Fig 11.16. Typical diurnal variations of layer heights for summer and winter at mini¬ 
mum and maximum states of the solar cycle. 

most intense at places to the north and south, separated by a 
minimum along the magnetic dip equator. It is thought that 
topside sounding from satellites probing the ionosphere from 
above the active layers may help to resolve some of these 
anomalies in F2 behaviour. 

The Regular Ionospheric Layers 
The various regular ionospheric layers were first defined by 

letters by Sir Edward Appleton who gave to the one prev¬ 
iously known as the Kennelly-Heaviside layer the label E 
because he had so marked it in an earlier paper denoting the 
electric field reflected from it, and to the one he had dis¬ 
covered himself the letter F, rather than call it the Appleton 
layer, as some had done. To the band of absorption below 
thus naturally fell the choice of the letter D, although this 
was generally referred to as a region rather than a layer 
because its limits are less easy to define. 

From comments already made it will be appreciated that 
the regular ionospheric layers which these letters define 
exhibit changes which are basically a function of day and 
night, season, and solar cycle. 

Most of our knowledge of the ionosphere comes from 
regular soundings made at vertical incidence using a 
specialized form of radar called an ionosonde, which 
transmits short pulses upwards using a carrier which 

TABLE 11.6 

is continuously varied in frequency from the 
medium-wave broadcast band through the 
hf bands to an upper limit of about 20MHz, 
but beyond if conditions warrant. Reflec¬ 
tions from the various layers are recorded 
photographically in the form of a graph 
called an ionogram, which displays virtual 
height (corresponding to radar range) as a 
function of signal frequency. Critical fre¬ 
quencies, where the signals pass straight 
through the layers, are read off directly. 
There are many such equipments in the 
world; the one serving the United Kingdom 
is located at the Appleton Laboratory 
(formerly the Radio and Space Research 
Station) at Slough, which is also the site of 
one of the World Data entries for the 
ionosphere. 
The two sets of diagrams (Fig 11.16 

and Fig 11.17) summarize the forms 
taken by the diurnal variations in height 
and critical frequency for two seasons 
of the year at both extremes of the sun¬ 
spot cycle. The actual figures vary 
very considerably from one day to the next, 
but an estimate of the expected monthly 

median values of maximum usable frequency and optimum 
working frequency between two locations at any particular 
year, month and time of day can be obtained from predic¬ 
tions published several months in advance by a number of 
research establishments. 

The critical frequencies of the E and Fl layers are a 
function of R, the smoothed Zürich relative sunspot number 
(which is predicted six months in advance for this purpose), 
and the cosine of the zenith distance %, the angle the 
sun makes with the local vertical, and thus, to a first approxi¬ 
mation 

foE = 0 9 [(180 + 1-44R) cos x] 0 25
(usually 'o within 0-2MHz of the observed values), 
and foFl = (4-3 + 0 01R) cos °-2 x 
which is less accurate because of uncertainty in the value of 
the exponent which varies with location and season. 

The F2 layer is the most important for hf communication 
at a distance, but is also the most variable. It is subject to 
geomagnetic control which impresses a marked longitudinal 
effect on the overall world pattern, causing it to lag behind 
the sub-solar point so as to give maximum values in critical 
frequency during the local afternoon. 

The F2 critical frequency f0F2 varies with the solar cycle, 
as shown in Table 11.6, which shows monthly median values 
for Slough, applicable to sunspot numbers of 0 and 150. 
In recent years it has been found possible to predict the 
behaviour of the F2 layer by extrapolation several months 

F2-layer critical frequencies at Slough. The two rows show mean 
median values of f0F2 in megahertz for three-months weighted mean 

sunspot numbers of 0 and 150. 

Jan Feb Mar Apr May Jun 

R, = 0 
R, = 150 

5-3 5-1 4-75 4 80 5 10 5 03 
12-17 12-42 11-67 9 88 8-23 7 70 

Jul Aug Sep Oct Nov Dec 

r3 - o 
Rs = 150 

4-72 4-75 4 90 5 69 5-58 5-32 
7 73 7 68 8 81 11-26 12 93 12-53 

TABLE 11.7 
MUF (maximum usable frequency) factors for various distances, 

assuming representative heights for the principal layers. 

Layer 
Distance 

1km 2km 3km 4km 

Sporadic E 
E 
Fi 

Ft winter 
F2 summer 

40 52 — — 
32 4 8 — — 
2 0 3-2 3 9 — 
1-8 3-2 3-7 4 0 
1-5 2-4 3-0 3-3 
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ahead, using an index known as IF2, 
which is based on observations made 
at about ten observatories. 
The maximum usable frequency 

which can be used on a particular cir¬ 
cuit can be calculated from the critical 
frequency of the appropriate layer by 
applying the relationship 

muf = fo sec i 
where i is the angle which the incident 
ray makes with the vertical through the 
point of reflection at the layer. The 
factor sec i is called the muf factor', it 
is a function of the path length if the 
height of the layer is known. Table 11.7 
shows typical figures obtained by 
assuming representative heights. The 
optimum working frequency is the 
highest of those available which does 
not exceed the muf. 

There is a lower limit to the band of 
frequencies which can be selected for a 
particular application. This is set by 
the lowest usable frequency, luf, below 
which the circuit becomes either un¬ 
workable or uneconomical because of 
the effects of absorption and the level 
of radio noise. Its calculation is quite a 
complicated process beyond the scope 
of this survey. 

It is often useful to be able to esti¬ 
mate the radiation angle involved in 
one- and two-hop paths via the E and 
F2 layers. Fig 11.18, again prepared for 
average heights, accomplishes this. It 
is a useful rule-of-thumb to remember 
that the maximum one-hop E range is 
about 2,000km, and the maximum one-
hop F2 range about 4,000km, both, of 
course, involving very low angles of 
take-off. 

Irregular Ionization 

Besides the regular E, Fl and F2 
layers there are often more localized 
occurrences of ionization which make 
their contribution to radio propaga¬ 
tion. They generally occur around the 
heights associated with the E layer and 
often the effects extend well into vhf, 
although the regular E layer can never 
be effective at frequencies of 30MHz 
or more. 

Sporadic E, (Es), generally appears 
as an intensification in ionization 
in the form of a horizontal sheet 
about 1km thick and some 100km 
across, at a height of around 100-
120km. It appears in a random 
manner but occurs more often 
and with greater intensity dur¬ 
ing the summer and more often 

Fig 11.17. Typical diurnal variations of layer critical frequencies 
the extremes of the solar cycle. 

for summer and winter at 

Fig 11.18. Radiation angle involved in one-hop and two-hop paths via E and F2 layers. (From 
N8S publication “Ionospheric Radio Propagation", p191.) 
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Fig 11.19. Seasonal variation of meteor activity, based on a daily 
relative index. Prepared from tables of 24h counts made by Dr Peter 
Millman, National Research Council, Ottawa.The maximum rate 
corresponds to an average of about 300 echoes per hour, correspond¬ 

ing to an equivalent visual magnitude of 6 or greater. 

during the daytime. It is rare between 0000 and 0600 local 
time, and normally peaks around 1000. Clouds of Es tend to 
drift towards the equator in the temperate zone and to move 
westward in the equatorial zone. Their formation is thought 
to be associated with wind shears. They can be effective up to 
about 90MHz, and are often responsible for severe tv 
interference from the European Continent. VHF propaga¬ 
tion from sporadic E rarely occurs at distances of less than 
500km, but two-hop reflections are possible, either from a 
single cloud or from two which are adjacent, making possible 
ranges of up to 4,000km. 

Auroral E is closely correlated with geomagnetic dis¬ 
turbances. In the northern hemisphere most reports of 
auroral echoes come from stations located within 1,100km 
of the zone of maximum auroral occurrence. Reports from 
stations further south coincide with auroral storms, when the 
displays extend further from the pole. There is a fairly good 
correlation between radio and visual aurora, particularly at 
between 50 and 100MHz. Radar observations show diffuse 
echoes when quiet auroral forms are observed and discrete 
echoes when rayed structures are present. Radar ranges are 
usually 400-1,100km, but ranges of up to 4,700km have been 
reported, probably resulting from multiplc-hop reflection. 
The reflecting level is generally around 110km. There is a 
characteristic fading rate ranging from 50-250 per second, 
with Doppler shifting and an unmistakable tone. “Open¬ 
ings” on the 10, 4 and 2m amateur bands generally 
exhibit two phases of activity with bistatic transmission 
paths favouring stations on similar latitudes, each beaming 
well north of the direct path between them. The activity 
generally gradually extends southward, often ceasing 
abruptly while the longest paths are open. 

Meteoric ionization is caused by the heating to incan¬ 
descence by friction of small solid particles entering the 

earth’s atmosphere. This results in the production of a long 
pencil of ionization extending over a length of 15km or 
more, chiefly in the height range 80 to 120km. It expands by 
diffusion and rapidly distorts due to vertical wind shears. 
Most trails detected by radio are effective for less than one 
second, but several last for longer periods, occasionally up 
to a minute and very occasionally for longer. There is a 
diurnal variation in activity, most trails occurring between 
midnight and dawn when the earth sweeps up the particles 
whose motion opposes it. There is a minimum around 1800 
local time, when only meteors overtaking the earth are 
observed. The smaller sporadic meteors, most of them 
about the size of sand grains, are present throughout the 
year, but the larger shower meteors have definite orbits and 
predictable dates. Fig 11.19 shows the daily and seasonal 
variation in meteor activity, based on a 24-hour continuous 
watch. Intermittent communication is possible using meteoric 
ionization between stations whose aerials have been pre¬ 
aligned to the optimum headings of 5 to 10 degrees to one 
side of the great-circle path between them. Small bursts of 
signal, referred to as pings, can be received by meteor scatter 
from distant broadcast (or other) stations situated 1,000-
1,200km away (eg, for the south of England, Gdansk on 
70-31 MHz.) 

Using the technique known as ionospheric scatter signals 
can be propagated over distances ranging between 1,000 and 
2,000km at 3O-6OMHz by scattering from a volume in the 
lower D region of the ionosphere common to both trans¬ 
mitting and receiving aerials. The useful bandwidth is 
restricted to less than 10kHz and high power is necessary, 
but some useful immunity from fade-outs is claimed. 

Geomagnetism 

The earth's magnetic field is the resultant of two com¬ 
ponents, a main field originating within the earth, roughly 
equivalent to the field of a centred magnetic dipole inclined 
at about 11° to the earth's axis, and an external field pro¬ 
duced by changes in the electric currents in the ionosphere. 

The main field is strongest near the poles and exhibits slow 
secular changes of up to about 0 1 per cent a year. It is 
believed to be due to self-exciting dynamo action in the 
molten metallic core of the earth. 

The field originating outside the earth is weaker and very 
variable, but it may amount to more than 5 per cent of the 
main field in the auroral zones, where it is strongest. It 
fluctuates regularly in intensity according to annual, lunar 
and diurnal cycles, and irregularly with a complex pattern of 
components down to micropidsations of very short duration. 

Certain observatories are equipped with sensitive mag¬ 
netometers which record changes in the field on at least 
three different axes, the total field being a vector quantity 
having both magnitude and direction. In the aspect of 
analysis which is of interest to us the daily records, called 
magnetograms, are read-off as eight K-indices, which are 
measures of the highest positive and negative departures 
from the “normal” daily curve during successive three-
hourly periods, using a quasi-logarithmic scale ranging from 
0 (quiet) to 9 (very disturbed). The various observatories do 
not all use the same scale factors in determining K-indices; 
the values are chosen so as to make the frequency distribu¬ 
tions similar at all stations. Most large magnetic disturbances 
are global in nature and appear almost simultaneously all 
over the world. Another, but similar, indicator is the plane¬ 
tary index, Kp, which is graded on a finer scale of 0 to 9+ 
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nL,J’20;GeO!TÍB"®tÍC ac,t,i¥ity dia*.ra™- The black areas indicate sequences where a K-figure of 5 or more was recorded at Lerwick 

(in thirds), and is formed by combining the K-figures from 
12 selected observatories. K (or Kp) indices of 5 or more 
may be regarded as indicative of magnetic storm conditions. 

There is a tendency for 27-day recurrences in abnormal 
geomagnetic activity, linked to the solar synodic rotation 
period, but these are by no means as consistent as some 
authorities suggest. The chart shown in Fig 11.20, of a form 
which has been developed as part of the RSGB’s Scientific 
Studies programme, clearly shows the patterns of recurring 
magnetic activity over a two-year period, 1974/75. The 
original diagram on which it is based was prepared by 
plotting the highest K-figure for each day on the spot 
determined by the longitude of the sun’s central meridian 
facing the earth (thus a measure of the solar rotation), and 
a parameter called the sun’s true longitude, which indicates 
the position of the earth around its orbit. Successive rota¬ 
tions build up a raster of daily figures in the way shown by 
the dots along the sloping right-hand edge, and the resulting 
chart should really be considered as being cylindrical, with 
the upper and lower edges brought together. The black 
areas surround the days when a K-figure of five or more was 
recorded—magnetic storm days—and the unshaded areas 
enclose relatively quiet days when the K-index was two or 
less. 27-day recurrences are clearly marked on this section of 
the record but occasionally there are periods when there is a 
marked tendency for storms to recur after an interval which 
appears to be linked to the sun’s rotation period relative to 
the stars—indicated by the slope of the diagonal across the 
diagram. A good example of this occurred in 1971/72. 

Periods of high geomagnetic activity are usually centred 
around the time of the equinoxes, with relatively quiet 
periods near the solstices. However, a sudden commence¬ 
ment (sc) is likely to occur at any time, linked to an event 
on the sun. There is an II-year cycle in activity which tends 
to lag the solar cycle by a year or so. 

Sudden Ionospheric Disturbances 

We are now in a position to review the sequence of events 
which begins with the occurrence of a suitably-positioned 
major flare on the sun. When this takes place there is an 
emission of electromagnetic radiation covering a very wide 
range X-rays, ultra-violet, visible light and radio waves 
between 3cm and 10m in length—-all of which reaches the 
earth in about 8 minutes. The X-rays and uv light cause 
immediate increases in the D-layer ionization, leading to 
short-wave (or Dellinger) fade-outs which may persist for 
anything up to two hours. They frequently affect the E layer 
also and occasionally the F layer. At this time some mag¬ 
netometers in high latitudes may record a short fluctuation 
known as a crotchet. Other effects observed are a sudden 
enhancement of atmospherics (s.e.a.), a sudden absorption of 
cosmic noise (sena), and sudden phase anomalies (s.p.a.) on 
very low-frequency transmissions. 

This is followed after a few hours by the arrival of cosmic 
ray particles, and perhaps the onset of polar-cap absorption 
(pea). 

The main stream of particles arrives after an interval of 
20-40 hours and consists of protons and electrons borne by 
the solar wind. When they reach the day side of the earth’s 
magnetosphere they compress it, causing some of the 
particles oscillating within the Van Allen belts to spill out 
into the ionosphere along the night side of the auroral zone, 
where they manifest themselves as visible displays of aurora, 
also causing a strong polar electro-jet to flow in the lower 
ionosphere. Changes in the make-up of the trapping regions 
leads to variations in the circulating ring-current which leads 
to violent alterations in the strength of the geomagnetic 
field, bringing about the sudden commencement, which is 
the first indication of a magnetic storm. 

Associated with the magnetic storms are ionospheric 
storms, and both may persist for several days. The most 
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prominent features are the reduction in F2 critical frequen¬ 
cies (foF2) and an increase in D-region absorption. During 
the storm period signal strengths remain very low and are 
subject to flutter fading. The effects of an ionospheric storm 
are most pronounced on paths which approach the geo¬ 
magnetic poles. 

TROPOSPHERIC PROCESSES 

Introduction 

Because it is all around us the troposphere is the portion 
of the atmosphere which we ought to know best. 

We are dealing here with the sun’s output of electro¬ 
magnetic radiation which falls in the infra-red portion 
of the spectrum, between 10 6 and 10-5 metres wavelength, is 
converted to heat (by processes which need not concern us 
here) and distributed about the world by radiation, conduc¬ 
tion and convection. 

At this point our link between solar actions and atmos¬ 
pheric reactions breaks down, because the very variable 
nature of the medium, and the ease by which it can be modi¬ 
fied both by topographical features and the differing thermal 
conductivities of land and sea, leads to the development of 
air masses having such widely contrasting properties that it 
becomes impossible to find a direct correlation between 
day-to-day climatic features and solar emissions. We must 
accept the fact that in meteorology “Chance” plays a power¬ 
ful role and look to functions of the resulting weather 
pattern for any relationships with signal level, without 
inquiring too deeply into the way in which they may be 
connected with events on the sun. 

Pressure Systems and Fronts 

The television weatherman provides such a regular in¬ 
sight into the appearance and progressions of surface pres¬ 
sure patterns that it would be wasteful of space to repeat it 
all here. Suffice it to record that there are two closed systems 
of isobars involved, known as anticyclones and depressions 
(or, less-commonly nowadays, cyclones) within or around 
which appear ridges of high pressure, troughs of low pressure 
(whose very names betray their kinship), and cols, which are 
slack regions of even pressure, bounded by two opposing 
anticyclones and two opposing depressions. 

The most important consideration about these pressure 
systems, in so far as it affects radio propagation at vhf and 
above, is the direction of the vertical motion associated with 
them. 

Depressions are closed systems with low pressure at the 
centre. They vary considerably in size, and so also in 
mobility, and frequently follow one another in quick succes¬ 
sion across the North Atlantic. They are accompanied by 
circulating winds which tend to blow towards the centre of 
the system in an anti-clockwise direction. The air so brought 
in has to find an outlet, so it rises, whereby its pressure falls, 
the air cools and in doing so causes the relative humidity 
to increase. When saturation is reached, cloud forms and 
further rising may cause water droplets to condense out and 
fall as rain. Point one: Depressions are associated with rising 
air. 

Anticyclones are generally large closed systems which have 
high pressure in the centre. Once established they tend to 
persist for a relatively long time, moving but slowly and 
effectively blocking the path of approaching depressions 

which are forced to go round them. Winds circulate clock¬ 
wise, spreading outwards from the centre as they do, and to 
replace air lost from the system in this way there is a slow 
downflow called subsidence which brings air down from 
aloft over a very wide area. As the subsiding air descends its 
pressure increases, and this produces dynamical warming by 
the same process which makes a bicycle pump warm when 
the air inside it is compressed. The amount of water vapour 
which can be contained in a sample of air without saturating 
it is a function of temperature, and in this particular case if 
the air was originally near saturation to begin with, by the 
time the subsiding air has descended from, say, 5km to 
2km, it arrives considerably warmer than its surroundings 
and by then contains much less than a saturating charge of 
moisture at the new, higher, temperature. In other words, it 
has become warm and dry compared to the air normally 
found at that level. Point two: Anticyclones are associated 
with descending air. 

In addition to pressure systems the weather map is com¬ 
plicated by the inclusion of fronts, which are the boundaries 
between two air masses having different characteristics. 
They generally arrive accompanied by some form of precipi¬ 
tation, and they come in three varieties: warm, cold and 
occluded. 

Warm fronts (indicated on a chart by a line edged with 
rounded “bumps” on the forward side) are regions where 
warm air is meeting cold air and being forced to rise above it, 
precipitating on the way. 

Cold fronts (indicated by triangular “spikes” on the 
forward side of a line) are regions where cold air is under¬ 
cutting warm. The front itself is often accompanied by 
towering clouds and heavy rain (sometimes thundery), 
followed by the sort of weather described as "showers and 
bright intervals”. 

Occluded fronts (shown by alternate “bumps” and 
“spikes”) are really the boundary between three air masses 
being, in effect, a cold front which has overtaken a warm 
front and one or the other has been lifted up above the 
ground. 

It is perhaps unnecessary to add that there is rather more 
to meteorology than it has been possible to include in this 
brief survey. 

Vertical Motion 

It is a simple matter of observation that there is some 
correlation between vhf signal levels and surface pressure 
readings, but it is generally found to be only a coarse indi¬ 
cator, sometimes showing little more than the fact that high 
signal levels accompany high pressure and low signal levels 
accompany low pressure. The reason that it correlates at all 
is due to the fact that high pressure generally indicates the 
presence of an anticyclone which, in turn, heralds the likeli¬ 
hood of descending air. 

The reason that subsidence is so important stems from the 
fact that it causes dry air to be brought down to lower levels 
where it is likely to meet up with cool moist air which has 
been stirred up from the surface by turbulence. The result 
then is the appearance of a narrow boundary region in 
which refractive index falls off very rapidly with increasing 
height—the conditions needed to bring about the sharp 
bending of high-angle radiation which causes it to return to 
the ground many miles beyond the normal radio horizon. 
Whether you regard this in the light of being a benefit or a 
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misfortune depends on whether you are more interested in 
long-range communication or in wanting to watch an 
interference-free television screen. 

The essential part of the process is that the descending 
air must meet turbulent moist air before it can become 
effective as a boundary. If the degree of turbulence declines 
the boundary descends along with the subsiding air above it 
and, when it reaches the ground all the abnormal conditions 
rapidly become sub-normal, and a sudden drop-out occurs. 
Occasionally this means that operators on a hill suffer the 
disappointment of hearing others below them still working 
dx they can no longer hear themselves. Note, however, that 
anticyclones are not uniformly distributed with descending 
air, nor is the necessary moist air always available lower 
down, but a situation such as a damp foggy night in the 
middle of an anticyclonic period is almost certain to be 
accompanied by a strong boundary layer. Ascending air on 
its own never leads to spectacular conditions. Depressions 
therefore result in situations in which the amount of ray 
bending is controlled by a fairly regular fall-off of refractive 
index. The passage of warm fronts is usually accompanied by 
declining signal strength, but occasionally cold fronts and 
some occlusions are preceded by a short period of enhance¬ 
ment. 

To sum up, there is very little of value about propagation 
conditions which can be deduced from surface observations 
of atmospheric pressure. The only reliable indicator is a 
knowledge of the vertical refractive index structure in the 
neighbourhood of the transmission path. 

Radio Meteorological Analysis 

It remains now to consider how the vertical distribution of 
refractive index can be displayed in a way which gives 
emphasis to those features which are important in tropo¬ 
spheric propagation studies. 

Obviously the first choice would be the construction of 
atmospheric cross-sections along paths of interest, at times 
when anomalous conditions were present, using values 
calculated by the normal refractive index formula. The 
results are often disappointing, however, because the general 
decrease of refractive index with height is so great compared 
to the magnitude of the anomalies looked for that, although 
they are undoubtedly there, they do not strike the eye 
without a search. 

A closely-related function of refractive index overcomes 
this difficulty, with the added attraction that it can be 
computed graphically, and easily, directly from published 
data obtained from upper-air meteorological soundings. It 
is called potential refractive index, K, and may be defined as 
being the refractive index which a sample of air at any level 
would have if brought adiabatically (that is. without gain or 
loss of heat or moisture) to a standard pressure of l,000mb; 
see references [4], [5] and [6]. 

This adiabatic process is the one which governs (among 
other things) the increase of temperature in air which is 
descending in an anticyclone, so that, besides the benefits of 
the normalizing process (which acts in a way similar to that 
whereby it is easy to compare different sized samples of 
statistics when they have all been converted to percentages) 
there is the added attraction that the subsiding air tends to 
retain its original value of potential refractive index all the 
time it is progressing on its downward journey. This means 
that low values of K are carried down with the subsiding 

Fig 11.21. The relationship between variations in potential refractive 
index in the atmosphere and signal strengths over a long-distance 
vhf tropospheric path. (With acknowledgements to / Atmos Terr Phys, 

Pergamon Press.) 

air, in sharp contrast to the values normally found there. A 
cross-section of the atmosphere during an anticyclonic 
period, drawn up using potential refractive index, gives an 
easily-recognizable impression of this. 

Fig 11.21 is not a cross-section, but a time-section, show¬ 
ing the way in which the vertical potential refractive index 
distribution over Crawley, Sussex, varied during a 10-day 
period in September, 1960. There is no mistaking the down¬ 
coming air from the anticyclone and the establishment of 
the boundary layer around 850mb (about l -5km). Note how 
the signal strength of the Lille television transmission on 
174MHz varied on a pen recording made near Reading, 
Berkshire, during the period, with peak amplitudes occurring 
around the time when the layering was low and well-defined, 
and observe also the marked decline which coincided with 
the end of the anticyclonic period. Time-sections such as 
these also show very clearly the ascending air in depressions 
(although the K value begins to alter when saturation is 
reached) and the passage of any fronts which happen to be in 
the vicinity of the radiosonde station at ascent time. 

GEODESY 

Map Projections 

Map. are very much a part of the life of a radio amateur; 
yet how few of us ever pause to wonder if we are using the 
right map for our particular purpose, or take the trouble to 
find out the reason why there are so many different forms 
of projection. 

The cartographer is faced with a basic problem, namely, 
that a piece of paper is flat and the earth is not. For that 
reason his map, whatever the form it may take, can never 
succeed in being faithful in all respects—-only a globe 
achieves that. The amount by which it departs from the 
truth depends not only on how big a portion of the globe has 
been displayed at one viewing, but on what quality the map¬ 
maker has wanted to keep correct at the expense of all others. 

Projections can be divided into three groups; those which 
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270° 

Fig 11.22. Example of an azimuthal 
equidistant (or “great-circle”) map. 
This map, available in a large size 
suitable for wall-mounting, shows the 
true bearing and distance from Lon¬ 
don of any place elsewhere in the 
world. (For magnetic bearings add 7°). 

show areas correctly, described, logically enough, as equal-
area projections: those which show the shapes of small areas 
correctly, known as orthomorphic or conformal projections; 
and those which represent neither shape nor area correctly, 
but which have some other property which meets a particular 
need. 

The conformal group, useful for atlas maps generally, 
weather charts, satellite tracks, etc, includes the following: 

Stereographic, where latitudes and longitudes are all either 
straight lines or arcs of circles, formed by projection on to a 
plane surface tangent either to one of the poles (Polar), the 
equator (Equatorial), or somewhere intermediate (Oblique). 
Small circles on the globe remain circles on the map, but the 
scale increases with increasing radius from the centre of 
projection. 

Lambert's conformal conic, where all meridians are straight 
lines and all parallels are circles. It is formed by projection 
on to a cone whose axis passes through the earth’s poles. 

Mercator’s, where meridians and parallels are straight 
lines intersecting at right-angles. The meridians are equidis¬ 
tant, but the parallels are spaced at intervals which rapidly 
increase with latitude. It is formed by projection on to a 
cylinder which touches the globe at the equator. Any straight 
line is a line of constant bearing (a rhumb-line, which is not 

the same thing as a great circle, the path a radio wave takes 
between two given points on the earth’s surface). There is a 
scale distortion which gets progressively more severe away 
from the equator, to such an extent that it becomes im¬ 
possible to show the poles, but most people accept these 
distortions as being normal, because this is the best-known 
of all the projections. 

Transverse Mercator is a modification of the “classical” 
system, and is formed by projection on to a cylinder which 
touches the globe along selected opposing meridians. It 
therefore corresponds to an ordinary Mercator turned 
through 90 degrees, and is of value for displaying an area 
which is extensive in latitude but limited in longitude. A 
variant is the Universal Transverse Mercator, which forms the 
basis of a number of reference grids, including the one used 
on British Ordnance Survey maps. 

The equal-area group is used when it is necessary to display 
the relative distribution of something, generally on a world¬ 
wide scale. It includes the following: 

Azimuthal equal-area projection, having radial symmetry 
about the centre, which may be at either pole (Polar), at the 
equator (Equatorial), or intermediate (Oblique). With this 
system the entire globe can be shown in a circular map, but 
there is severe distortion towards its periphery. 
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Mollweide's homolographic projection, where the central 
meridian is straight and the others elliptical. 

Sinusoidal projection, where the central meridian is 
straight and the others parts of sine curves. 

Homolosine projection, which is a combination of the 
previous two, with an irregular outline because of interrup¬ 
tions which are generally arranged to occur over ocean areas. 

The final group includes the two following, which are of 
particular interest in propagation studies: 

Azimuthal equidistant, centred on a particular place, from 
whence all straight lines are great circles at their true 
azimuths. 

The scale is constant and linear along any radius. Well-
known as a “Great-circle map”, Fig 11.22. 
Gnomonic, constructed by projection from a point at the 

earth’s centre on to a tangent plane touching the globe. Any 
straight line on the map is a great-circle. Because the size of 
the map expands very rapidly with increasing distance from 
the centre they do not normally cover a large area. Often 
produced as a skeleton map on which a great-circle can be 
drawn and used to provide a series of latitudes and longi¬ 
tudes by which the path can be replotted on a more detailed 
map based on a different projection. 

Great-circle Calculations 

The shortest distance between two points on the surface of 
the earth lies along the great-circle which passes through 
them. On a globe this great-circle path can be represented by 
a tightly-stretched thread joining the two locations. 

It is sometimes useful to be able to calculate the great¬ 
circle bearing, and the distance of one point from another, 
and the expressions which follow enable this to be done. 

First label the two points A and B. 
Then let La = latitude of point A 

Lb = latitude of point B 
Lo = the difference in longitude between A and 

B 
C = the direction of B from A, in degrees east 

or west from north in the northern 
hemisphere, or from south in the south¬ 
ern hemisphere. 

D = the angle of arc between A and B. 
It follows that 

cos D = sin La . sin Lb + cos La . cos Lb. cos Lo
D can be converted to distance, knowing that 

1 degree of arc =111 -2km or 69 06 miles 
1 minute of arc = 1 -853km or 1151 miles 

Once D is known (in angle of arc), then, 
sin Lb — sin La. cos D 

COS C = - ,-:—-
COS La .Sin D 

Note: 
1. For stations in the northern hemisphere call latitudes 

positive. 
2. For stations in the southern hemisphere call latitudes 

negative. 
3. Cos La and cos Lb are always positive. 
4. Cos Lo is positive between 0 and 90°, negative between 

90° and 180°. 
5. Sin La and sin Lb are negative in the southern hemi¬ 

sphere. 
6. The bearing for the reverse path can be found by 

transposing the letters on the two locations. 

TABLE 11.8 

A method of converting QTH-locator groups to latitude and longi* 
tude. 

LONGITUDE 

First 
letter 

Mid-square 
longitude 

A 
B 
C 
D 
E 
F 
G 
H 
1 
J 
K 
L 
M 
N 
O 
P 
Q 
R 
S 
T 

01°00'E 
03°00'E 
05 00'E 
07°00'E 
09°00'E 
11°00'E 
13°00'E 
15c00'E 
17°00'E 
19c00'E 
21°00'E 
23°00'E 
25°OO'E 
27 00'E 
29°00'E 
31°00'E 
33°OO'E 
35COO'E 
37°00'E 
39c00'E 

U 
V 
w 
X 
Y 
z 

11°00'W 
09 00'W 
07 00'W 
05c00'W 
03°00'W 
01’00'W 

2nd 
figure 

Increm 
F 

F, G, H 

ent of long 
nal letter 
A, E, J 

itude 

B C, D 

1 
2 
3 
4 
5 
6 
7 
8 
9 
0 

—58'E 
—46'E 
—34'E 
—22'E 
—10'E 
+ 02'E 
+ 14'E 
+ 26'E 
+ 38'E 
+ 50'E 

—54'E 
—42'E 
—30'E 
—18'E 
—06'E 
+ 06'E 
+ 18'E 
+ 30'E 
+42'E 
+ 54'E 

—50'E 
—38'E 
—26'E 
—14'E 
—02'E 
+ 10'E 
J-22'E 
+ 34'E 
+ 46'E 
+ 58'E 

1 
2 
3 
4 
5 
6 
7 
8 
9 
0 

+ 58'W 
+ 46'W 
+ 34'W 
+ 22'W 
+ 10'W 
—02'W 
—14'W 
—26'W 
—38'W 
—50'W 

+ 54'W 
+ 42'W 
+ 30'W 
+ 18'W 
+ 06'W 
—06'W 
—18'W 
—30'W 
—42'W 
—54'W 

+ 50'W 
+ 38'W 
+ 26'W 
+ 14'W 
+ 02'W 
—10'W 
—22'W 
—34'W 
—46'W 
—58'W 

LATITUDE 

letter latitude 

A 
B 
C 
D 
E 
F 
G 
H 
I 
J 
K 
L 
M 
N 
O 
P 
Q 
R 
S 
T 
U 
V 
W 
X 
Y 
Z 

40c30'N 
41°30'N 
42c30'N 
43°3O'N 
44°30'N 
45°30'N 
46°30'N 
47e 30'N 
48°30'N 
49°30'N 
5O°3O'N 
51°30'N 
52°30'N 
53°3O'N 
54°30'N 
55°30'N 
56°3O'N 
57°30'N 
58°30'N 
59°30'N 
60°30'N 
61°30'N 
62c30'N 
63°30'N 
64°30'N 
65°30'N 

Figures Increr 
F 

A, B, H 

nent of lat 
inal letter 

C, G, J 

tude 

D, E, F 

01-10 
11-20 
21-30 
31-40 
41-50 
51-60 
61-70 
71-80 

+ 28i'N 
+ 2li'N 
+ I3JN 
+ 06| N 
—0l|'N 
—08JN 
— I6|'N 
- 23j'N 

+ 26{'N 
+ 18i'N 
+ 11i'N 
+03FN 
—03i'N 
—11i'N 
—18FN 
—26±'N 

+ 23}'N 
+ I6+N 
+ 08JN 
+ 0l|'N 
-06+N 
— I3+N 
-2I + N 
—28|'N 

Examples: 

(1) YM70C 
Long 03 00'W — 58'W = 02°02'W 
Lat 52°30'N — 18i'N = 52°11i'N 
(2)MB34H 
Long 25c00'E — 22'E = 24°38'E 
Lat41°30'N + 05|'N = 41°35i'N 

It is advisable to make estimates of the bearings on a globe, 
wherever possible, to ensure that they have been placed in the 
correct quadrant. 

The QTH Locator 

One of the basic requirements for an active interest in the 
practical aspects of propagation is a knowledge of the 
approximate whereabouts of the other station. 

A form of position reporting which is popular on the 
Continent and used also in this country is the QTH locator. 
Although based on latitude and longitude the subdivisions 
have been made in such an illogical way that it is impossible 
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TABLE 11.9 

D (miles) 

Horizontal 
scale 

(inches) D1 D*/2 = h 

Vertical 
scale 

(inches) 

5 
10 
15 
20 

05 
10 
15 
20 

25 
100 
225 
400 

125 
50 0 
1125 
200 0 

0125 
0 500 
1 125 
2 000 

to convert directly from one scale to the other. However, 
the method shown in Table 11.8 provides a relatively simple 
way of converting a QTH locator group into its equivalent 
latitude and longitude, and the two examples should be 
sufficient to demonstrate the method if the column headings 
are found to be inadequate. 

Plotting VHF/UHF Path Profiles 
As mentioned in the section on wave propagation in the 

troposphere it is usual to draw path profiles for vhf/uhf 
working by presuming that standard refraction can be 
represented by regarding the earth’s radius as being four-
thirds of its normal value. The use of this convention then 
allows the convenience of being able to represent ray paths 
by straight lines. 

Because the various factors conveniently cancel it is 
common practice to work in terms of miles for the distance 
and feet for the height, taking advantage of the simple 
relationship which results. 

Suppose that a profile for a path 40 miles in length is 
required. It is usual to work from the centre outwards, so 
that, in this case, distances will extend from 0 to 20 miles in 
each direction. Decide on suitable horizontal and vertical 
scales—let us suppose here that 1 inch on paper will be 
equivalent to 10 miles and 100 feet respectively. Then, using 
the formula h = D2/2, the figures given in Table 11.9 result. 
These scaled values should then be plotted as shown in 

Fig 11.23 to provide the “sea-level” datum along the path, 
above which must be extended the actual land profile as 
determined from contours on a map, transferring the 
altitudes vertically upwards at the appropriate distances. The 
heights of the transmitting and receiving aerials must then 
be plotted, using the same scale. If it is possible to draw a 
straight line between both aerials, T-R in the diagram, 
without striking the intervening ground, the path should be 
an unobstructed line-of-sight one under normal conditions 
of tropospheric refraction. However, in cases of near¬ 
grazing it may be necessary to consider the extent of the 
first Fresnel zone before a clear decision can be made. 

THE BEACON NETWORK 

The establishment of an extensive network of beacon 
stations for amateur propagation research is one of the 
common aims of a number of European societies, and one in 
which the RSGB has been able to take a leading role. 
Beacons are now in operation in the UK on most bands from 
28MHz to 10GHz, and details are given frequently in Radio 
Communication. 

Many operators will testify to the value of these stations 
as reliable indicators of band conditions, particularly when 
the level of activity is low, and those who co-ordinate the 
amateur radio programme of research will welcome regular 
observations of any of those listed, or of similar beacon 
transmissions originating outside Great Britain, particularly 

Fig 11.23. Construction of a “four-thirds-earth” profile. Land height*, 
are measured upward from the lower curve. On this diagram rays 
subjected to “normal” variations of refractive index with height 

may be represented by straight lines. 

during periods of auroral-E, sporadic-E, or other irregular 
modes of propagation. 
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CHAPTER 12 

HF AERIALS 

T N setting up a link for radio communication between two 
Astations, certain specific items of equipment must be 
provided at each end of the circuit. At the sending end 
there must be a transmitter which imposes the signal intelli¬ 
gence upon a carrier wave at radio frequency and amplifies 
it to the required power level. At the other end a receiver 
is required which will again amplify the weak incoming 
signal, and then decode from it the original intelligence. 

The signal passes from one station to the other as a wave 
propagating in the atmosphere, but in order to achieve this 
it is necessary to have at the sending end something which 
will take the power from the transmitter and launch it 
as a wave, and at the other end extract energy from the wave 
to feed the receiver. This is an aerial and, because the 
fundamental action of an aerial is reversible, similar aerials 
can be used at both ends. The aerial then is a means of 
converting power flowing in wires to energy flowing in a 
wave in space, or is simply considered as a coupling trans¬ 
former between the wires and free space. 

FUNDAMENTAL PROPERTIES 

Many of the fundamental properties of aerials arc common 
to their use in any part of the radio frequency spectrum 
and in free space, ie when the influence of the ground and 
surrounding objects can be neglected, a piece of wire which 
is one half-wavelength long will have the same directional 
radiation characteristics and appear as exactly the same load 
to a transmitter whether it be a half-wavelength at 1MHz or 
at 1,000MHz. All that matters is that the wire should main¬ 
tain a constant relationship between its physical length and 
the wavelength used. Strictly speaking, the wire diameter 
should also be scaled with the wavelength since the ratio of 
length to diameter determines the sharpness of resonances, 
but this does not affect the basic radiating or receiving 
properties. The classification into aerials for hf and aerials 
for vhf in this handbook is one based on the differing 
practical requirements for aerials for use in the two frequency 

E 

(b) 

Fig 12.1. Instantaneous representation of a travelling radio wave: 
(a) along the path of travel and (b) for the wave approaching the 

observer. 

ranges, taking account of physical size limitations and also 
the widely differing mechanisms of propagation which dic¬ 
tate different forms of aerial. Much of what is to be said in 
this chapter about the fundamental characteristics of aerials 
is equally applicable to both hf and vhf, and it is only later 
in the chapter that consideration is given to aerials specific¬ 
ally designed for the hf bands. At that point the reader with 
vhf interests should pick up the story of specialized vhf 
aerials in Chapter 13— VHFIUHF Aerials. 

Wave Motion 

An understanding of aerial behaviour is very closely 
linked with an understanding of basic propagation, and 
some aspects cannot be dissociated from it. 

In Chapter 11 it is explained that radio waves are propa¬ 
gated as an expanding electromagnetic wavefront whose 
intensity decays as it moves further out from the source. 
The wavefront is formed of electric and magnetic fields which 
exist at right angles to one another in the plane of the 
wavefront, and each field may be represented by parallel 
lines of force having lengths proportional to the strength of 
the field. The intensity of the wavefront is usually varying 
sinusoidally with time, as the waves expand like ripples on a 
pond, and the peak value of the wave decays as the wave 
moves further and further away from its source. The arrange¬ 
ment of one cycle of the wave along its direction of travel at a 
particular moment in time is represented in Fig 12.1, as it 
appears in general, and also as it appears to the observer 
whom it is approaching. 

Some imagination is necessary to appreciate fully the 
structure of the wave as it propagates through space as a 
whole. The behaviour of the separate but related electric and 
magnetic fields is more easily visualized if one imagines them 
as oscillations travelling along a slack string which is being 
excited at one end. An observer at a point along the string 
will see approaching him a succession of crests and troughs 
which pass him along the string. A complete electromag¬ 
netic wave is then two such string; identically located but 
oscillating at right angles and with the crests on each string 
passing the observer at the same instant. 

The distance between successive peaks in the intensity of 
the electromagnetic wave as it moves along its direction of 
propagation is called the wavelength and is customarily 
measured in metres. The wave moves through space with 
the velocity of light, or more exactly light moves through 
space with the velocity of electromagnetic waves since light 
is really em radiation in a narrow band of extremely high 
frequencies. This velocity is approximately 3 X 108 metres 
per second (186,000 miles per second), and is known as the 
velocity of propagation. As stated above, from the point of 
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view of a fixed observer, the wave will pass by as a succession 
of peaks and troughs. The portion of a wave between succes¬ 
sive peaks (or troughs) is called one cycle, and the number of 
such cycles which pass the observer in one second is known 
as the frequency of the wave, usually measured in hertz (Hz), 
where one hertz denotes one cycle per second. 

Since the wave travels with a known velocity, it is easy to 
establish a relationship between the frequency and the 
wavelength, and if f is the frequency in hertz (Hz) and 
A (lambda) the wavelength in metres, then 

/X À = 3 X 10« 

For example, a wavelength of 160 metres corresponds to a 
frequency of 1-87 X 106Hz or l-87MHz. 

Referring again to the wave illustrated in Fig 12.1 an 
observer facing the wave would “see” the field as shown in 
Fig 12.1(b) which would be alternating at the frequency f. It 
is this alternating field that excites a receiving aerial into 
which it delivers some of its power. The arrows indicate the 
conventional directions of the electric and magnetic fields, 
E and H, relative to the direction of motion. If the polarity 
of one component along either E or H in the diagram is 
reversed, then the wave is receding instead of approaching 
the observer. The components E and H cannot be separated ; 
together they are the wave and together they represent 
indestructible energy. They wax and wane together and 
when the energy disappears momentarily from one point, 
it must re-appear further along the track; in this way the 
wave is propagated. 

Travelling and Standing Waves 

The wave illustrated in Fig 12.1 is unrestricted in its 
motion and is called a travelling wave. As long as they are 
confined to the vicinity of the earth all waves must, however, 
eventually encounter obstacles. In order to understand what 
happens in these circumstances, it is convenient to imagine 
that the obstacle is a very large sheet of metal, since metal is 
a good conductor of electricity and, as will be seen, an 
effective barrier to the wave (Fig 12.2). In this case, the 
electric field is “short-circuited” by the metal and must 
therefore always be zero at the surface. It manifests itself 
in the form of a current in the sheet (shown dotted) like 
the current that is induced in a receiving aerial, and this 
current re-radiates the wave in the direction from whence it 
came. 

In this way a wave is reflected from the metal but due to 
the relative directions of field and propagation, the compo¬ 
nents of forward and reflected waves appear as in Fig 12.2(b). 
It will be seen that at the surface of the metal the two electric 
fields are of opposite polarity and thus cancel each other 
out, but the magnetic fields are additive. 

If the two waves are combined the resultant wave of 
'Fig 12.2(a) is obtained in which the electric and magnetic 
maxima no longer coincide, but are separated by quarter 
wave intervals. Such a combined wave does not move, 
because the energy can alternate in form between electric 
field in one sector and magnetic field in an adjacent one. This 
type of wave is called a standing wave and exists near 
reflecting objects comparable in size with the length of the 
wave. If a small receiving aerial and detector were moved 
outwards from the front of the reflector the output of the 
receiver would vary with distance and thus indicate the 
stationary wave pattern. 

Fig 12.2. Standing waves due to short-circuit reflection at a metal 
surface, with analysis into forward and reflected wave components. 

In practice radio waves more usually encounter poor 
conductors, such as buildings or hillsides, and in this case 
some of the power from the wave is absorbed by or reflected 
from the obstacle. Later in this chapter, aerials will be des¬ 
cribed which incorporate conductive elements deliberately 
used as reflectors. It will also be shown that oscillatory 
currents in aerials or feeders can be reflected to produce 
standing waves. 

A travelling wave moving away into space represents a 
flow of energy from the source. The transmitter can be 
regarded as being at the centre of a large sphere, with the 
radiated power passing out through its surface. The larger 
the sphere the more thinly will it be spread, so that the 
further the receiver recedes from the transmitter, the smaller 
will be the signal extracted by means of a receiving aerial 
of given size from a given area of the wave front. 

Resonant Aerials 

If an oscillatory current is passed along a wire, the electric 
and magnetic fields associated with it can be considered as a 
wave attached to the wire and travelling along it as far as it 
continues, and if the wire finally terminates in, say, an 
insulator, the wave cannot proceed but is reflected. This 
reflection is an open-circuit reflection and the wire produces 
standing-wave fields complementary to those generated by 
a short-circuit reflection as in Fig 12.2, with corresponding 
voltages and currents. Fig 12.3 shows two typical cases where 
the wire is of such a length that a number of complete cycles 
of the standing wave can exist along it. Since the end of the 
wire is an open circuit, the current at that point must be zero 
and the voltage a maximum. Therefore at a point one quarter 
wavelength from the end, the current must be a maximum 
and the voltage will be zero. The positions of maxima are 
usually known as current (or voltage) anti-nodes or loops 
and the intermediate positions as nodes or zeros. At positions 
of current loops, the current-to-voltage ratio is high and the 
wire will behave as a low impedance circuit. At voltage loops 
the condition is reversed and the wire will behave as a high 
impedance circuit. A wire carrying a standing wave as 
illustrated in Fig 12.3 exhibits similar properties to a 
resonant circuit and is also an efficient radiator of energy, 
most of the damping of thç circuit being attributable 
to this radiation. This is a resonant or standing wave aerial 
and the majority of the aerials met with in practice are 
of this general type. The wire need not be of resonant 
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Fig 12.3. Standing waves on 
resonant aerials, showing voltage 
and current variation along the 
wire. The upper aerial is A/2 long 
and is working at the fundamental 
frequency; the lower is a full-wave 

or second harmonic aerial. 

length, but it is then equivalent to a detuned circuit and 
unless brought into resonance by additional capacitance 
or inductance it cannot be energized efficiently. 

The length for true resonance is not quite an exact 
multiple of the half-wavelength because the effect of radiation 
causes a slight retardation of the wave on the wire and also 
because the supporting insulators may introduce a little 
extra capacitance at the ends. An approximate formula 
suitable for wire aerials is : 

Length (feet) — 
492(n - 0 05) 

f 
where n is the number of complete half-waves in the aerial 
and/is the frequency in megahertz. 

Radiation 

The actual physics of the radiation of energy from the wire 
is an involved matter, which is best left to theoretical text¬ 
books. It suffices to say here that the current flowing up and 
down the wire gives rise to a magnetic field around the wire, 
while the charges in motion (which constitute the current) 
carry with them an electric field. Due to the reversing nature 
of the current, the two fields are mutually supporting and 
expand outwards from the wire, carrying with them energy 
from the exciting current. There exists in the immediate 
vicinity of the wire an oscillating field known as the induction 
field (similar to that surrounding an induction coil or a 
magnet), but this decays in strength rapidly as the distance 
from the wire increases. At a distance of A/2tt, or approxi¬ 
mately one-sixth of a wavelength, it is equal in strength 
to the radiation field, but beyond one or two wavelengths 
has fallen to a negligible level. Radiation takes place from 
any elevated wire carrying a radio frequency current unless 
prevented by screening or cancelled by an opposing field 
of equal magnitude. At any given frequency and for a given 
direction relative to the wire the field strength produced 
at a distant point is proportional to the current multiplied 
by the length of wire through which it flows. 

Directivity 

The radiation field which surrounds the wire is not 
uniformly strong in all directions. It is strongest in directions 
at right angles to the current flow in the wire and falls in 
intensity to zero along the axis of the wire; in other words 
the wire exhibits directivity in its radiation pattern, the 
energy being concentrated in some directions at the expense 
of others. Later in this chapter it will be explained how 
directivity may be increased by using numbers of wires in 
arrays. These aerial arrays are called beams because they 
concentrate radiation in the desired direction like a beam of 
light from a torch. Because a number of wires or elements 
are needed to create the additional directivity, beam aerials 

usually require more space than simple ones, and this limits 
the extent to which they can usefully be employed at the 
longer wavelengths. When space is limited to an average 
garden, useful beam action tends to be obtainable only with 
aerials operating on 14MHz or higher bands, those for 
L8MHz, 3-5MHz and 7MHz being generally limited to 
simple arrangements involving single wires. In the vhf 
bands, the wavelength is sufficiently short that the various 
elements of the aerial may be made rigid and self-supporting 
and the aerial system may therefore be quite elaborate. 

Dipoles 

One of the most commonly used words in aerial work is 
dipole. Basically a dipole is simply some device (in the 
present context an aerial) which has two “poles” or terminals 
into which radiation-producing currents flow. The two 
elements may be of any length, and a certain amount of 
confusion sometimes arises from the failure to state the length 
involved. In practice it is usually safe to assume that when 
the word dipole is used by itself, it is intended to describe 
a half-wavelength aerial, ie a radiator of electrical length A/2, 
fed by a balanced connection at the centre. Any reference to 
gain over a dipole is assumed to refer to this A/2 dipole. 
When reference to another form of dipole is intended, it 
is usual to state the overall length, eg a full-wave dipole, 
short dipole, etc. A short dipole is less than A/2 in length but 
needs to be tuned to resonance by the addition of inductance, 
usually in the centre, or some form of capacitive end-loading 
as discussed later. Shortening has little effect on radiation 
pattern but, if carried too far, leads to poor efficiency and 
excessively narrow bandwidth. 

Loops containing between two-thirds and one-and-a-half 
wavelengths of wire have radiation patterns very similar 
to those of half-wave dipoles. 

A further reference sometimes encountered is to the 
monopole or unipole. This is an unbalanced radiator, fed 
against an earth plane, and a common example is the ground 
plane vertical described later in this chapter. 

Gain 

If one aerial system can be made to concentrate more 
radiation in a certain direction than another aerial, for the 
same total power supplied, then it is said to exhibit gain 
over the second aerial in that direction. In other words, more 
power would have to be supplied to the reference aerial to 
give the same radiated signal in the direction under considera¬ 
tion, and hence the better aerial has effectively gained in 
power over the other. Gain can be expressed either as a 
ratio of the powers required to be supplied to each aerial 
to give equal signals at a distant point, or as the ratio of the 
signals received at that point from the two aerials when they 
are driven with the same power input. Gain is usually 
expressed in decibels: a table of conversion from voltage 
and power ratios will be found in the preceding chapter 
(Table 11.1). Gain is of course closely related to direc¬ 
tivity, but an aerial can be highly directive and yet have a 
power loss as a result of energy dissipated in aerial wires 
and surrounding objects. As we shall see later, this is the 
main reason why it is impossible to obtain high gains from 
very small aerials. 

It is important to note that in specifying gain for an 
aerial, some reference to direction must be included, for no 
aerial can exhibit gain simultaneously in all directions 
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Fig 12.4. Directive polar diagram 
of a A/2 (or shorter) dipole shown 
in section: e| and em represent the 
relative field strength in the direc¬ 

tions indicated. 

relative to another aerial. The distribution of radiated energy 
from an aerial may be likened to the shape of a balloon 
filled with incompressible gas, with the aerial at the centre. 
The amount of gas represents the power fed to the aerial, 
and the volume of the balloon can only be increased by 
putting in more gas. The balloon may be distorted to many 
shapes, and elongated greatly in some directions so that the 
amount of gas squeezed in those directions is increased, but 
this can only be achieved by reducing the amount of gas in 
some other part of the balloon: the total volume must 
remain unaltered. Likewise the aerial can only direct extra 
energy in some required direction, by radiating less in others. 

The gain of an aerial is expressed in terms of its perform¬ 
ance relative to some agreed standard. This enables any 
two aerials to be directly compared, since if two aerials have 
for example a gain relative to the standard of 6dB and 4dB 
respectively, the first has a gain of 6 — 4 = 2dB relative 
to the second. It is unfortunate that two standards exist side 
by side and will be encountered in other references to aerials. 
One standard often used is the theoretical isotropic radiator, 
which radiates equal power in all directions, ie its solid 
polar diagram is a sphere. This is a strictly non-practical 
device which cannot be constructed or used, but has the 
advantage that the comparison is not complicated by the 
directional properties of the reference aerial. The other 
standard is the “half-wave dipole” which has in its own right 
a directional pattern as illustrated in Fig 12.4. This is a 
practical aerial which can be built and is therefore a more 
realistic basis for comparison, but it should be noted that 
gain expressed relative to a A/2 dipole means by inference 
relative to the maximum radiation from the dipole, ie in 
directions A or B of Fig 12.4. The polar diagram consists 
of two circles and the relative gain in any direction relative 
to the wire, such as that of ei, may be found by describing 
a circle, filling in ei and em as shown, and using a rule to 
measure their relative lengths. This is known mathematically 
as a cos fl pattern because the ratio of ei and em is given by 
the cosine of the angle 0 between ei and em¬ 

it will be found in practice that gain is frequently expressed 
in dB without reference to the standard employed. This can 

lead to a disparity of 215dB in claimed results, being the 
relative gain of the two standards employed (the gain of 
a A/2 dipole relative to the isotropic source). In such cases 
it is safer to assume the more conservative figure when 
comparing different aerial performance unless one is sure 
that the same standard aerial has been assumed in each case. 

Because direction is inevitably associated with a statement 
of gain, it is usually assumed in the absence of any qualifying 
statement that the gain quoted for any aerial is its gain in 
the direction of its own maximum radiation. Where the aerial 
system can be rotated, as is often the case on 14MHz and 
higher frequencies, this is not so important, but when the 
aerial is fixed in position the superiority it exhibits in one 
direction over another aerial will not hold in other directions, 
because of the different shapes of the two directivity patterns. 
Aerial A may have a quoted gain of 6dB over aerial B, 
but only in the directions which favour the shape of its 
radiation pattern relative to that of aerial B. There is an 
important distinction between transmitting gain and 
effective receiving gain. In the first case it is required to 
maximize the power transmitted and in the second case 
we have to maximize the signal-to-noise ratio, and the two 
gains will be the same only if there are no power losses and 
noise is isotropic, ie arriving equally from all directions. 
In the hf bands, the useful receiver sensitivity is limited by 
externa! noise which is usually well above the receiver noise 
level, and, so long as this remains true, signal-to-noise ratio 
is unaffected by losses in the aerial system. Typically, with a 
low-noise receiver, aerial losses could reduce the power 
transmitted by up to lOdB or more before starting to affect 
the performance adversely when the same aerial is used for 
reception. 

Radiation Resistance and Aerial Impedance 

When power is delivered from the transmitter into the 
aerial, some small part will be lost as heat, since the material 
of which the aerial is made will have a finite resistance, 
albeit small, and a current flowing in it will dissipate some 
power. The bulk of the power will usually be radiated and, 
since power can only be consumed by a resistance, it is 
convenient to consider the radiated power as dissipated in a 
fictitious resistance which is called the radiation resistance 
of the aerial. Using ordinary circuit relations, if a current 
I is flowing into the radiation resistance R, then a power of 
I2R watts is being radiated. As depicted in Fig 12.3 the 
rms current distribution along a resonant aerial or indeed 
any standing wave aerial is not uniform but is approximately 
sinusoidal. It is therefore necessary to specify the point of 
reference for the current when formulating the value of the 
radiation resistance, and it is usual to assume the value of 
current at the anti-node or maximum point. This is known 
as the current loop, and hence the value of R given by this 
current is known as the loop radiation resistance: in practice 
the word loop is omitted but inferred. 

A half-wave dipole has a radiation resistance of about 
730. If it is made of highly conductive material such as 
copper or aluminium, the loss resistance may be less than IO. 
The conductor loss is thus relatively small and the aerial 
provides an efficient coupling between the transmitter and 
free space. The effective loss resistance per half-wavelength 
of copper conductor varies with frequency and with size of 
conductor as shown in Fig 12.5; for comparison with the 
radiation resistance of a dipole these figures must be divided 
by two, since the current distribution along the dipole is 
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Fig 12.5. RF resistance of copper conductors. Resistance per unit 
length is proportional to the circumference of the conductor and the 

square root of the frequency. 

more or less sinusoidal and the mean-square current is 
therefore only half the current in the centre. Approximately, 
for non-magnetic materials, the resistance varies as the 
square root of the resistivity and inversely as the surface 
area. Values obtained with the aid of Fig 12.5 should be 
increased by about 25 per cent for aluminium and 65 per 
cent for aluminium alloy. For magnetic materials the losses 
are much higher. 

When the aerial is not a resonant length, it behaves like a 
resistance in series with a positive (inductive) or negative 
(capacitive) reactance and requires the addition of an equal 
but opposing reactance to bring it to resonance, so that it 
may be effectively supplied with power by the transmitter. 
The combination of resistance and reactance, which would 
be measured at the aerial terminals with an impedance meter, 
is referred to in general terms as the aerial input impedance. 
This impedance is only a pure resistance when the aerial is 
at one of its resonant lengths. 

Fig 12.6 shows, by means of equivalent circuits, how 
the impedance of a dipole varies according to the length 

Fig 12.6. Typical input impedance (Zj) value for dipoles of various 
lengths. The values for L = A/2 and 3A/2 are always approximately 
as shown but values for other lengths vary considerably according 
to the length/diameter ratio of the aerial. The values given are 
typical for wire hf aerials. Note how the reactance changes sign for 

each multiple of A/4. 

in wavelengths. It will be seen that the components of 
impedance vary over a wide range. 

The input impedance of the aerial is related specifically 
to the input terminals, whereas the radiation resistance is 
usually related to the current at its loop position. It is 
possible to feed power into an aerial at any point along its 
length so that the input impedance and the loop radiation 
resistance even of a resonant aerial may be very different in 
value, although in this case both are pure resistances. Only 
when the feed point of the aerial coincides with the position 
of the current loop on a single wire, will the two be approxi¬ 
mately equal (Fig 12.7(a)). If the feed point occurs at a 
position of current minimum and voltage maximum, the 
input impedance will be very high, but the loop radiation 
resistance remains unaltered (Fig 12.7(b)). For a given power 
fed into the aerial, the actual feed point current measured 
on an rf ammeter will be very low, but because the input 
impedance is high, the power delivered to the aerial is the 
same. Such an aerial is described as voltage fed, because the 
feed point concides with a point of maximum voltage in the 
distribution along the aerial. Conversely an aerial fed at 
a low impedance point, usually a current maximum, is 
described as current fed. 

Fig 12.7. The input resistance of a A/2 dipole is low at the centre and 
high at the end, although the loop radiation resistance is the same 

in each case. In (b) Rin is twice the Re of Table 12.10. 

The input impedance of a current-fed half-wave dipole 
consisting of a single straight conductor is approximately 
equal to 73Q, though somewhat dependent on height 
(Fig 12.86), and will be much the same value irrespective 
of the size of wire or rod used to fabricate the dipole. 
The input impedance of a voltage fed half-wave dipole is 
very high, and its precise value depends not only upon the 
loop radiation resistance of the dipole, which is independent 
of the method of feed, but also the physical size of the wire 
used. The dipole wire between the current loop and the 
current zero at the ends may be considered to act as a 
quarter-wavelength transformer between the loop radiation 
resistance at the centre, and the input impedance at the end 
(Fig 12.8). As a transformer, the wire must exhibit a certain 
characteristic impedance Zo, and the transformer ratio will 
depend upon the value of Zo, which in turn depends upon 
the ratio of the conductor diameter to its length. If the end 
impedance is Re, and the radiation resistance Rr, then 

Z 2
approximately Re = ~ : the value of Rr is fixed by the 

Rr 
current distribution, and hence the value of Re will change 
as Zo, or the wire length/diameter ratio changes. Typical 
values of Re for different ratios are given in Table 12.10; the 
behaviour of transformers is dealt with in more detail in the 
section on transmission lines. 

In certain cases, even though a half-wave dipole is centre 
fed at the current loop position, the input impedance may 
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Fig 12.8. The end impedance of a A/2 dipole can be derived by con¬ 
sidering one half of the centre impedance transformed along A/4 of 

transmission line formed by the dipole wire. 

differ considerably from the value of 730. If the half-wave 
dipole is folded (see p!2.33), a transformation again occurs, 
to produce a different input impedance. If the dipole 
is the driven element of a multi-element array such as a 
Yagi, then the input impedance will also be modified 
(usually reduced) because of the presence of the other 
elements. If a wire is made up to be 33ft long and centre-fed, 
it would be resonant (A/2) at 14MHz, three-quarter wave¬ 
length (3A/4) at 21 MHz and full wave (A) at 28MHz. At 
14MHz it is easy to supply power into the 70Q input resis¬ 
tance, but at full wave resonance, ie 28MHz, the high value 
of 5,0000 requires the use of some form of transformer. 
Again at 21 MHz where the impedance is complex and 
evidently high, special arrangements are necessary. These 
problems are discussed later in connection with tuned 
feeders and aerial couplers and in relation to specific aerials. 

This same aerial on 7MHz would only be A/4 long, with a 
low resistance of 120 and a high capacitive reactance. It 
would require a loading coil of about 23^H inductance 
(1,0000 reactance) for resonance at 7MHz. This loading coil 
will have appreciable loss resistance, typically about 60 so 
that only two-thirds of the power from the transmitter 
reaches the aerial. The remainder is expended as heat in 
the coil so that the efficiency is 67 per cent and signal reports 
will be degraded by about one-third of an S-unit. With 180 
total input resistance and a reactance of 1,0000, the Q of 
the circuit (ratio of reactance to resistance) would be 
approximately 50, which is just sufficient to permit reason¬ 
able coverage of the band without retuning. On 3-5MHz 
the same aerial would have a resistance of only 30 and a 
reactance of 2,0000. The loss resistance of the loading coil 
would be 120, the efficiency only 20 per cent, and it would be 
impossible to shift frequency over more than about 25kHz 
without having to re-tune. The losses could be at least 
halved by using big coils, probably needed in any case for 
dissipating the heat, but the bandwidth would then be 
reduced to a mere 15kHz. 

Greater efficiency may be achieved by using a length of 
open-wire line (or tuning stub) in place of the loading coil. 
For 7MHz the required length of line is just over A/8 and the 
total loss resistance is likely to be about IQ. Due to trans¬ 
former action by the line, the radiation resistance is reduced 
to 6Q, but the efficiency is about 85 per cent, which is 
reasonable. The Q is about 86 which is low enough for 
coverage of the phone or cw bands (UK) but not both. 
The total length of wire in aerial and stub is rather greater 
than that normally required for resonance; in effect, wire 
has been subtracted at the high Z„ of the aerial wire and 
added at the lower Zo of the stub, the formula on pl 2.27 
being applicable in each case. 
Starting from the known value for a A/2 dipole, the 

radiation resistance of other aerials may be deduced from 

knowledge of the gain and current distribution. For example, 
knowing that the directivity of a A/4 dipole is very similar 
to that of a A/2 dipole, it follows that the fields produced 
must be similar for the same power radiaæd but, since the 
length is halved the current must be doubled and one might 
therefore expect the radiation resistance to be reduced to 
17-5Q or rather more than the 12Q indicated in Fig 12.6. We 
are however concerned with the average current which for a 
half-sine-wave as depicted in Fig 12.7 is 2/tt times the 
current in the centre, whereas for a short dipole the distribu¬ 
tion represents the two ends of a sine wave which are more 
or less triangular so that the average current is half the 
centre current. The radiation resistance is thus reduced by 
(tt/4)2 to 10-80. The remaining slight error lies in the assump¬ 
tion that the two aerials have identical gain, which is nearly 
true because in both cases the aerials are a close approxi¬ 
mation to point sources of radiation. This means that, to 
reach any given point in space, the contributions from all 
parts of the radiator have to travel nearly the same distance, 
arrive in almost the same phase, and are directly added. 
Nevertheless, if we look at a A/2 dipole from a nearly end-on 
position, we find contributions from near its two ends 
arriving almost half a wavelength apart and therefore 
cancelling each other. These components of the field are 
small and can for most purposes be ignored, but they account 
for a reduction of about 4 per cent in the relative field strength 
from the shorter aerial. This is equivalent to a 4 per cent 
reduction of current and allowance for this brings the esti¬ 
mated radiation resistance up to 12Í2 as tabulated. The 
variation of radiation resistance with dipole length, for 
different types of loading, is plotted in Fig 12.129, pl2.88. 

The possibility of approximating each element by a point 
source is particularly helpful towards understanding the 
operation of beam aerials as described later in this chapter. 

Mutual Impedance 

If two aerials are in proximity there is mutual coupling 
between them just as there would be between a pair of tuned 
circuits, except that instead of mutual reactance there is 
a mutual impedance which usually includes both resistance 
and reactance. It plays an important role in the operation of 
small beam aerials such as those normally used for the 
amateur hf bands, causing a big reduction of input impedance 
so that relatively large currents flow in the elements. The 
following example illustrates the calculation of input 
impedance for closely-spaced two-element arrays and 
provide some insight into a problem which becomes ex¬ 
tremely complex for practical systems involving additional 
elements. 

E2
Mutual impedance Zm is defined as the ratio — — where 

E2 is the voltage induced in one element by a current Ix 
flowing in another. It should be noted that E2 is the voltage 
which would be required to produce the current /2 (which is 
the current actually flowing) if the driven element was 
removed, and the minus sign arises from the nature of 
magnetic induction. If Z2 is the impedance of the second 
element we have Z2 = E2IZ2, but since E2 = — l,Zm the ratio 
of the currents, (— is given by Zm\Z2. The first element 
has, in addition to the driving voltage E^ a voltage — I2Zm 
induced from the second element and putting these facts 
together we find that the driving point impedance lEjm is 
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Fig 12.9. Variation of mutual resistance between parallel and collinear A/2 dipoles as the spacing is altered. 

given by Zx — ——, Zi being the self-impedance of the z2
first element and usually equal to the radiation resistance R, 
any reactive component being tuned out. 

In the case of Z2, the situation is slightly more complicated 
because the element is usually detuned slightly, which, as 
explained later, increases the gain and favours one direction 
of propagation rather than the other so that the aerial system 
is now said to possess a front-to-back ratio. For best per¬ 
formance a phase-shift of about 30° from the antiphase 
condition is required and for the simple case where Zm is 
a pure resistance Rm (which happens for a convenient spacing 
of about A/8 between dipoles) the phase-shift in radians is 
roughly equal to XIR where X is the reactance inserted in 
series with the radiation resistance R. (Instead of using a 
coil, the detuning effect can be achieved by altering the 
length of the element slightly, which is usually more con¬ 
venient). In this situation, which though relatively simple 
is of considerable practical importance, the driving point 
impedance is given by 

£i _ r /1 _ Rm2 \ 
A \ R2+X2) 

This is the resistive part of what is really a complex imped¬ 
ance, but the reactive portion is neutralized by normal 
tuning procedures and need not concern us further. For 
other spacings Zm is reactive and the algebra becomes quite 
involved, although this need not worry the experimenter 
unduly since beams are usually tuned experimentally, and 
it is mainly the theoretical difficulty which increases. 
If there are more than two elements the impedance 

reflected from, say, the nth element into the first is given by 

~Zmn where ln and Zm  denote the appropriate values of 

current and mutual impedance respectively. In this case, 
to calculate the driving point impedance the above 
expression would have to be elaborated to take into account 
the relative phases of the currents, and the mutual impe¬ 
dances of all the elements and their images in the ground, 

Fig 12.21 on pl2.14. This would have to be repeated for 
each element, leading to a complex set of simultaneous 
equations soluble only by computer. We can however effect 
a remarkable simplification by assuming that all the currents 
are of equal amplitude and either equal or opposite in phase 

in which case all the coefficients y- are equal to 1 or minus 1 

and we have 
Ei 
j — E i Rim i Rmz i Rmt i etc, 

the reactance terms (which add in the same way) being 
eliminated by the normal tuning process. The mutual 
resistances of parallel or collinear half-wave dipoles may be 
obtained from Fig 12.9 and added or subtracted as required; 
thus for two collinear dipoles with their ends almost touching 
(centres A/2 apart) the input resistance of each is 73 + 22 = 
95Q which reduces the current in each, and therefore the 
field at a distant point by 1 -2dB compared with what it would 
be with no interaction. On the other hand for similarly phased 
parallel dipoles spaced by 0-7A we have 73 — 24 = 49Q, and 
the field is increased by 1 -8dB. This procedure is particularly 
useful in dealing with arrays of widely-spaced elements; thus 
in the absence of mutual resistance the gain obtainable from 
stacking any number n of identical radiators (regardless of 
whether these are dipoles or elaborate beam aerials) is 
precisely equal to n, as explained on pl2.16. For two 
elements, the basic gain of 3dB is modified in the case of the 
above examples to 3 — 1-2 = F8dB and 3 + 1-8 = 4-8dB 
respectively. A more dramatic illustration of the relation 
between gain and mutual impedance is provided by the 
8JK beam, Fig 12.14 on pl2.11, in which close-spaced 
parallel elements are fed in anti-phase. For a spacing of 
015A we have Rm = 610 so that allowing for the phase 
reversal the radiation resistance of each becomes 73 — 61 = 
120 and the total power radiated for a current of I in each 
element is 24/2 compared with 73ZO2 for a single dipole. 
Equating these powers, we find that I = 1 -71/0. Along a line 
at right angles to the elements the fields radiated do not quite 
cancel out because one has a start of 015A over the other 

12.7 



RSGB— RADIO COMMUNICATION HANDBOOK 

so that there is a 54° phase difference. The resultant field is 
/54\° 

therefore 2 X 1-71 sin I "y I times that of a dipole, ie 1-55 

times, which implies a gain of 3-84dB. 
In practice, simple addition and subtraction of mutual 

resistances can usefully be applied only to a few simple 
combinations of two or four elements, ie to symmetrical 
arrangements in which each element "sees” an identical 
pattern of other elements and their ground images. Other¬ 
wise different elements will experience different reflected 
impedances, and currents will be unequal unless the phases 
and amplitudes are independently adjusted in every case. 
In the case of close-spaced beams at reasonable heights, 
ground images, being relatively remote, have negligible effect 
on impedances compared with those due to interactions 
between the elements. 

PRINCIPLES OF DIRECTIVE ARRAYS 

All practical aerials are directive to some extent since, 
as we have seen, there is no radiation from a wire directly 
along its axis. When there is more than one half-wavelength 
in an aerial or if an aerial system is built up from a number 
of separate radiators it can be represented as a number of 
point sources, each representing one standing wave current 
loop. The total radiation can then be regarded as the 
resultant of a number of components, one from each point 
source. In any given direction these components may have 
to travel different distances, so that they do not arrive at a 
distant point in the same relative phases as they had in the 
wire. They can, therefore, augment or oppose each other. 
It is, however, possible to combine a number of elementary 
aerials so that their radiation accumulates in some favoured 
direction, at the expense of radiation in other directions. 
This gives a much stronger signal than a single aerial would 
give in the required direction for the same power input. For 
these reasons aerials are said to be directive and to have gain. 
The concept of gain was discussed on pl 2.3, and as we 
have seen, directivity and gain are closely interrelated. 
There are many ways of constructing directive arrays and the 
choice between them depends largely on the space and height 
available as well as basic requirements such as whether it 
is desired to achieve equally good performance in all direc¬ 
tions or concentrate on one or more particular directions. 
Rotary beams meet the requirements for coverage of all 
directions with a gain of about 5-6dB [1] and comparable 
results may be obtained by switching between two or three 
fixed reversible beams, but higher gains require larger 
beams so that rotary construction becomes impossible, and 
the azimuthal patterns of fixed arrays become narrow so that 
a large number of separate arrays are necessary if it is desired 
to achieve uniform coverage of all compass directions. 

For long distance work a low angle of radiation in the 
vertical plane is needed and depends primarily on aerial 
height and the nature of the surrounding contours [2] as 
discussed later in this chapter. In general the angle should be 
as low as possible and usually this means that the aerial 
must be as high as possible. Assuming a height of about A/2 
or greater to the centre of the elements, horizontal and 
vertical polarization give very similar low angle perfor¬ 
mance. Typically, for a height of A/2 and radiation angle 
of 5° the ground reflected wave interferes destructively 
to produce a loss of 6dB but this changes to an enhancement 

I END-FIRE~| 

Fig 12.10. Collinear, vertical broadside and end-fire arrays, 
illustrating the terms. The arrows indicate directions of maximum 
radiation and the voltage standing waves on three of the aerials 
show their relative polarity or phase. The lower left aerial is a 

three-element parasitic array and is unidirectional. 

of 3dB for a height of 3A/2 and 6dB for a height of 3A. 
It is important to note that these figures are independent of 
the free-space gain of an aerial or the way it is obtained. 
However, due to interaction between the aerial and its 
image (see for example Fig 12.9 and the section on mutual 
impedance, pl2.6) the current in the reference dipole 
will vary somewhat with height, and could account for a 
variation in the apparent gain of up to l-2dB. It is also to 
be noted that with vertical polarization cancellation is in¬ 
complete leaving a small but useful amount of low-angle 
radiation [2] which is independent of height. 

Long wire aerials have very distinctive radiation patterns, 
as will be seen later, but these patterns have several main 
beams or lobes and hence the gain is not so great as when 
most of the transmitter power is concentrated into one main 
beam. In order to achieve the latter condition, two or more 
elements, such as half wave dipoles, are combined in special 
ways and the combination is called an array. There are three 
general classes of array—the broadside array in which the 
main beam is at right angles to a plane containing the ele¬ 
ments, the end-fire array in which the main beam is in the 
same direction as the row of elements and the collinear array 
which employs co-phased elements arranged end-to-end, 
radiation being a maximum at right-angles to the line of the 
elements; the three classes are illustrated in Fig 12.10. 
It should be noted that the term end-fire refers to the layout 
of the array and not to the ends of the wires, although the 
term is sometimes applied to a long wire, because its direction 
of maximum radiation tends towards the direction of the 
wire. 

Radiation Patterns and Polar Diagrams 

From the point of view of effective gain it is immaterial 
whether this comes from horizontal directivity, vertical 
directivity or both, but the practical usefulness of a fixed 
array using horizontal collinear elements is restricted by the 
relatively narrow beam width in the horizontal plane. To 
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illustrate the radiation pattern of an aerial, polar diagrams 
are used in the form of curves, the radius of which in any 
direction represents the relative strength of signals in that 
direction. 

The radiation from an aerial occurs in three dimensions 
and therefore the radiation pattern is best represented by the 
surface of a solid object A polar diagram is any section of 
the solid shape and a large number of sections may be 
necessary to reduce the aerial radiation pattern to two 
dimensions. In practice it is necessary to be content with two 
polar diagrams taken in the principal planes, usually the 
horizontal and vertical, and giving the two cross-sections 
of the main beam. 

Where the polar diagram has a definite directional form, 
the angle between the directions where the power radiated is 
half the value at the point of maximum gain ( 3dB) is called 
the beam width. These paints are marked on Fig 12.99 on 
pl 2.65. 

To avoid confusion when discussing radiation, directions 
in the horizontal plane are referred to as azimuth,' angles 
above the horizontal, in the vertical plane, are called wave 
angles or directions in elevation. Confusion often arises 
additionally when the expression horizontal (or vertical) 
polar diagram is used, unless it is made clear by a statement 
of the polarization of the aerial with respect to the Earth's 
surface. When reference is made to the polar diagram of an 
aerial in free space, the terms horizontal and vertical have 
no meaning, and the more precise descriptions of E-plane and 
H-plane polar diagrams are to be preferred. These are 
unambiguous, since the direction of the electric and magnetic 
fields around the aerial is a function only of the direction of 
current flow. The electric field (or E-plane) is parallel to the 
direction of current and therefore usually parallel to the 
radiating wire. The magnetic field (or //-plane) is at right 
angles to the current and therefore normal to the radiating 
wire. The polar diagram of the half-wave dipole illustrated 
in Fig 12.5 is then an E-plane diagram: the //-plane diagram 
of the dipole will be a circle. Such an aerial is then said to 
possess E-plane directivity, and is omni-directional in the 
//-plane. 

No matter what name is used to describe the polar dia¬ 
gram, it should be remembered that these radiation patterns 
are for long distances and cannot be measured accurately 
at distances less than several wavelengths from the aerial. 
The greater the gain, the greater the distance required. 

Construction of Polar Diagrams 

Fig 12.11 is a plan of two vertical aerials A and B, spaced 
by one half-wavelength, and carrying equal in-phase currents. 
A receiver at a large distance in the direction a at right-angles 
to the line of the aerials (ie broadside) receives equally from 
both A and B. Since the two paths are equal the received 
components are in phase and directly additive, giving a 
relative signal strength of two units. In the direction b the 
signal from A travels one half-wavelength further than that 
from B. The two received components are therefore one half 
cycle different, or in antiphase, and so cancel to give zero 
signal. In an intermediate direction c the two paths are 
effectively parallel for the very distant receiver, but one 
component travels further by the distance x. In this case the 
components have a relative phase <!> = 36O.v/A degrees. The 
addition for this direction must be made vectorially using the 
“triangle of forces” also illustrated in Fig 12.11, in which the 

Fig 12.11. The radiation pattern of two sources can be calculated by 
vector addition of the respective field contributions at various 
angles of azimuth. For simple arrays this can be converted into a 

trigonometrical formula. 

two equal lines representing signal strength from A and B 
are set at the phase angle which corresponds to the path¬ 
difference x; the total or resultant signal is equal to the 
relative length of the line E which completes the triangle. 
This process could be carried out for all directions, but is 
tedious and it is usual therefore to convert the operations to a 
trigonometrical formula from which the result can be calcu¬ 
lated more quickly. 

In the general case of two aerials carrying equal but 
de-phased currents and spaced a distance d apart, the 
appropriate formula for the //-plane polar diagram is: 

E = 2E„ cos rd a $ 

T C0S 0 + 7 • • • (i) 

where 3 is the angle measured as shown in Fig 12.11, is 
the electrical phase difference between the currents in the 
two aerials, and E„ is the value of the field from one aerial 
alone in the direction 3. In the particular case illustrated 
in Fig 12.12, 8 - 0, E„ is constant for all directions of 0, and 
d = A/2, so that the shape of the polar diagram can be 
plotted from the expression: 

cos I — cos 8 

The absolute magnitude of the field E will depend upon the 
actual value of the current flowing in each aerial and is of no 
direct importance when calculating the shape of the pattern. 
It comes into account only when the relative patterns of two 
aerial systems are being considered and the question of gain 
arises. 

The polar diagram found in this way is a figure-of-eight, 
the curve marked A/2 in Fig 12.12(a). If on the other hand 
the two aerials had been in antiphase, the resultant signal 
would have been zero in the direction a and maximum in 
direction b, and the polar diagram as in Fig 12.12(b). 

In that case, = 180° (or it) in expression (i) above, and 
the polar diagram is given by 

cos — cos 8 + — 

= sin 
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Fig 12.12. Horizontal polar diagrams of two vertical aerials spaced 
A/2 and A. The upper diagram is for aerials in phase, the lower 
diagram for antiphase connection. If separate feeders are used the 
pattern can be changed by reversing polarity of one feeder. Direc¬ 
tions 90,270 are broadside: 0°, 180 end-fire. Note that the end-fire 

diagrams are broader than the broadside ones. 

This expression for the antiphase aerials is very similar 
in form to that for the in-phase aerials, and the change from 
cosine to sine reveals that the general pattern is turned 
through 90° of azimuth. This is confirmed by the dotted 
curves of Fig 12.12. 

A similar procedure is used if the aerials do not carry 
equal currents, or if they have an arbitrary phase relation. 
In this case the sides of the triangle would be drawn in 
lengths proportional to the two aerial currents and the rela¬ 
tive phase of these currents would be added to the angle 
which arises from the path differences. 

In Fig 12.11 the path difference x and corresponding phase¬ 
shift </i are of course proportional to the spacing between the 
aerials, which in the example above was one half-wave-
length. If the spacing is one wavelength then the phase 
difference changes twice as rapidly with change of direction, 
and so there are twice as many maxima and minima to the 
pattern, giving the curves marked A in Fig 12.12. These 
patterns are said to have four lobes. 

With increased spacing between the two aerials, more 
lobes appear, two for each half-wave of spacing, and the 
pattern becomes like a flower with many petals. This type of 
pattern is not very useful, but if the intervening space is filled 
with aerials spaced A/2, one pair of lobes grows at the 
expense of all the others, giving a sharp main beam with a 
number of relatively small minor lobes. This is the basis of 
stacked beam arrays. It should be noted, however, that the 
beam is only developed in the plane in which the array is 

extended; a broadside array of vertical aerials or collinear 
array of horizontal aerials all in phase produces a beam 
which is narrow in the horizontal plane, but its vertical 
pattern is the same as that of a sing'e aerial. It is therefore 
necessary to extend a stacked array in the vertical direction 
if a sharp vertical pattern is required. In an end-fire array 
where the aerials are spaced and phased to give the main 
lobe along the line of aerials, the vertical and horizontal 
patterns are developed simultaneously by the single row of 
radiators because the array is extended simultaneously in 
both of these planes. The azimuth pattern of an end-fire 
array is always broader than that of a broadside array 
of the same length; this effect can be noted in the patterns 
of Fig 12.12. Note that for the purpose of this discussion 
the interaction of horizontal and vertical planes is assumed 
to be along the direction of propagation. 
Although the trigonometrical formula for the polar 

diagram of a large array may be very complex, and therefore 
laborious to plot in full, it is always readily possible to find 
the directions of minimum radiation or nulls by solving the 
equation for 0 when E is made equal to zero. 

Unidirectional Patterns 

The patterns so far considered are symmetrical: a some¬ 
what different combination of aerials gives a unidirectional 
pattern. The two dipoles in Fig 12.13 are connected a 
quarter-wave apart along a common feeder, with a wave 
entering from the left. In the direction away to the right it 
does not matter whether radiation leaves via the first aerial 
or the second; it takes the same time to reach its destination. 
Thus to the right the components of radiation are additive 
because they are in phase. This is shown by the upper set of 
broken lines. To the left, however, the wave from the end 
dipole has to travel further than that from the first dipole 
by a distance equal to twice the spacing between them. This 
extra journey is one half-wavelength and hence the two 
components differ in phase by 180° and cancel. Because of 
the A/4 spacing the currents in the two aerials have a phase 
difference of 90’ and are said to be in quadrature. 

Fig 12.13. Illustrating the fundamental principle of the driven 
reflector. The two wave components have equal path lengths in one 
direction, and therefore add, but in the other direction the paths 
differ by A/2 and the components cancel. The polar diagram is the 

geometrical figure called a cardioid (heart shape). 
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Maximum 
radiation 

Max 
radiation 

To Distant point, P 
where field-strengths 
from A, B=- F and F 

'^respectively, i.e. 

Each dipole can be regarded as a 
point source at A, B, and d is 
small compared with Ä 

2Fsin 

F| = field-strength left over 
after combining Fand—F 

To produce same field Fr 
with a dipole of same 
length requires a , 
current I g = x I 

Signal from A travels a distance 
AC further than signal from B. 
Therefore phase difference 0 O 

= d cos © x 3 A 

Fig 12.14. Mechanism of 8JK aerial. 

The actual shape of the pattern can again be determined by 
substituting the appropriate values for if and /> in expression 
(i) given earlier, to give (TT TT \ — cos 6-r I 4 4/ 

This fundamental principle is often used in broadside 
arrays in order to make the radiated beam unidirectional by 
placing a second set of aerials a quarter-wave behind the 
main set. For small beams such as those suitable for rotary 
use, much smaller spacings are used, the pattern being 
cardioidal so long as the phase shift differs from 180° by an 
amount exactly corresponding to the spacing between the 
elements, eg 135° for A/8 spacing. However, as demonstrated 
on pl2.12 improved gain and directional characteristics 
result from a phase shift somewhat less than that required 
for a cardioid pattern. 

Close-spaced Arrays 

Beam aerials may be classified into two types: (a) those 
in which the beam is formed by in-phase addition of fields 
which the various elements produce in the wanted direction 
and (b) those in which »ncigv is concentrated in a wanted 
direction by less-effective cancellation of opposing fields. 
The simplest example of the second type is provided by the 
8JK which is an end-fire array using a closely-spaced pair of 
dipoles driven in antiphase and operating as illustrated by 
Fig 12.14 Due to restrictions of space and the mechanical 
requirements of rotary beam construction the majority of 
amateur hf beams use closely-spaced elements and it will be 
shown that those with two elements can be evolved from the 
8JK by the introduction of a small phase-shift. 

The nearly-antiphase excitation of elements is an inherent 
feature of all close-spaced beams. If such elements are fed 
in the same phase the radiation resistances are additive so 
that the current in each is reduced, the total current tends to 
stay constant, and the radiation pattern and gain is the same 
as that of a single dipole. This follows also from the fact 
that for any given point in space, signals from each element 
arrive in nearly the same phase, a difference of say, 45° 
being insignificant when the fields are adding. On the other 
hand if the elements are fed in antiphase a narrow beam can 
be formed because as shown in Fig 12.14 the extent to which 

cancellation fails to take place in any given direction is 
proportional to the apparent spacing of the elements as 
viewed from that direction. This varies as cos 8, so that a 
second cos 8 pattern is superimposed on the basic dipole 
pattern giving cos2 0 in the end-fire direction and cos 8 in the 
broadside direction, a concentration of energy which 
produces a gain of 4dB and is independent of the dimensions 
of the beam. Arrays characterized by this property are 
known as “supergain” arrays since for a given gain they are 
much smaller than “normal” arrays using the additive 
principle. Unfortunately since the increased field strength is 
attributable to the difference between opposing fields, each 
of these must be relatively large. This implies large currents 
in the element so that for a given radiated power the radiation 
resistance must be relatively low; bandwidth is therefore 
decreased and much larger diameter conductors are needed 
to prevent energy from being dissipated as heat instead of 
radiation. 
This subtractive method of beam forming can only be 

applied with close spacing, since otherwise there must be 
some direction in which the field is additive and thus rela¬ 
tively large. 

If the phase of the current in one element is advanced by 
an amount equal to the spacing, ie 45° for a spacing of A/8, 
the total phase-shift is doubled for the direction of advance¬ 
ment and zero for the opposite direction so that a cardioid 
pattern results exactly as described in the previous section 
for A/4 separation and 90° phase-shift, Fig 12.13, although 
different arrangements are needed to produce the phase¬ 
shift (eg Figs 12.108, 12.110). One highly desirable conse¬ 
quence of this is an increase of four times in radiation 
resistance, with the gain remaining the same as for an 8JK 
system. Better performance is obtained with somewhat 
smaller values of phase-shift and Fig 12.15 is a set of uni¬ 
versal curves showing how gain, front-to-back ratio (nomi¬ 
nal) and radiation resistance vary with phasing. It should be 
noted that as phase-shift is reduced the single null of Fig 12.13 
splits into two in different directions as shown by Fig 12.16 
so that, despite the reduction of nominal front-to-back ratio, 
the average discrimination against interference tends to be 
improved; in fact if interference were equally likely to arrive 
from all directions in space, adjustment for maximum gain 
would by definition ensure minimum interference. The 
variation of backward field strength with bearing and phase¬ 
shift is plotted in Fig 12.17. 

In the discussion so far both elements have been driven 
so that the currents are equal. More often only one element 
is driven, the other being excited parasitically from the driven 
element via the mutual impedance, phase being adjusted by 
tuning the parasitic element which may be operated either 
as a director or reflector. Parasitic operation has little 
effect on gain, but, depending on the type of element, there 
is a tendency for nulls to be less pronounced because the 
currents are unequal so that there are no directions for which 
the fields are equal and opposite. The effect of unequal 
currents on gain and front-to-back ratio is shown in Fig 
12.18. 

The choice of director or reflector operation is immaterial 
if the mutual impedance is purely resistive, which occurs in 
the case of dipoles for a spacing of about A/8; at larger 
spacings, or in the case of loop elements, the mutual impe¬ 
dance includes capacitive reactance which increases the 
current in a reflector and reduces it in a director so that 
directors are then relatively inefficient. This is particularly 
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Fig 12.15. Variation of gain, radiation resistance and F/B ratio with 
^Mo where </>o is the phase shift corresponding to the distances bet¬ 
ween the elements and </> is the electrical phase shift relative to the 
antiphase condition. Resistance scale is correct in ohms for each of 

a pair of dipoles spaced A/8 (equal currents are assumed). 

marked with loop aerials (eg the quad or delta loop. Figs 
12.115, 12.120) with reflector operation providing almost 
equal currents and deep nulls, whereas directors provide 
much reduced gain and back-to-front ratio. 
Parasitic beams frequently employ a reflector and one or 

more directors but as shown on pl2.75 the increase of 
gain obtainable in practice, with close spacing, is limited to 
about IdB although the theory of supergain aerials predicts a 
possible gain proportional to the square of the number of 
elements. This is unfortunately subject to very precise 
adjustment of current amplitude and phases, and as the size 
is reduced or the number of elements increased, bandwidth 
decreases and losses increase at an astronomical rate. 

Fig 12.16. Variation of E-plane polar diagram with phase angle. 

Fig 12.17. Variation of backward field strength with bearingand phase 
shift. Angles in brackets apply for S = A/8. Curve (a) corresponds to 
maximum gain and curve (d) to maximum nominal back-to-front 
ratio. Curve (b) provides near-maximum gain and better rejection 

of interference than (d) for all angles less than 147°. 

Point Sources 

We have already made use of the fact that aerial elements 
can be represented by point sources, and although it is 
always admissible to use more than one point per element the 
need only arises if this radiates in more than one plane or 
if it contains separate concentrations of current with a 
distance of more than about A/4 between them. In the latter 

(45°= 0O ) 

Fig 12.18. Gain and F/B ratio for two-element arrays with unequal 
currents, compared with equal current arrays. Spacing is A/8. 
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TWO HALF-WAVE DIPOLES IN ANTIPHASE 

SINGLE HALF-WAVE 
DIPOLE PATTERN 

PATTERN TWO POINT 
SOURCES 

A-B SPACED y 

Fig 12.19. The array factor. Each dipole has a pattern like F1. Two 
sources in opposite phase at A and B would have a pattern like F2. 
For any direction (eg the arrows) the chord F1 is multiplied by that 
of F2 for the same angle. When this is done for all angles the pattern 

shown at the bottom is obtained for the complete aerial. 

case radiation from different parts of the element could 
arrive in phase for one direction in space and yet be appre¬ 
ciably different in phase for another direction, in which case 
the radiation pattern will differ from that of a point source, 
and if the reduction of radiation in one direction accounts 
for a significant amount of energy there may be enough gain 
in another to invalidate the point-source assumption. An 
important borderline case is provided by the quad loop 
(Fig 12.115) the top and bottom of which could be regarded 
as individual point sources separated by A/4; with a single 
loop this slightly reduces the radiation in the vertical plane 
and provides a small stacking gain, about IdB. With loops 
assembled into a beam, the stack approximates to a pair of 
Yagis which as discussed later require a separation of the 
order of A/2 instead of A/4 before they can be regarded as 
stacked effectively, so that even in this case no appreciable 
error is to be expected from the point source approximation. 

Array Factor 

The radiation pattern of a large aerial array can often be 
calculated by breaking down the array into units of which 
the individual pattern is known, and then combining the 
patterns of the units together. For the purposes of combining 
the unit patterns, each is assumed to be a “point source” of 
radiation, located at its physical centre, such as the aerials 
A and B in Fig 12.19, and an expression F, derived for the 
pattern of the individual sources. The final pattern F of the 
whole aerial is then obtained by multiplying F, by the pattern 
F¡ of two antiphase point sources spaced A/2 so that 

F = Fr X F:, 
The expression Ft is known as the unit pattern and F2 as 
the array factor. 

For very large arrays of dipoles this technique can be 

repeated by successive breaking down of the array into 
smaller and smaller units. The application of the array factor 
to the determination of the £-plane polar diagram for 
a pair of collinear antiphased half-wave dipoles is shown in 
Fig 12.19, where Fis the final pattern, F¡ that of the dipole 
and F2 the array factor or pattern of the set of point sources. 
F, is unity for the azimuth pattern of vertical aerials. If each 
aerial were fitted with a reflector, then another multiplying 
factor would be included to represent for example the car¬ 
dioid (heart shape) of Fig 12.13. 

A particular application of array factor is the conversion 
of //-plane to £-plane polar diagrams for arrays made up of 
parallel half-wave dipoles. Once the //-plane pattern has 
been established by measurement or calculation, the £-plane 
pattern is obtained merely by multiplying the //-plane 
pattern by the dipole factor Fd (the £-plane pattern of a 
single half-wave dipole) so that : 

£-plane = //-plane X Fa 

Since the half-wave dipole possesses £-plane directivity 
normal to its axis the effect of converting the //-plane 
diagram is to sharpen it in the directions at right angles to 
the axis of the dipoles, at the expense of radiation in the 
directions along the axis of the dipoles. This is illustrated in 
Fig 12.20 which shows the E- and //-plane diagrams for an 
array of two parallel dipoles with reflectors. 

Vertical plane diagrams are found in the same way, by 
treating the aerial and its image in the ground as an array 
of two sources spaced by twice the height of the real aerial. 

Vertical Radiation Patterns over Earth 

The relationship between the sign of the aerial and its 
image for the separate cases of horizontal and vertical 
polarization is shown in Fig 12.21. In the case of the hori¬ 
zontally polarized aerial, the image is of opposite sign or 
phase, and the resultant field along the surface of the 
reflecting plane will always be zero. In the case of verticaily 

Fig 12.20. Conversion of H-plane to E-plane polar diagrams using the 
principle of array factor. Note reflector spacing is A/4, not A/2. 
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Fig 12.21. Images of aerials above a perfectly-conducting ground plane. The vertically polarized aerial produces an image which is in phase and 
supports radiation along the surface. The horizontally polarized image is in antiphase and cancels the radiation along the earth’s surface. The 

path length from the image is greater by the distance 2h sinO, resulting in a phase difference of 4nh sinO/A radians. 

polarized aerials over perfect ground the image would be in 
phase and the field a maximum at low angles. 

For horizontal polarization, there are maxima in the 
vertical plane whenever 2h sin 0 is equal to an odd number of 
half-wavelengths thus producing a phase reversal, and at 
these angles the direct wave and ground-reflected waves 
reinforce each other, giving 6dB gain compared with the free-
space pattern. On the other hand there is almost-zero radia¬ 
tion when 2h sin 8 is equal to zero or an even number of half¬ 
wavelengths. Typical vertical plane polar diagrams are given 
in Fig 12.22 (c) and (d), and it will be evident from the above 
discussion that these represent the array factor for any two 

sources fed in antiphase and spaced by 2h. Vertical polar 
diagrams for any horizontal array may therefore be obtained 
by multiplying its free space polar diagram by the appro¬ 
priate pattern from Fig 12.22, with the nose of each lobe 
corresponding to a voltage multiplication of two, and it is 
important to note that this multiplying factor is entirely 
independent of the type of aerial. If the array has a narrow 
free-space radiation pattern in the direction corresponding to 
the vertical plane this would suggest that it derives its free 
space gain from restriction of radiation in this plane rather 
than by a narrow azimuthal beam width, and the narrow 
vertical pattern does not imply any additional gain due to 

Fig 12.22. Vertical plane radiation patterns, (a, b) Vertical aerials over a perfect “earth”, (c, d) Horizontal dipoles and collinear arrays. 
(e) Broadside horizontal arrays, (f) End-fire horizontal systems, eg W8JK. Only half of each pattern is shown : they are symmetrical about 
the vertical axis, unless reflectors are also used. Diagrams (a) and (b) hold for all azimuth directions: the remainder are for broadside direc¬ 

tion only. The beamwidth in azimuth depends on the length of the arrays, as shown in Fig 12.99. 
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Fig 12.23. Comparison of short horizontal and vertical radiators at 
hf, assuming flat open country. “Zero loss“ occurs with in-phase 
addition of the direct wave and a reflected wave of equal amplitude. 
Aerial heights are indicated in wavelengths for horizontal polariza¬ 
tion (dotted curves). Vertical polarization curves are calculated for 
low height and a frequency of 7MHz; performance deteriorates 

slightly as frequency increases. 

a lowering of the angle of radiation in the presence of the 
ground. The effect of the ground is almost fully accounted 
for by the appropriate array factor which is identical for all 
horizontal aerials at the same height, but there is another 
small factor resulting from the variation of radiation 
resistance with height. Fig 12.86. This can increase or 
decrease the current, causing a loss of F2dB for a dipole 
at a height of 0-4A or a gain of 0-9dB if the height is 0-55A, 
etc. It is to be expected that this effect will be neutralized 
in the case of close-spaced beams with antiphase elements 
such as the 8JK and its derivatives since each element 
“sees” two images of opposite phase and almost equidistant. 

Effect of Earth Conductivity 

So far the ground has been considered as a perfect 
conductor which is a useful approximation in the case of 
horizontal polarization but far from true for vertical 
polarization except for the special case of sea water when 
it is valid for elevation angles greater than about 3°. Due 
to a phenomenon which is known as the Brewster effect there 
is an almost complete sign reversal of the image at the 
angles of elevation most important for dx, ie a few degrees, so 
that vertical and horizontal aerials centred at the same height 
tend to give very similar performance. At the “Brewster 
angle” which is of the order of 10-20°, depending largely 
on ground conductivity and dielectric constant, the reflec¬ 
tion coefficient falls to a low value and at higher angles 
the performance starts to decrease on account of the dipole 
factor. Even this however is an oversimplification since the 
reflection coefficient at low angles is appreciably less than 
unity, and leaves some useful radiation however low the 
aerial. This can be extremely useful at low frequencies where 

heights of even A/2 are difficult to achieve, and Fig 12.23 
compares the low-angle performance of low-height vertical 
aerials above various types of ground with that of horizontal 
aerials at heights between A/4 and 2A. At the lower frequen¬ 
cies in the hf band vertical polarization tends to give stronger 
ground wave signals but, whichever polarization is used, 
ground wave signals will normally be stronger when received 
on an aerial of similar polarization. 

Fig 12.22 includes some typical vertical patterns for 
horizontal broadside and end-fire arrays in addition to 
dipoles and confirms that for a given mean height the lower 
lobes are almost identical in all three cases, the high angle 
lobes being of course greatly reduced due to the unit patterns 
in the case of vertical aerials. The vertical patterns, although 
for a perfect earth, can be usefully applied at high angles (ie 
well above the Brewster angle). The modification of the 
vertical radiation pattern caused by this effect, which applies 
to vertical polarization only, is illustrated for a typical case 
by the dotted curve of Fig 12.24. A more searching treatment 
of this aspect is to be found in Reference [20]. 

Total Radiation Patterns over Earth 

All the preceding references to polar diagrams in the E-
or //-planes of an aerial are derived for radiation of the 
appropriate polarization. For aerials in free space, the dia¬ 
grams are entirely valid for there is no external influence to 
produce any effective change of polarization. In free space 
there is literally no radiation off the ends of a dipole, and 
the E-plane diagram correctly falls to zero in those directions. 
Similarly, for a horizontal array along a direction at right 
angles to the elements the aerial and its image can be re¬ 
garded as identical point sources and the polar diagrams 
computed from the appropriate array factor as described, 
though it should be appreciated that the diagram so obtained 
is relative to the centre of the system, ie a point midway 
between the aerial and its image, zero elevation being 
relative to this point and not to the actual aerial, ie zero 
field coincides with ground level. 

If a dipole is disposed horizontally above an earth plane 
acting as a reflector, there will then be some radiation off 
the end even at zero elevation as may be appreciated by 
holding a pencil parallel to the surface of a mirror and 
observing the image from the end-on direction at various 
heights above the mirror. Closing one eye, the pencil shrinks 
to a dot but the image, though perhaps greatly reduced in 
length, remains visible. Neglecting ground losses the amount 
of radiation is determined by the usual cos B formula and is 
therefore proportional to the apparent length of the image as 
viewed in this way. Since this image appears to be in the 

Fig 12.24. Effect of ground conductivity and Brewster reflection on 
vertical radiation pattern of a vertically polarized aerial over 

typical ground. 

12.15 



RSGB— RADIO COMMUNICATION HANDBOOK 

VOLTS / 
METRE 

Fig 12.25. Stacking two dipoles gives an effective gain of 3dB (ignoring 
mutual effects) because the input power is proportional to the 
square of the current and the distant field to the total current. 

vertical plane if the mirror is horizontal, the radiation is 
vertically polarized. 

Ground wave propagation normal to the aerial wire is of 
course horizontally polarized but for intermediate directions 
the plane of polarization will be inclined, with completely 
vertical polarization off the ends of the aerial. 

There is considerable high-angle sky-wave radiation “off 
the end" of a horizontal dipole. For example applying the 
cos 9 formula it is evident that there will be only 6dB 
discrimination against signals arriving at an elevation angle 
of 30° from an endwise direction as compared with signals in 
the main lobe, neg'ccting the effect of the ground which due 
to the higher angle is more likely to favour short-skip 
interference than a wanted dx signal. In between these two 
directions the plane of polarization changes gradually from 
horizontal to one inclined at 30° to the vertical, remaining 
of course always normal to the wave direction and in the 
plane of the wire. Due to the varying effect of the ground as 
the ratio of vertical to horizontal polarization changes, it is 
difficult to compute accurately the vertical plane radiation 
pattern for directions well away from the main lobe. These 
directions in general are of minor importance but it should 
be noted that for short skip (ie high angle) signals there 
will be considerable reduction of directivity. On the other 
hand it may often be possible to increase the strength of a 
wanted signal, or reduce interference, by switching to another 
aerial at a different height. It is useful to note that the dipole 
tends only to exhibit reasonable horizontal directivity at the 
lower wave angles, and will tend to become omnidirec¬ 
tional for the higher angles associated with short skip 
propagation. 

Stacking Gain 

The general relationship between gain and directivity 
was explained on pl2.3, the effect of mutual coupling on 
aerial currents on p!2.6, and the procedure for building 
up the directional pattern from individual elements has 
now also been covered. It remains to assemble these 
factors together to establish the gain of arrays of various 
types. The achievement of gain with collinear, broadside 
and widely-spaced end-fire arrays depends upon the fact that 

the distant field, which excites the receiving aerial, is directly 
related to the radiation current, whereas the power fed to the 
aerial is proportional to the square of the radiation cun ent. 
Fig 12.25 shows two half-wave dipoles stacked one wave¬ 
length apart, each with a radiation resistance R. They are 
centre fed so that the radiation resistance is nominally the 
same as the input impedance, and each carries a loop radia¬ 
tion current /. For one dipole, the distant field is E due to a 
radiation current 2/, and the power required to be fed to the 
dipole to achieve this is (2/)2 x R = APR. If the second 
dipole is now introduced and the current is split between 
them so that each has a current I and gives a distant field 
£/2, the fields will be in phase broadside to the dipoles and 
will add to give the same field strength E as before, but the 
power delivered to each dipole is now PR, so the total power 
is 2PR. For the same distant field, the power required is 
only half that of a single dipole, so a power gain of 3dB has 
resulted from stacking the two dipoles. What has happened 
is that the fields radiated by the individual dipoles have added 
in phase in the desired directions but have either cancelled 
or added less effectively in others which results in a sharpen¬ 
ing of the radiation pattern in the desired direction, and 
hence gain. 

By simple extension this argument leads to the result 
that n elements provide a gain of n times, but this is slightly 
in error since it fails to take account of mutual impedance 
which as demonstrated earlier may increase or decrease the 
element currents somewhat even with wide spacing. Typically 
a reduction of l-2dB is found for a collinear pair and an 
increase of l-8dB for an optimally spaced broadside pair so 
that the effective gains in these two cases will be F8dB and 
4-8dB respectively. The latter figure is the maximum gain 
obtainable from two elements fed in phase, and the required 
spacing (0-7A) is known as the optimum stacking distance. 
As discussed on p!2.11 however, somewhat greater gain is 
obtained from close-spaced elements with nearly-antiphase 
excitation. In the example of the two dipoles spaced one 
wavelength apart, the mutual resistance is very nearly zero, 
and the simple figure of 3dB is correct. 

The principle of stacking gain may be extended to more 
than two radiators, and to radiators each of which is highly 
directive in its own right, but wherever many elements are 
involved, consideration must be given to the mutual coupling 
between each element and all other elements, in turn. The 
derivation of the optimum stacking distance for such systems 
becomes very complicated and varies with the type of array, 
but in general the higher the directivity and intrinsic gain 
of each unit in the array, or the larger the number of elements, 
the greater is the optimum stacking distance between them. 
Two broadside dipoles require a spacing of 0-7A, four are 
better spaced at 0-8A intervals, eight at 0-9A intervals and so 
on. On the other hand to get maximum gain from a fixed 
length of array, instead of a fixed number of elements, the 
optimum stacking distance tends to remain constant regard¬ 
less of the length. Typically, a broadside or end-fire anay 
4A in length made up of A/2 dipoles would provide about 
!2-5dB gain in each case, the number of elements required 
being 7 and 13 respectively [4]. It will be noted from the 
broadside examples that there is little or no change in opti¬ 
mum stacking distance as the array is lengthened. 
When a fixed number of beam arrays are stacked, the 

optimum distance increases roughly as the square root ol 
the power gain and for small Yagi arrays with 6dB gain 
(p!2.75) it is equal to about 1-2A though not unduly critical. 
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This aspect is covered more fully in Chapter 13— VHFIUHF 
Aerials. 

TRANSMISSION LINES 

Three separate parts are involved in an aerial system: the 
radiator, the feed line between transmitter and radiator, 
and the coupling arrangements to the transmitter. Wherever 
possible, the aerial itself should be placed in the most 
advantageous position, and a feed line used to connect it to 
the transmitter or receiver with a minimum of loss due to 
resistance or radiation. In some circumstances (eg in tem¬ 
porary installations or to simplify multi-band operation) 
the feed line is omitted and the end of the aerial is brought 
into the station and connected directly to the apparatus. 

By the use of transmission lines or feeders, the power of 
the transmitter can be carried appreciable distances without 
much loss due to conductor resistance, insulator losses or 
radiation. It is thus possible to place the aerial in an advan¬ 
tageous position without having to suffer the effects of 
radiation from the connecting wires. For example, a 14MHz 
dipole 33ft in length can be raised 60ft high and fed with 
power without incurring appreciable loss. If, on the other 
hand, the aerial wire itself were brought down from this 
height to a transmitter at ground level, most of the radiation 
would be propagated from the down-lead in a high angular 
direction. An arrangement of this nature would be relatively 
poor for long distance communication. 

Types of Line 

There are three main types of transmission line: 

(a) The single wire feed arranged so that there is a true 
travelling wave on it. 

(b) The concentric line in which the outer conductor (or 
sheath) encloses the wave (coaxial feeder). 

(c) The parallel wire line with two conductors carrying 
equal but oppositely-directed currents and voltages, 
ie balanced with respect to earth (twin line). 

Single wire feeders are inefficient and now seldom used 
since it is impossible to prevent them acting to some extent 
as radiators, and the return path, which is via the earth, intro¬ 
duces further losses. In the two other types, the field is 
confined to the immediate vicinity of the conductors and 
there is negligible radiation if proper precautions are taken. 
Commercially available types of feeder are dealt with in 
Chapter 13 ( VHFIUHF Aerials) with some emphasis on their 
vhf applications. In this chapter the discussion is confined 
to the mode of working and application to frequencies below 
30MHz but the fundamental principles are the same. 

The wave which travels on a transmission line is funda¬ 
mentally the same as the free-space wave of Fig 12.1 but in 
this case it is confined to the conductors and the field is 
curved about the conductors instead of being linear as in 
that diagram. Concentric and two-wire lines and their 
associated fields are illustrated in Fig 12.26. In the concentric 
line the current passes along the centre conductor and 
returns along the inside of the sheath. Due to skin effect at 
high frequencies the currents do not penetrate more than a 
few thousandths of an inch into the metal; hence with any 
practical thickness of the sheath there is no current on the 
outside. The fields are thus held inside the cable and cannot 
radiate. 

In the twin line the two wires carry “forward and return” 

currents producing equal and opposite fields which effectively 
neutralize each other away from the immediate vicinity of 
the wires. When the spacing between wires is a very small 
fraction of the wavelength, the radiation is negligible pro¬ 
vided the line is accurately balanced. In the hf range, spacings 
of several inches may be employed, but in the vhf range small 
spacing is important. 

Characteristic Impedance 

In the earlier section on the behaviour of currents in 
radiating wires, it was stated that a travelling wave is one 
which moves along a wire in a certain direction without 
suffering any reflection at a discontinuity. The same applies 
to transmission lines, although in this case the presence of 
reflections and therefore standing waves does not cause 
radiation if the line remains balanced or shielded. If the line 
were infinitely long and free from losses a signal applied to 
the input end would travel on for ever, energy being drawn 
away from the source of signal just as if a resistance had been 
connected instead of the infinite line. In both cases there 
is no storage of energy such as there would be if the load 
included inductance or capacitance and the line, so far as 
concerns the generator of the signal, is strictly equivalent 
to a pure resistance. This resistance is known as the charac¬ 
teristic impedance of the line and usually denoted by the 
symbol Z„. Suppose now that at some distance from the 
source we cut the line; what has been removed is still an 
infinitely long line and equivalent to a resistance Z„ so if we 
replace it by an actual resistance of this value the generator 
will not be aware of any change. There is still no reflection, 
all the power applied to the input end of the line is absorbed 
in the terminating resistance, and the line is said to be 
matched. 

Again because no reflections occur at the end of a correctly 
matched line, the ratio of the travelling waves of voltage 
and curtent, V//, = Zo. This enables the load presented to 
the feeder by the aerial to be in turn presented to the trans¬ 
mitter, without any change in the process. This is irrespective 
of the length of line employed, since the value of the charac¬ 
teristic impedance Z„ is independent of the length of the 
line. In order to achieve maximum efficiency from a trans¬ 
mission line, it should be operated as close to a matched 
condition as possible, ie the load presented by the aerial 

Fig 12.26. Concentric and two-wire transmission lines, with cross¬ 
sections of their wave fields. The field directions correspond to 

waves entering the page. 
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Fig 12.27. Chart giving characteristic impedances of concentric and two-wire lines in terms of 
their dimensional ratios, assuming air insulation. When the space around the wires is filled 
with insulation, the impedance given by the chart must be divided by the square root of its 
dielectric constant (permittivity). This ratio is called the velocity factor, because the wave 

velocity is reduced in the same proportion. 

characteristic impedance values be¬ 
tween about 50 and 120Í1 Twin 
lines have higher impedances; in 
practice, between 80 and 600(2. Fig 
12.27 and Fig 12 28 show the char¬ 
acteristic impedance of coaxial and 
two-wire lines in terms of the 
dimensional ratios, assuming air be¬ 
tween the conductors. The formula 
for concentric lines of inner and 
outer diameters </and D respectively 
is: 

Zo (ohms) 138 log ( 0/</) 

Thus if the diameter ratio Did is 
2-3:1 the logarithm of 2-3 is 0-362 
and this multiplied by the constant 
138 gives Zo = 5012. If the space 
between conductors is filled with 
insulating material with a dielectric 
constant e (permittivity) greater 
than unity, the above value of Z„ 
must be divided by the square root 
of the dielectric constant. 

The usual material for insulation 
is polythene, which has a per¬ 
mittivity of 2-25. The square root 
of 2-25 is 1-5 so that a “solid” 
polythene cable has a characteristic 
impedance two-thirds of the value 
given by the formula. Many cables 
have a mixed air/polythene dielec¬ 
tric, and for these it is necessary 
to estimate the effect of the dielec¬ 
tric; this can be carried out by 
measuring the velocity factor as 
described later. 

The characteristic impedance of 
two-wire lines of wire diameter d 
and centre spacing S is given by the 
approximate formula 

Z„ (ohms) = 276 log 10 (2S!d). 

should be arranged, either directly or by means of some 
impedance transformer, to present a good match to the line. 
The degree to which the load impedance can be permitted to 
depart from the characteristic impedance without intro¬ 
ducing appreciable extra losses is however quite large as dis¬ 
cussed in the section on attenuation. On the other hand 
bandwidth considerations or the need to avoid load variations 
which could damage transmitters may impose stringent 
matching requirements. 

The characteristic impedance is determined by the dimen¬ 
sional ratios of the cross-section of the line, and not by 
its absolute size. A concentric line or cable with diameter 
ratio 2-3 : 1 and air dielectric, is always a 50(2 line, whatever 
its actual diameter may be. If it is connected to an aerial of 
5012 radiation resistance, then all the power available at the 
far end of the line will pass into the aerial and the impedance 
at the sending end of the line will also appear to be 5OÍ2. 
Coaxial cables can conveniently be constructed with 

For greater accuracy at small spacings use should be made 
of Fig 12.28. Appreciable errors may be introduced by 
bending and, during use, such lines should not be coiled 
with the turns touching. 

As with concentric lines, an allowance must be made for 
the effect of the insulation. A thin coat of enamel or even 
a pvc covering will not produce any material change in lines 
with an impedance of 3OOÍ2 or less, but in the moulded feeder 
commonly known as 80(2 flat twin the electric field between 
the wires is substantially enclosed in the polythene insulator, 
which is thus effective in reducing the impedance to two-
thirds of the value given by the formula. 

When an open-wire line is constructed with wooden or 
polythene spacers it is again difficult to estimate the effect 
of the insulation, but since the proportion of insulator to 
air is relatively small, the effect is also small. A 600(2 line 
with spreaders spaced every few feet along it would normally 
be designed as if it were for about 625(2, eg for 16swg wires 
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Fig 12.28. Characteristic impedance of balanced lines for different wire and tube sizes and spacings, for the range 200-600Q. The curves for 
tubes are extended down to 100U to cover the design of Q-bar transformers. Air spacing is assumed. 

(0 064in diameter) the spacing would be made 6in instead of 
5in as given by the chart for 600Í1. 

A transmission line can be considered as a long ladder 
network of series inductances and shunt capacitances, 
corresponding to the inductance of the wires and the 
capacitance between them. It differs from conventional L/C 
circuits in that these properties are uniformly distributed 
along the line, though applications are given later where 
short sections of line are used instead of coil or capacitor 
elements. If the inductance and capacitance per unit length, 
say, per metre, are known, the characteristic impedance 
is given by : 

Z = L/C (ohms) 
and the velocity of waves (v) on the line by: 

V = 1 -r LC metres per second 
The inductance and capacitance can both be determined 

from geometrical calculations based on the shape of the 
cross-section. 

For the two-wire parallel line, they are obtained from the 
expressions: 

IS 
L = 0-921 log lo —? microhenries/metre d 

1205e 
C = :-— picofarads/metre log 10 2S r

d 

where e is the dielectric constant of the material in the space 
between the conductors (= 10 for air). 

Similarly for concentric lines: 

L = 0-46 Iog10 — microhenries/metre 

24-Ie 
C = --- picofarads/metre logjo D r

d 

Velocity Factor 

When the medium between the conductors of a trans¬ 
mission line is air, the travelling waves will propagate along 
it at the same speed as waves in free space. If a dielectric 
material is introduced between the conductors, for insulation 
or support purposes, the waves will be slowed down and will 
no longer travel at the free space velocity. The velocity of the 
waves along any line is equal to 1 4- \/LC; from the expres¬ 
sions for L and C given above, the value of C depends upon 
the dielectric constant of the insulating material. The intro¬ 
duction of such material increases the capacitance without 
increasing the inductance, and consequently the characteris¬ 
tic impedance and the velocity are both reduced by the same 
factor e. The ratio of the velocity of waves on the line to 
the velocity in free space is known as the velocity factor. 
It is as low as 0-5 for mineral or pvc insulated lines and is 
roughly 0-66 for solid polythene cables (e = 2-25). Semi¬ 
airspaced lines have a factor which varies between 0-8 and 
0-95, while open wire lines with spacers at intervals may 
reach 0-98. 

It is important to make proper allowances for this factor 
in some feeder applications, particularly where the feeders 
are used as tuning elements or interconnecting lines in aerial 
arrays, or as tvi chokes. For example, if v = §, then a 
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Fig 12.29. Graphical interpretation of a sinusoidal wave represented 
by a vector. A cosine wave is similar but displaced by quarter of a 

cycle. 

quarter-wave line would be physically « wavelength long 
ß X f = J). 

In practice, the velocity factor v can be found by short¬ 
circuiting a length of cable with about lin of wire formed 
into a loop and then coupling the loop to a grid dip 
oscillator. The lowest frequency at which the cable shows 
resonance corresponds to an electrical length of one quarter¬ 
wave: then 

/(MHz) X Length (feet) 
V = 246 

and should have a value between 0-5 and unity. 

Standing Waves 

It has already been stated that when a transmission line 
is terminated by a resistance equal in value to its charac¬ 
teristic impedance, there is no reflection and the line carries 
a pure travelling wave. When the line is not correctly 
terminated, the voltagc-to-current ratio is not the same for 
the load as for the line and the power fed along the line 
cannot all be absorbed—some of it is reflected in the form of 
a second travelling wave, which must return along the line. 
These two waves, forward and reflected, interact all along the 
line to set up a standing wave. 

The flow of power along the line can be interpreted as the 
progress along the line of a voltage wave and a current wave 
which are in phase, the product of which is the value of the 
power flowing. 

If the voltage f at a point on the line is given by the 
expression: 

V = Ko sin tot 

and the current at the same point by: 

I = I„ sin wt 

then the amount of power flowing is the product of the rms 
voltage and current: 

P = 0 707 Ko X 0-707 7„ = 0-5 V„I0
and is independent of the time or position on the line, varying 
only as the peak amplitude of the voltage or current wave is 
altered. Since the voltage and current waves can be expressed 
in identical terms, it is convenient to consider the current 
wave, bearing in mind that the discussion is equally applicable 
to the voltage wave. 

The / and K waves are both of sinusoidal form, varying 
in amplitude at an angular rate = 2trf where f is the 
frequency at which the transmitter is generating the rf 
power. Such a wave may be represented graphically by a 
vector of constant magnitude (or length) rotating at an angu¬ 
lar speed w. The actual instantaneous value of the wave at 

Fig 12.30. Initial variation of incident current vector, according to 
position along the line at any instant of time. 

any moment is obtained by projecting the length of the vector 
on to a line passing through the origin (Fig 12.29). The nature 
and use of vectors is fully covered in any textbook dealing 
with ac waves but for the present purpose it is sufficient to 
regard a vector as a line with its length representing ampli¬ 
tude and its angle indicating relative phase. 

Thus the distribution of current along the line at a 
particular moment of time due to the passage of the current 
wave is also sinusoidal, with the phase of the current lagging 
more and more with respect to the generator as the distance 
from it increases. It can therefore be represented by a 
whole series of vectors, each appropriate to a particular 
physical point on the line. This illustrates the physical 
meaning of the statement that a piece of line is “one wave¬ 
length” long, since this is the distance between adjacent 
points along the line at which the current is equal in ampli¬ 
tude and phase, ie the vectors are identical (Fig 12.30). 

The vectors are drawn for a loss-less line, in which the 
current wave suffers no attenuation during its passage along 
the line. It is convenient to explain the principles of genera¬ 
tion of standing waves by reference to the behaviour of 
such a line and subsequently to examine what happens when 
the line exhibits some amount of attenuation, as is the case in 
practice to a greater or lesser degree. 

The current wave moving along the line will eventually 
reach the far end, and will then be influenced by the termina¬ 
tion it meets. In order to establish the magnitude of this 
effect we must now look at the various loads that can exist. 
These may be divided broadly into three groups depending 
upon whether all, some, or none of the incident power is 
reflected : 

(a) A resistive termination equal in value to the charac¬ 
teristic impedance of the transmission line. By defini¬ 
tion there will be no reflection from such a termination, 
and all the current will flow into this load. Hence all 
the power delivered by the generator will be dissipated 
in this load (Fig 12.31(a)). 

(b) A resistive termination of value other than in (a) 
above. This may or may not have a reactance asso¬ 
ciated with it. At such a termination reflection will 
occur, the actual amount of the reflected current being 
dependent upon the relative values of the resistive 
part of the load and the characteristic impedance of 
the line. In general, the greater the difference between 
these two, the larger the proportion of current 
reflected. Also, if the load resistance is greater than 
the characteristic impedance, a phase reversal occurs, 
ie the reflected current wave is 180° out of phase with 
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the incident wave. In the most general case where a 
reactance is also involved, a further phase shift will 
occur, the amount depending upon the ratio of load 
resistance to reactance. Thus some of the generator 
power is dissipated in the resistive part of the load 
and some is reflected back along the line (Fig 12.31(b)). 

(c) An entirely reactive termination. This includes the two 
extreme cases of a short circuit and an open circuit. 
Since there is no resistive component in the load, no 
power can be dissipated and therefore all must be 
reflected. This means that the whole of the incident 
current wave is reflected back down the line. There 
will be a phase change relative to the incident wave, 
the actual value of which will depend upon the 
reactance of the load. 

In the limiting case of a short circuit, the current 
in the short circuit will have a maximum value and 
because there is no discontinuity the phase change is 
zero; in the case of an open circuit, no current will 
flow in the load, and this implies cancellation of the 
forward by the reflected current wave so that there is a 
phase change of 180° and the reflection coefficient has a 
negative sign. These are both special cases of the more 
general condition covered in (b). 

In every case, apart from that of a perfect termination, 
some proportion of the incident current is reflected at the far 
end of the transmission line, and commences to flow back 
along the line at the same rate as the incident current 
flowing towards the end. This reflected current wave will, 
depending upon the circumstances of the termination, com¬ 
mence with an amplitude and phase both differing from the 
incident current wave. However, since the reflected wave is 
travelling back along the line, its value at any one moment 
in time may also be expressed in terms of a current vector, 
which is rotating in a clockwise direction, opposite to the 
incident current vector (since the waves are travelling in 
opposite directions) but nevertheless rotating at the same 
angular rate, since the frequency of the wave remains un¬ 
altered. This is illustrated in Fig 12.31(b)-(d) where the 
incident and reflected current wave vectors are shown at 
a precise moment of time for both the end of the line and a 
point one quarter-wavelength away from the end. 

The reflected current wave is thus travelling back along 
the line, towards the generator supplying the power. At any 
point on the line the net current is represented in amplitude 
and phase relative to other points by the vector sum of the 
two waves as illustrated in Fig 12.32. At any point on the 
line the rf current is of course varying sinusoidally with 
time at the signal frequency and it is the maximum amplitude 
of this which is represented by the solid vectors in the lower 
line of the figure. The instants of time at which these ampli¬ 
tudes are reached for different points on the line are separated 
by fractions of a cycle which are represented by the relative 
angles of the vectors, and the variation of phase along the 
line is non-linear unless the reflected wave is zero. 

The standing wave pattern may be observed by voltage 
or current meters attached to the line, or moved along 
the line, since the indications correspond to averages over 
many cycles. If on the other hand we were to measure the 
instantaneous values at one particular moment of time, the 
readings would be influenced as much by the phase varia¬ 
tions as by the amplitude variations and would tell us little. 

In Fig 12.32 the / and r vectors from the previous figure 
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^•8 12.31. (a) Arrangement of incident and reflected current vectors 
in the vicinity of a correctly terminated load, (b) Arrangement of 
incident and reflected current vectors in the vicinity of a mismatch 
load of complex impedance, (c) Arrangement of incident and 
reflected current vectors in the vicinity of a short-circuit, (d) 
Arrangement of incident and reflected current vectors in the 

vicinity of an open circuit. 

12.21 



RSGB—RADIO COMMUNICATION HANDBOOK 

GENERATOR 

MAGNITUDE 

GENERATOR 

CONSTANT 
MAGNITUDE 

REFLECTED— 
CURRENT > 

RESULTANT_ 
CURRENT 

VARYING 
MAGNITUDE 

MISMATCHED 
TERMINATION 

(RESISTIVE & 
REACTIVE) 

MISMATCHED 
TERMINATION 

(RESISTIVE & 

REACTIVE) 

EQUIVALENT 
VECTOR 

J-. DIAGRAMS 

INCIDENT 
CURRENT -

Fig 12.32. (a) Combination of incident and reflected currents'along a 
typical section of the line, (b) Effect on (a) of maintaining the 
incident current vector stationary. The reflected current vector 
effectively rotates at twice the speed, to produce maxima and 

minima of current which have a crest-to-crest distance of A/2. 

have been re-diawn to show the phase variation of the 
reflected wave relative to the incident wave along the line, 
from which it will be seen that the same relative phases exist 
at any two points along the line separated by half a cycle, 
which means that maxima and minima occur twice per 
wavelength along the line. It follows that as the incident 
wave moves along the line at the velocity of propagation the 
reflected wave vector rotates relative to it at twice the signal 
frequency. Fortunately this harmonic frequency does not 
exist as such, the situation being analogous to that of two 
trains approaching each other at 50mph and passing there¬ 
fore at a relative velocity of lOOmph; in the same way the 
incident wave travelling outwards along the line “sees” 
the reflected wave rushing back past it at what appears to be 
twice its own velocity. The interaction of forward and 
reflected waves produces the familiar standing-wave pattern 
as typified by Fig 12.33. 

The standing wave pattern is not a sine-wave, although 
it is approximately sinusoidal for low values of swr; it 
departs increasingly from this form as the swr increases, 
to an extent where in the limit of an open or short circuit 
termination it becomes a plot of the amplitude of a sine-wave, 
ie it resembles a succession of half sine-waves (Fig 12.34(b)). 
Because of the fact that in space the reflected current wave 
vector is effectively rotating at twice the generator frequency, 

Fig 12.33. Development of the standing wave pattern due to the 
resultant of the incident and reflected current vectors. The variation 
of the resultant line current with distance is derived directly from 
the variations of incident and reflected current with time; the time 
variation is effectively removed by maintaining a constant incident 

current vector. 

the positions of successive maxima and minima occur at 
quarter-wavelength intervals along the line. It is important 
to note that the voltage pattern though similar in other 
respects to the current distribution is displaced from it by 
A/4 so that voltage maxima coincide with current minima 
and vice versa. This follows from the facts that voltage must 
be zero at a short circuit, where current is a maximum, and 
current must be zero at an open circuit. The voltage standing 
waves are shown in Fig 12.34 by dotted lines. 

The distance from crest to crest of the standing wave is 
one half-wavelength at carrier frequency, this being also the 
distance between points of maximum amplitude of a travel¬ 
ling wave, and in both cases the voltages or currents at 
successive maxima are opposite in phase. In the case of a 
travelling wave, however, a meter inserted in the line “sees” 
a succession of peaks and troughs and records an average 
over many cycles, which is the same for any point in the 
line if losses are neglected. In general, for a standing wave, 
the conditions of voltage, current and therefore impedance 
repeat themselves every half-wavelength along the line, and 
use is made of this property for impedance matching. 
The standing wave ratio (swr) k is the ratio of the maximum 

and minimum values of the standing wave (/ or K) existing 
along the line. Also, by definition, the reflection coefficient 
r is the ratio of the reflected current vector to the incident 
current vector. Thus the maximum value of the standing 
wave will be (1 + r) and the minimum value of the standing 
wave will be (1 — r), the swr and reflection coefficient being 
related by the expression : 

The value of r used in the above expression lies between 
zero (matched line) and unity (complete mistermination) but 
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Fig 12.34. (a) Standing wave pattern for a near-matched line (R = 
0-9 Zo). (b) Standing wave pattern for a completely mismatched line 
(R = short circuit). The curve of Fig 12.33 is typical of the transition 
at medium swr from the near-sinusoid of Fig 12.34(a) to the rectified 

sinusoid of Fig 12.34(b). 

it is sometimes expressed as a percentage. Typical values are 
given in Table 12.1. 

As defined above, the standing wave ratio will have a range 
of values from unity (matched line) to infinity (complete 
mistermination). Occasional references will be found to 
values of swr in the range zero to unity. These refer to a scale 
of values obtained by inverting the expression given, and are 
exactly reciprocal to the more generally used figures, ie an 
swr of 0-5 : 1 is exactly the same as an swr of 20:1. This 
system is more frequently encountered in microwave work. 
Sometimes the designation vswr is used in place of swr to 
emphasize the normal convention of expressing it in terms of 
voltage or current, not power ratio. 

Fig 12.34(a) shows the current standing wave pattern on a 
line which is terminated in a purely resistive load smaller than 

TABLE 12.1 
VSWR in terms of reflection coefficient 

Reflection 
coefficient 
percentage 

0 
20 
33 
50 
67 
80 

100 

Zo. The standing wave is a maximum at the load and there¬ 
fore a minimum at a point A/4 back from the load. 

If a line is terminated in a mismatch RL, which is entirely 
resistive, then the value of the swr is conventionally given by 
the simple relationship: 

Rl ?" u- U ' 1 swr = — or — whichever is larger 
Zo Rl 

This follows from a consideration of the power distribution 
at the resistive load. Considering the balance of power flow at 
the point of connection of the load to the line, the incident 
power, ie that associated with the forward travelling wave, 
is given by: 

Pm = A2 X Z„ 
and the reflected power, ie that associated with the backward 
travelling wave, is given by: 

Pref = A2 X Z„ 
F 

both from the earlier definition of Zo = — along the line. 

Assuming a positive value of reflection coefficient, ie RL less 
than Zo so that It and IT are in phase, the power in the load 
resistance Rl will be: 

Pl = (A + IrY X Rl
and must equal the difference between the incident and 
reflected power, so that 

Zo (A2 - A2) = Rl (A + A)2

If r is negative (ie RL greater than Zo) the expression inverts 

, . Zo so that k = — . 
Rl 

This relationship between RL, Z„ and the swr is a basic 
one which is exploited to good effect when using transmission 
lines as impedance transformers as discussed later. 

The reflected current wave travelling back along the line 
from the mistermination at the load end will ultimately 
return to the generator which supplies the power. This 
generator will itself possess an internal impedance which 
may or may not match the Zo of the line. Subject to a suitable 
mismatch the reflected wave will be re-reflected at the 
generator and will travel forward again towards the load, 
as a new incident wave which will in turn be reflected at the 
load end, to exactly the same extent as was the original 
incident wave. This process of reflection at the load, and 
re-reflection at the generator will continue until all the 
power is absorbed in the load provided there are no line 
losses and the mismatch at the load is countered by the 
appropriate “mismatch” between line and generator. Part 
of the power in the load will have been delayed by several 
passages along the transmission line but the time interval, 
though sometimes long enough to cause ghost images in 
television reception, is of no significance for the narrow-band 
modulation systems used in hf communication. 

The net effect of the passage up and down the line of 
travelling waves of current is to modify in turn the value 
of the incident and reflected currents. However, each contri¬ 
bution to the incident current due to re-reflection at the 
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Fig 12.35. The impedance across the line at point A looking towards 
the load is such that if used to terminate the shortened line, the 
input impedance Z| would be unaltered. The value of Za depends 
upon the ratio VA/IA and the phase difference between them : in this 
example it is less than Zt or Z|, and because it occurs at a point of 
current maximum is the lowest impedance at any position along 

the line. 

generator is accompanied by a corresponding contribution to 
the reflected current, due to further reflection at the load. 
The overall effect of this is that the ratio of incident and 
reflected currents remains unaltered, and is dependent only 
upon the relative values of the characteristic impedance of 
the line and the impedance of the load. The standing wave 
ratio along the line is dependent only upon the nature of the 
load at the far end, and no amount of alteration at the generator 
end can alter the magnitude of this standing wave. 

This is one of the most important aspects of the behaviour 
of transmission lines. 

Since no power is lost in the lossless line, the current waves 
are not attenuated during their passage along the line, and 
hence the swr remains at a constant value for the whole 
length of the line. 

Input Impedance 

When a transmission line is operated in a mismatched 
condition, it may be necessary to know what value of 
impedance is seen across the input to the line. This is the 
load which is presented to the transmitter, and is termed the 
input impedance of the line. 

The voltage and current along a misterminated line vary in 
the manner indicated by Fig 12.34 and depend as already 
described on the nature of the load impedance. At the far end 
of the line the ratio of voltage to current is of course equal 
to the load impedance and similarly the ratio at any other 
point along the line describes an impedance, which can be 
said to exist across the line at that point. If the line were cut 
at a point A and this value of impedance connected, the 
standing wave pattern between this point and the transmitter 
would be unaffected, and the input impedance would remain 
the same as before. Equally, the impedance across the line 
at the point of cutting is the input impedance seen looking 
back into the section of line which has been cut off. This is 
illustrated by Fig 12.35. The actual value of the impedance 

with R>Zo. The impedance is alternately inductive and capacitive 
for succeeding A/4 sections. At the precise A/4 points it is purely 

resistive. 

at any point along the line is determined by the ratio of the 
actual line voltage and current at this point, taking due 
account of phase differences. Fig 12.34 shows that the 
apparent load impedance as observed at a voltage maximum 
is purely resistive and greater than Z„. Equally, at current 
maxima the impedance will also be resistive, although of a 
lower value. At these points current and voltage are in 
phase, and in between them the current leads and lags 
alternately. This causes the impedance to become in turn 
capacitive and inductive along successive quarter-wave-
lengths of line, changing sign at the positions where the 
reactive term becomes zero in Fig 12.36. Note that if R is 
less than Zo, the capacitive and inductive sections are inter¬ 
changed. 

The input impedance is dependent not only upon the load 
impedance, but also the length of line involved. It is a com¬ 
mon fallacy to believe that by altering the length of a line, the 
match can be improved. The adjustment of line length may 
result in the presentation to the transmitter of a more 
acceptable load impedance so that it delivers more power 
but this indicates merely the provision of an insufficient range 
of adjustment at the transmitter. The standing-wave pattern 
remains completely unaltered. 

In Fig 12.34 the case of a purely resistive termination is 
illustrated. In practice the far end termination may be 
inductive or capacitive. The effect of this is to cause the 
positions of voltage maxima to move along the line towards 
the generator by an amount determined by the nature of the 
reactive termination. If this is capacitive, as in Fig 12.37, 
there will then exist along the line a short region AB of 
capacitive impedance before the first voltage minimum. The 
reactive termination could be replaced by the input impe¬ 
dance of a further short length of line EC terminated in a 
suitable pure resistance: the length AB is then such as to 
make up the quarter-wavelength AC. The lower the capaci¬ 
tive reactance of the termination, the closer is the point of 
voltage minimum. 

An important aspect of the input impedance of a mis¬ 
matched line is its repetitive nature along the line. The 
conditions of voltage and current are repeated at intervals 
of one half-wavelength along the line, and the impedance 
across the line repeats similarly. The input impedance is 
always equal to the load impedance for a length of line any 
exact number of half-wavelengths long (neglecting line losses) 
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Fig 12.37. Derivation of the standing wave pattern on a line termin¬ 
ated in a capacitive load impedance. The identical pattern is pro¬ 
vided by a hypothetical resistive load at a particular distance 

beyond the actual line load. 

irrespective of its characteristic impedance. Such a length of 
line can be used to connect any two impedances together 
without introducing unwanted variations, and without 
regard to the Zo of the line being used. This property is the 
basis of the operation of “tuned” lines as aerial feeders, and 
its application is discussed later. Also, any existing feeder 
arrangement can be extended in length by any number of 
half-wavelengths without altering the swr or the load as seen 
at the input end. Because the repetitive nature of the line 
impedance is a function of frequency, being tied to intervals 
of one half-wavelength, the precise duplication of the load 
impedance at the input can only occur at a number of dis¬ 
crete frequencies for any specific length of line, for which the 
line is 1, 2, 3 .. . n half-wavelengths long. The extent to 
which the input impedance varies when the frequency is 
varied slightly determines the bandwidth over which the 
aerial system may be used without readjustment of the trans¬ 
mitter. For a given percentage change in frequency, there 
will be a greater variation of input impedance the longer the 
physical length of line, the change in electrical length 
(expressed in fractions of a wavelength) being greater, leading 
to a larger change in the voltage and current at the input 
to the line. This of course involves properties not only of the 
line itself but also of the load connected to it. Particular 
attention should be paid to the bandwidth aspects of lines 
when they arc operating with high swr such as matching or 
tvi stubs, or as “tuned" feeders. In the case of tvi stubs which 
operate with a nearly infinite swr the effective Q is quite high 
and their useful bandwidths as filters is strictly limited, 
often to the extent of ± 2 per cent of nominal design fre¬ 
quency. 

Line Transformers 

It is possible to use short lengths of line with values of Z„ 
different from that of the main feeder as impedance trans¬ 
formers for matching a wide range of load impedances to 
different values of line impedance. It has already been shown 

Z R 
that the standing wave ratio k = — or — whichever is 

Kl Zo
greater so that translating this into the symbols of Fig 12.36 
we have : 

R Z o Z i,- .— 
k = — = — so that r = — and Za = Rr o Tv 

If the quarter-wavelength of line adjacent to the load in 
Fig 12.36 is replaced by a different line having a characteristic 

Fig 12.38. Illustrating the principle of the A/4 transformer in the case 
of a 9:1 impedance ratio. The V/l ratio is inverted by the standing 
wave on the line with vswr = 3, giving R1 R2 = ZO*. This corresponds 
to the series parallel action of a resonant circuit in which L/C — 
Zo2. R2 is the parallel resistance and R1 the equivalent series resist¬ 

ance. 

impedance ZT the main transmission line will “see” a load 
impedance Zfi R and by suitable choice of ZT this can be 
made equal to Zo so that it looks like a matched load. The 

2 
impedance transformation ratio — is therefore given by R 
^2 _ 

— and the required value of ZT by -\/Z„R. The matching 

line is known in this case as a quarter-wave transformer and 
its operation is shown pictorially by Fig 12.38. It should be 
noted that Ri and R. are interchangeable so that a A/4 section 
of 1500 line will match a resistance of 4500 to a 500 line or 
alternatively for example a 500 impedance to a 4500 open¬ 
wire line. This property is known as impedance inversion, 
an impedance of, say, one tenth of the matching line impe¬ 
dance Z, being transformed to ten times ZT and vice versa. 
This relationship holds good for any ratio of impedances. 

A transmission line can always be approximated by one or 
more inductances and capacitances, and the simple LC 
circuit shown in Fig 12.38 provides a close equivalent to the 
quarter-wave transformer; L and C are in resonance and 
uL replaces the ZT of the transmission line formula. 

Apart from questions of possible convenience it is not 
always possible to find or construct matching lines with 
suitable characteristics, and lumped constants provide an 
important alternative. 

As an example of the use of line transformers, Fig 12.39 
illustrates the matching of a broadside array of two dipoles 
into a 700 line. The ratio of the higher impedance to the 
ZT of the transformer is closely analogous to the Q of a tuned 
circuit and the ratio in this case, 1-4, implies a large band-
,/idth. For large transformation ratios the bandwidth may 
be improved by the use of two quarter-wave sections in 
series, transforming to an intermediate value at their junc¬ 
tion, which should ideally be the geometric mean of the end 
impedances. In such an arrangement the effective ratio of 
each transformer is reduced, which itself improves their 
bandwidth, and in addition the two tend to be mutually 
compensating with change of frequency to produce a further 
improvement. Fig 12.40. Use of this technique is somewhat 
restricted by the limited choice of cable impedances available. 

The inverting properties of a quarter-wavelength of line 
can also be used to relate the voltage at the input to the 
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Fig 12.39. Use of a A/4 50Q line transformer to match two co-phased 
dipoles into a single 7O£2 main feeder. The impedance at the junction 
of a and b is 70/2 = 35Q, which is transformed up to 70Q again. 

current in the load (and vice versa). In Fig 12.38, the swr 

on the line can be defined in a number of ways. 

F2 Z„ 
= F = = r. 

so that = l¡ X Zo 

and similarly = Z2 X Z^ 
The voltage at the input end is determined only by the 

characteristic line impedance and the current at the other 
end, and does not depend upon the value of the load in 
which the current flows. Any change of load impedance alters 
the value of impedance across which this constant voltage is 
developed, and hence the power which must be supplied 
by the transmitter in order to maintain the current. 

Stubs 
A line is completely mismatched when the far end is 

terminated by either a short or open circuit. There is then 
no load resistance to dissipate any power, and a 100 pet cent 
reflection of voltage and current takes place. The standing 
wave pattern is then that of Fig 12.34(b). Except at resonance, 
sections of line with open or short circuit terminations 
approximate to pure capacitance or inductance, although 
there is usually some resistance arising from losses in the 
conductors or dielectric material and these can be consider¬ 
able as explained later unless the lines are air-spaced or very 
short. Such pieces of line are called stubs and can be used to 
compensate for, or match out, unwanted reactive impedance 
terms at or close to a mismatched termination, and allow 
the major part of the feed line to operate in a matched 

Fig 11.40. Bandwidth of tingle and double section A/4 transformers. 
Zt is the actual input impedance at each frequency, while ZT' is the 
theoretical design frequency value. In the two-section case, Zj is the 

geometric mean of R and ZT. 

condition. To minimize losses, and also to preserve the 
bandwidth of the aerial system, the lengths are usually 
restricted to A/4 or less. 

The input reactance of a loss free short circuited line is 
given by the expression : 

X(„ = Z„ tan 9 (inductive) — Z„ 9 when 9 is small 
and for an open circuited line by : 

Xtn = — Z„ cot 9 (capacitive) 
where 9 is the electrical line length and Zo its characteristic 
impedance as given for example by Fig 12.27. 

Figs 12.41 and 12.42 illustrate the manner in which the 
input reactance varies with line length. For sections shorter 
than A/4, the short circuited line is inductive, and the open 
circuited line capacitive, as may be appreciated from 
visualizing very short lengths of line which bear a close 
physical resemblance to inductors or capacitors. A short 
circuited line can also be made to behave like an open 
circuited line of the same electrical length (and vice versa) 
by adding a further A/4 of line: this is another application of 
the inverting properties of a A/4 section of line described 
previously. The behaviour of the two types of stub is com¬ 
pletely complementary, and if two are joined together at their 
input ends they will make up between them precisely one 
quarter-wavelength when their respective reactances are 
equal and opposite in sign. This is closely analogous to a 
parallel tuned circuit, and a short-circuited A/4 line is said 
to be a “resonant” section, possessing all the properties of 
the parallel tuned circuit. Near resonance the reactance¬ 
frequency slope of the resonant line is similar in shape to 
that of the lumped constant circuit, and a change of Z„ is 
equivalent to a change in the LIC ratio. Such sections of line 
may be used as shunt chokes across other lines without 
affecting the latter, and may also at vhf be used as tuned 
circuits for receivers and transmitters, the physical lengths 
being then conveniently short. 

In complementary fashion, a A/4 open circuit line section 
behaves as a series resonant circuit, with a very low input 
resistance at the centre frequency. In the ideal case thisjis a 

RESONANT 

RESONANT 

Circuit Equivalent 
at Terminals A - B 

VERY 
HIGH 
R 

VERY 
LOW 
R 

Fig 12.41. Circuit equivalents’of open and short-circuited lines. 
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Fig 12.42. Variation of input reactance with length for short circuited 
(solid) and open circuited (broken) lines. The two sets of curves are 

identical and displaced by A/4. 

perfect short circuit: in practice the line losses degrade this 
to a finite but low value of resistance, which for all practical 
purposes can be considered a short circuit. The reactance¬ 
frequency slope of both open and short circuit resonant 
sections is shown in Fig 12.43 which illustrates the effect 
of variations in the Zo. For the open-circuited lines of Fig 
12.41 operating near resonance but slightly detuned the 
reactance is given by the simplified formula: 

X = Z„ e = 6-28Z„. (1 
Al 

where— is the fraction of a wavelength by which the line a 

falls short of or exceeds the resonant length. This formula is 
valid for any length of line or aerial system observed at or 
near a current loop and given the radiation resistance (if any) 
and loss resistance it enables the bandwidth of the system to 
be roughly estimated. Thus for a quarter-wave line (or half¬ 
wave dipole which can be thought of as the A/4 line “opened 
out”) 5 per cent change of frequency produces a length error 
of A/80. Zo for the A/2 dipole may be as much as 1,000(1 so 
that X = 78(1 which is comparable with the radiation 
resistance and therefore indicates a half-bandwidth of the 
order of 5 per cent. For an open wire line Zo is typically 
600(1 and from Fig 12.5 the loss resistance at 14MHz using 
18swg is 2-4/2 = 1-2(1. The reactance equals this resistance 
for 

5 X 
an error in line length or a change in frequency of 
1 2 12 —— per cent, ie the total bandwidth is —— per cent and 
62-8 628 

the 62’8 
Q is therefore -¡y X 100 = 525. If an additional half 

wavelength is added to the stub or a half-wave dipole is fed 
with A/2 of open wire line, the reactance changes three times 

as fast, the loss resistance is multiplied by three, but radiation 
resistance stays the same so that for the dipole case the Q 
increases from 20 to 60 approximately whereas the Q of the 
stub remains constant. Strictly speaking, allowance should be 
made for a difference in Zo between the dipole and the feeder 
but to gain insight into the behaviour of such combinations 
of aerial and resonant feed line it is sufficient to assume an 
“average” Zo of the order of 800(1. For lengths shorter than 
resonance, or for longer wavelengths, X is of course negative 
(capacitive) and for longer lengths or shorter wavelengths 
it is positive (inductive). 

The above formula for X may be applied equally well to 
short inductive lines. For example it was found above that 
if a resonant A/4 stub is shortened by 5 per cent the negative 

. 6-28 
reactance is = 0 078 Zo so that the short portion 

oil 

removed must have a positive reactance of 0 078 Zo. A 
convenient figure to remember is 55(1 per foot for 600(1 line 
at 14MHz and this can be adjusted proportionately for other 
impedances and frequencies multiplying also by the velocity 
factor (eg two-thirds) where this is applicable. This formula 
gives an error of minus 5 per cent for a change in length of 
A/16 and minus 20 per cent for A/8 which, incidentally 
indicates the danger of pursuing the analogy between lines 
and circuits too far. In the case of inductance for example, 
the reactance is strictly proportional to frequency and this 
process continues indefinitely, whereas the line reactance 
varies with frequency in a non-linear manner changing from 
positive to negative and back again repeatedly as discussed 
earlier. 

Some practical applications of matching stubs are con¬ 
sidered on pl2.37 in the section dealing with impedance 

Fig 12.43. Reactance curves for open and short circuited lines. The 
quantity X/Zo multiplied by the characteristic impedance of the 
line equals the reactance at the input terminals. Longer lines 
alternate as capacitance or inductance according to Fig 12.42. The 
curves also indicate the manner in which input reactance varies with 

frequency for nominal A/4 sections. 
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Fig 12.44. Effect of line attenuation on incident and reflected cur¬ 
rents. The line is short circuited and the ammeter measures the 

current in the short circuit. 

matching. Their use as single frequency filters is covered in 
detail in Chapter 17—Interference. 

Attenuation and Loss 

In practice all transmission lines have some loss associated 
with them. This loss may be due to radiation, resistive losses 
in the conductors, and leakage losses in the insulators; but 
however it arises, it is a function of the actual construction 
of the line and the materials employed. With the best of the 
moulded twin or coaxial lines supplied for amateur radio and 
television use this attenuation is less than IdB per 100ft 
(when correctly matched) at frequencies below 30MHz. 
IdB loss in 100ft means that at the far end of the feeder 
the amplitude of voltage or current is just under 90 per cent 
of that at the input end, and about 80 per cent of the power 
is delivered to the load. A second 100ft extension would 
deliver 80 per cent of the power left at the end of the first 
100ft or 64 per cent of the original output. For each extra 
100ft the factor is multiplied again by 0-8 but in decibel ratios 
1-OdB loss is added. Open wire lines can be remarkably 
efficient: a 6000 two-wire line made from 16swg copper wire 
spaced about 6in, carefully insulated and supported, has a 
loss of only a few decibels per mile in the hf range. 
The matched loss of the line is quoted in the manufacturers’ 

published information usually as n dB per 100ft. It increases 
more or less in proportion to the square root of the frequency 
at which it is being used, ie a line having a quoted matched 
loss of 0-5dB/100ft at 10MHz will have a matched loss of 
approximately 1 -5dB/I00ft at 90MHz. One effect of this loss 
is to improve the swr as measured at the input end of the line 
since at this point the reflected wave has suffered attenuation 
due to the outward and return journeys along the line whereas 
the outgoing wave is unattenuated. This can on occasion 
conceal the existence of a considerable mismatch at the 
load end of the line. This effect is illustrated in Fig 12.44 for 
the extreme case of a short circuited line. Losses increase 
with increasing swr since they are proportional to the square 
of current or voltage. This means for example that the 
increased loss due to heating of the conductors at a current 
maximum is less than counterbalanced by reduced heating 
at the adjacent minimum, and similar considerations apply 

Fig 12.45. Curves of additional power loss for any given swr at the 
load and matched line loss. These losses are due to extra heating of 
the line with high values of swr and will be incurred in addition to 
the matched line loss regardless of whether or not the generator 

matches the line. 

to the dielectric losses. Extra losses arising in this way depend 
only on the matched line loss and the swr at the load, not on 
the length of line, and may be obtained from Fig 12.45. 

When a signal is fed into a lossy line terminated by a 
short circuit it arrives at the far end with reduced amplitude 
but in almost the same phase as if there were no losses. The 
reflected wave is initially of the same amplitude as the 
incident wave but in turn experiences attenuation on its 
way back to the generator as illustrated in Fig 12.44. In this 
case an infinite swr at the termination appears as a ratio 
of only 3 : 1 at the transmitter. If sufficient cable is available 
it is possible to use it in this way as a dummy load of reason¬ 
able accuracy and relatively low cost for use in the adjust¬ 
ment of transmitters; thus referring to Fig 12.45 a line with a 
matched loss of 3dB will have a total loss of at least lOdB 
when completely mismatched as in this example, the input 
swr will be only 1 -22 : 1 and the load impedance presented 
to the equipment will be equal to Za ± 20 per cent. The 
cable, because of its considerable bulk, is able to dissipate a 
considerable amount of heat. This technique is particularly 
useful at vhf and uhf where the smaller diameter cables tend 
to be quite lossy. It should be noted that Fig 12.45 has in one 
respect been over-simplified, since the losses are not distri¬ 
buted uniformly along the line but are about three times as 
great per unit of length near the termination, where the swr 
is large. 

In typical practical installations the improvement in swr 
at the transmitter due to line losses can be very large, leading 
to an over-optimistic assessment of performance as illustrated 
by the following example. In this case the matched-line loss 
(theoretical and measured) was I-5dB and the swr at the 
transmitter was 2. The extra line loss due to this was esti¬ 
mated from Fig 12.45 to be only 0-25dB and from dx signal 
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reports the aerial appeared to be working well until another 
aerial became available for comparison, when it became 
obvious that something was amiss. Measurements at the 
load end of the feeder revealed an swr of 5 thus increasing 
the total loss to an estimated 3-2dB and accounting, along the 
lines of Fig 12.44 for most of the "improvement” in swr 
at the transmitting end. (Further losses were attributable to 
feeder radiation as discussed later.) 

As already indicated any losses in a transmission line are 
increased by the presence of standing waves, whereas in 
the case of the loss-less line all the power delivered to the 
line is eventually dissipated in the load, although, as we have 
seen, a certain proportion is delayed in time due to multiple 
reflections. When the mistermination of the line is not gross, 
the amount of powei returned from the first reflection at the 
load is not large. 

Assuming that the generator completely misterminates 
the line at the sending end then the power from this first 
load reflection will reappear at the load after a journey back 
down the line and up again during which time it is attenuated 
by twice the matched line loss (go and return). At this stage 
the major proportion of the attenuated reflected power is 
delivered to the load, and a small proportion is re-reflected; 
thus if 20 per cent is reflected on the first occasion only 4 per 
cent (less some attenuation) is reflected a second time and the 
nett power delivered to the load after only one reflection 
represents most of that delivered by the generator. 

In practice, any reactive term present in the load offered 
to the transmitter by the line is removed by re-tuning of the 
output stage, and any variation in the resistive term is 
compensated by readjustment of whatever coupling device is 
used between the transmitter and the line. These adjustments 
ensure that the effective loading of the transmitter and there¬ 
fore the power delivered to the aerial system remains constant 
despite variations of load impedance. 

In other words the transmitter presents virtually a com¬ 
plete mistermination to the reflected power in the line, and the 
additional power lost due to the presence of reflections from 
the load is relatively small, arising only from the attenuation 
of the reflected wave. This point is frequently misunderstood 
and it is a common belief that once power has been reflected 
from a misterminating load this reflected power is lost. This 
case only occurs when the variation of line input impedance 
caused by reflections at the load is not compensated by 
tuning and matching adjustments at the transmitter. This is a 
situation of limited practical importance but can arise for 
example due to an insufficient range of adjustment or if 
attempts are made to obtain instantaneous comparisons (ie 
without retuning) between aerials which are not equally well 
matched. If the transmitter has been adjusted with a matched 
load and its output is then switched to another load with a 
known swr, the loss may be obtained from Fig 12.46; for 
example, with an swr of 3 there will be a loss of only l-5dB 
or less than half an S-unit, though in the case of a linear 
amplifier the incorrect loading could lead to distortion and 
“splatter”. 

Matching adjustments are not usually provided in the case 
of receivers and it is sometimes erroneously thought that 
reception can be degraded by aerial mismatch. Maximum 
signal-to-noise ratio does not in general require a good match 
but a certain optimum degree of mismatch, though this con¬ 
sideration is usually of no importance for hf reception in 
view of the high external noise levels from galactic and other 
sources. Because these external noise levels tend to be a long 

Fig 12.46. Curve of mismatch loss, ie the amount of power reflected 
from a mismatch for a given swr. This is also the curve of absolute 
power loss (when the generator matches the line, and therefore 

absorbs the reflected power) for lines of zero matched loss. 

way above the internal receiver noise it is usually permissible 
to insert considerable attenuation in front of the receiver and 
this may indeed be beneficial in view of the prevalence of 
intermodulation and similar effects which contribute to 
interference and effective noise levels. This point is 
considered in more detail in Chapter 15. 

As already noted the additional line loss at high values of 
swr for the normal transmitting situation is dependent only 
on the total matched line loss and the swr, and not influenced 
by the length of the line. From Fig 12.45 it will be noticed 
also that when the matched line loss is very high, the addi¬ 
tional loss due to the presence of a standing wave tends to 
become independent of the matched line loss. 

Cable loss may be determined very simply by measurement 
of swr at the input end w'ith the far end short circuited. If for 
example the loss is 3dB the reflected wave arrives back at the 
input with an attenuation of 6dB so that the measured swr is 
(1 + 0-5)/( 1 — 0-5), ie 3 0. For monitoring the condition of 
a feeder cable it should be possible to obtain the necessary 
mismatch by operating at a frequency for which the aerial 
is not designed, taking care of course not to overload the 
cable. 

Power Handling 

There is always a definite limit to the amount of rf power 
which can safely be transmitted along any form of trans¬ 
mission line. The limitation is set either by excessive heating 
of the conductors, which can lead to deformation or destruc¬ 
tion of the insulation between them, or by voltage breakdown 
between the conductors, either in air or in the insulating 
material. 

Open wire balanced lines will generally carry more power 
than any other form, there being adequate ventilation around 
the conductors and usually a relatively large spacing between 
them. Concentric lines usually have much lower impedances 
with small spacings between the conductors, and because 
the inner conductor must be maintained accurately in 
alignment there is often a considerable amount of dielectric 
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material involved. The inner conductor is therefore well 
insulated thermally from the surrounding air and will rise 
to a much higher temperature for a given dissipation than 
its open wire counterpart. 

In amateur practice, most lines other than the poorest 
quality coaxial cables are quite suitable for use up to the 
maximum authorized power, although for the uhf bands the 
smaller diameter cables should be avoided when carrier 
powers in excess of 50W are employed. This is usually done 
anyway, because the cables of lower power rating are also 
those with the highest attenuation per unit length. 

The amateur should pay attention to the power rating of 
cables employed when a high swr exists on the line, either by 
accident or design. In such circumstances, the value of the 
current at maxima of the standing wave may rise to such an 
extent that local overheating will occur, with consequent 
damage. The voltage maxima may also approach the limiting 
value for flash-over. These conditions are unlikely to arise 
in a well designed installation except perhaps under fault 
conditions, a possibility which should not be overlooked. 

Practical Feeders 

The majority of commercially available coaxial cables 
have impedances of the order of 500 or 70-750 and twin 
feeder is available for impedances of 75, 150 and 3000. Two 
or four wire open line having impedances in the range 250-
7500, though not as a rule commercially available, is readily 
constructed, providing the advantages of much lower cost 
and greatly reduced losses, typically 0-2dB per 100yd at 
14MHz compared with 1-8 to 4dB for coaxial cable. Against 
this, coaxial cable and low-impedance twin-lead is often more 
convenient to use, with the latter providing a good match to 
the centre of a A/2 dipole without the need for transformers 
or baluns. In general however practical beam aerials have 
relatively low impedances so that some form of transformer 
is needed between the aerial and line. In addition, if unbal¬ 
anced feeders are used to feed balanced aerials or vice versa a 
suitable converter (balun) should be used as discussed 
later, and these devices can also be used as impedance 
transformers so that the choice of feeder is mainly dic¬ 
tated by personal preferences, practical convenience in 
individual cases, or in the case of commercial aerials the 
instructions of the manufacturer. If very long feeders are 
required, the use of open-wire line in conjunction with some 
form of impedance transformation at the aerial is normally 
essential. 

Coaxial cables are usually made with a solid or stranded 
inner conductor and a braided wire sheath. Two-wire lines 
of 75-3OOQ impedance are generally made with moulded 
polythene insulation and are reasonably flexible. The general 
properties of typical lines are listed in Chapter 13— VHF 
Aerials. 

Almost any copper wire may be used for the construction 
of open wire lines and although 12-18swg is advisable for 
very long lines it can be inferred from Fig 12.5 on pl2.5 
that even with 24swg the losses only rise to 0-6dB per 100yd 
at 14MHz and the wire size can be decreased to 30swg before 
losses become comparable with those of low impedance lines. 
These figures do not take account of loss by radiation, 
commonly thought to be large in the case of open wire lines 
but typically (as discussed later) less than one-tenth of 1 per 
cent for lines with 6in spacing at 14MHz. Spacers are needed 
at intervals and subject to using the minimum number 

Fig 12.47. Spacing insulators for open wire line. The lower pattern 
with an end locating groove is to be preferred. In each case, the 
insulator is held in place by a 20swg binding wire passing through a 

hole in the insulator body. 

(depending on wire gauge, spacing, length of span, exposure 
to wind etc) almost any insulating material can be used 
provided it does not absorb moisture. Polythene rod is 
particularly recommended whereas it is inadvisable to use 
lossy materials such as bakelite or perspex for long lengths of 
line. Narrow spacings are inconvenient in so far as they 
require more spacers, and there is more risk of trouble from 
snow and ice. Rod spacers may be fixed as shown in Fig 12.47. 
Thin polythene line has excellent insulating and mechanical 
properties and may be used for supporting open-wire line, 
guiding it round obstacles etc, and also for supporting aerials 
without additional insulators; inexpensive lines, suitable for 
lengths of 100ft or more, may be constructed by using 
tensioned polythene cord as mechanical support for 22swg 
or finer wire gauges. 

Although the above procedures are recommended, con¬ 
siderable liberties may be taken in the design of open wire 
lines without appreciably closing the performance gap which 
is in their favour relative to low impedance lines. The lead-in 
for example may use plastic insulated wire taken through 
holes drilled in a window frame without incurring measurable 
losses, but it is possible to go too far in this direction and in 
one instance a lead-in using twin plastic lighting flex pushed 
through a single hole in a wooden frame gave rise to a 
spectacular firework display; the situation was somewhat 
extreme as there was an accidental feeder short and 400W 
p.e.p. applied to the line, but this incident suggests a serious 
fire risk which could easily be overlooked. It is therefore 
strongly recommended that gcod insulation, preferably 
some sort of ceramic bushing, be used at this point unless the 
wire is brought through a glass window pane as shown in 
Fig 12.48. Replacement of glass by perspex for easier drilling 
is inadvisable as perspex is frequently subject to rf break¬ 
down. Soft-drawn enamelled instrument wire can be used, 
although when the line is to be strained between insulators, 
it is better to use hard-drawn or cadmium-copper wire. Pre¬ 
stretching to about 10 per cent extra length by means of a 
steady pull will however appreciably harden soft-drawn cop¬ 
per wire and render it less liable to stretching in service. 

Moulded 3000 twin lines sometimes suffer noticeably 
from the effect of moisture in damp weather. This is most 
noticeable in the case of tuned lines, because water has a 
very high dielectric constant and affects the velocity factor 
of the line as well as its loss factor. Soot deposited on the 
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Fig 12.48. Typical layout of balanced line installation. A lower end 
fixing and a slow bend are included in this example. With polythene 
or artificial fibre cords (eg nylon or Terylene) there is no need for 

additional insulators. 

surface will tend to retain moisture and accentuate these 
troubles. The remedy is to clean the line periodically and 
give it a dressing of silicone wax polish to repel any moisture. 
Tubular 300Í1 line should be sealed so that water cannot 
enter the interior. Although the pvc outer jacket of a con¬ 
centric cable is good enough to allow the cable to be buried, 
the open end of the cable is very vulnerable for it can 
“breathe in” moisture which does irreparable damage to the 
line. There is a variety of satisfactory sealing materials 
available, such as Bostik cement, Bostik sealing strip (putty) 
and Sylglas tape which is loaded with a silicone putty. 

Particular attention should be paid to the adequate sealing 
of plugs and sockets used out of doors on coaxial cables. 
Even those intended for professional use (eg BICC Tele-
connectors, US type C and BNC) are not entirely waterproof, 
and the usual Belling-Lee coaxial plug is virtually unsealed 
in its own right. Such fittings should be securely taped for 
at least lin along the cable with a water repellent tape. The 
most effective and reliable sealing is obtained by a layer of 
self-amalgamating PIB tape, covered by a wrapping of a 
putty loaded fabric tape. (The former is manufactured by 
Rotunda Ltd, Denton, Manchester, and the latter, known as 
Densotape, by Winn and Coales Ltd, Denso House, Chapel 
Road, London S.E.27.) 

In selecting an appropriate feeder for use with an aerial 
system, due allowance must be made for the physical layout 
involved. Any installation employing a balanced line should 
be arranged so that as far as possible the line is kept clear of 
masts, buildings and other obstructions. Failure to do this 
may sometimes result in severely unbalanced currents in the 
two conductors, which then become a source of undesirable 
radiation and adversely affect aerial performance. Unbalance 
can also be caused by abrupt changes of direction of the 
feeder, and to a lesser degree by slackness in the line which 
can allow it to swing about in the wind and to twist. 

As far as possible, all balanced lines should be lightly 
tensioned in straight clear runs, with bends broken up into 
a slow change of direction. A practical layout is illustrated 
in Fig 12.48 in which it will be noted that the lower end of the 
feeder is tensioned to a secure anchorage, and flexible tails 
are used to connect to the feed-through insulators to relieve 
them of any strain. 

Coaxial cables lend themselves to less obtrusive installa¬ 
tion. If they are correctly terminated in an unbalanced load, 
no currents will flow on the outside of the outer conductor 
and they may therefore be laid close to any other surface or 
object (brickwork, tubular masts, etc) without affecting their 
behaviour in any way. It is only necessary to ensure that any 
bend is made on a sufficiently large radius to avoid distortion 
of the cable itself. Typically, bends in Jin diameter television 
type cables may have as little as |in radius, whereas those in 
larger cables such as UR67 should be of not less than 2in 
radius. The recommended minimum bending radius for 
cables can often be found in manufacturers’ literature, but a 
useful rule of thumb is to use a radius equal to at least twice 
and preferably four times the cable diameter. It is easy to 
damage coaxial cables by excessively tight fastenings, 
such as staples driven hard into the cable support, and care 
should be exercised when making such fixings to avoid 
bruising the cable. 

When plugs and sockets or other forms of termination are 
used on out-of-door coaxial cables, the cable should always 
be arranged in such a way that any water running down the 
outside is shed from the outer before it can run into the 
termination. The right and wrong ways for fixing such ter¬ 
minations are illustrated in Fig 12.49. 

Radiation from Feeders 

Radiation from feeders can arise in several different ways. 
Fig 12.50 illustrates a typical aerial fed at the centre with 
a feeder which may be of any type, and it is assumed for the 
moment that the system is energized by inductive coupling 
into an aerial tuning unit with no earthing at the transmitter. 
If the feeder has an effective electrical length which (allowing 
for top loading by the dipole) is an even number of quarter¬ 
wavelengths, it will resonate as an aerial and can be used as 
such; in fact a 14MHz dipole with about 44ft of vertical 
feeder, voltage fed at the lower end, performs well as a low-
angle radiator for 7MHz dx. On the other hand a length of 

Fig 12.49. Method for terminating outdoor coaxial cables. The 
reverse loop in the cable prevents water from running back into the 

end termination of the cable. 
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Current 
distribution 
on outer of 
co-axial 
cable 

Fig 12.50. (a) If I is an odd number of wavelengths the feeder is 
energized as a vertical radiator via the stray capacitance Cs. (b) If 
not brought away at a right-angle the feeder is energized by unequal 
inductive or capacitive couplings as indicated by arrows, (c) Excita¬ 
tion of standing waves in coaxial feeder if current distribution is 
symmetrical. If feeder is at earth potential excitation can take place 

as at (a) or (b). 

17 or 51ft would enable it to radiate efficiently on 14MHz 
though probably in an unwanted direction, or angle of 
elevation. With the arrangement shown the unwanted mode 
could be excited by capacitive coupling at the transmitter 
unless the coupling coil is balanced to earth and shielded. 
The two halves of the dipole can also induce currents in the 
vertical feeder (the outer in the case of a coaxial line) but 
given perfect symmetry these are equal and opposite and 
therefore cancel. On the other hand any asymmetry due to 
failure to bring the feeder away from the dipole at right 
angles or not connecting it to the exact centre of the dipole, or 
proximity of one half of the dipole to a tree or building, will 
lead to a net current in the down lead and hence to radiation 
in an unwanted and probably lossy mode with considerable 
potential for tvi. Earthing the feeder at the transmitter alters 
the length required for resonance and leads to a rather less 
predictable situation as the earth resistance and effective 
length of the earth connection arc introduced into the prob¬ 
lem. The safest course is probably to avoid earthing and 
keep the electrical length of the system as far from reso¬ 
nance as possible. If necessary the resonance can be shifted 
by a short counterpoise or earth connected to the centre point 
of the coupling coil as shown dotted or a short-circuited A/4 
stub. Avoiding resonance minimizes but does not necessar¬ 
ily eliminate the unwanted radiation at the fundamental 
frequency, and the problem though basically similar may 

prove much more intractable at the harmonic frequencies 
responsible for tvi. 

In the case of balanced lines the unwanted current is 
induced in the same direction in both conductors, subtracting 
from the transmission line current in one conductor, adding 
in the other, and displacing the swr pattern in one relative to 
the other; this makes it impossible to obtain reliable mea¬ 
surements of swr. 

If a dipole fed with coaxial line is symmetrical with respect 
to earth, half the terminal voltage of the aerial must obviously 
appear between the outer of the coaxial line at its top end 
and earth. Fig 12.50. The feeder must then appear like an 
“inverted ground plane” aerial for which the radiation 
resistance at resonance is about 180 and the power radiated 
in the unwanted mode will be 

F2 

TTTs wat,s

ie as much power is radiated from the feeder as from the 
aerial. More likely, symmetry will not be achieved and feeder 
radiation will take place as previously described. As before, 
the situation can be rectified, more or less, for the funda¬ 
mental frequency by avoiding resonance but this does not 
necessarily eliminate harmonic radiation. 

A long line will have many resonances which tend to over¬ 
lap making it essential to use some form of balun as des¬ 
cribed later, but such devices have limited bandwidth and 
cannot be relied on to prevent the flow of harmonic currents 
on the outside of the feeder, so there is clearly no alternative 
to the suppression of harmonics by filtering at the source. 
It is, however, only the inner of the coaxial line which is 
normally filtered and the suppression of harmonic currents in 
the outer conductor may be incomplete. For these reasons 
it is sometimes found difficult when using coaxial feeder to 
eliminate tvi. 

Balanced lines brought away from the aerial at right 
angles and cut to a non-resonant length with adequate 
harmonic filtering avoid these problems. Unscreened lines 
are in themselves potential radiators, but subject to accurate 
balancing this should be negligible for frequencies in the hf 
band; thus the power radiated for an rms line current of / 
amps and a spacing D is given by: 

\ A / 

D and A being measured in the same units so that D/A is the 
line spacing measured in wavelengths. This is the same 
power as would be radiated from the same current in a 
short dipole of length equal to the line spacing. For 6000 
line with 6in spacing and a current of I A, the line radiation 

/ \ 2
at 14MHz is therefore 160 I —I = 009W for 600W 

\ 134/ 
supplied to the aerial. The proportion of any harmonic power 
radiated by the line increases of course as the square of the 
harmonic number, but seems likely to remain insignificant. The 
figures given by the above formula must be multiplied by four 
to account for radiation from the terminal connectors, but 
even so for a 750 line with 0 08in spacing only about one 
millionth of the incident power is radiated as compared with 
the possibility of up to one-half as previously discussed for 
an unbalanced line. 
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This is still not the full story. A major advantage of 
coaxial line is that it can be laid anywhere, even buried 
underground; in contrast to this, low impedance twin line 
generates a field which can be detected externally and, 
though it spreads only a short distance, makes it advisable 
to keep the line clear of trees, buildings, etc, at least to the 
extent of mounting it on stand-off insulators. It is a dis¬ 
advantage of open-wire lines that the balance is very easily 
disturbed and the presence of objects near the line can cause 
asymmetry and hence radiation ; the use of open-circuited 
matching stubs is particularly dangerous and if their use is 
unavoidable they should be brought away from the line 
at right angles with the separate wires carefully equalized in 
length, and balance is particularly sensitive to proximity of 
the open ends of such stubs to surrounding objects. Even if 
the layout appears to be perfect, balance should be carefully 
checked, eg with simple indicators such as that illustrated in 
Fig 12.78. 

IMPEDANCE MATCHING 

In nearly every arrangement of aerial and feeder system 
there is a requirement to provide some means of impedance 
transformation, or matching, at a particular point between 
the aerial and the transmitter. It may take the form of the 
aerial coupler mentioned above, which transforms the vary¬ 
ing input impedance for a tuned line system down to a suit¬ 
able load value for the transmitter and helps to provide 
discrimination against harmonics or other spurious frequen¬ 
cies. It may be a network at or near the aerial terminals 
which transforms the aerial input impedance to the correct 
value to match a length of flat line back to the transmitter. 
In each case the function of the transformer is to alter the 
impedance on the aerial side of it to a suitable value for 
presentation to the transmitter or the line connecting it to the 
transmitter. The matching network whatever its construction 
has no effect on the impedance of the aerial and therefore 
cannot alter the swr on the line which connects it back to the 
aerial terminals. It is important to understand that the process 
of matching results in the elimination of standing waves only 
on the line between the point of application of the matching 
and the transmitter delivering the power (Fig 12.51). 

It will be clear from the discussion of tuned line feeder 
systems that they are acceptable, carrying as they do a high 
standing wave, only when as in the case of open-wire line the 
inherent liné loss and hence the additional loss due to the 
standing wave is very low. It is also evident as explained on 
pl2.25 that the bandwidth of the aerial system reduces 
rapidly when the length of the tuned line is increased, the 
rate of change of reactance with change of frequency being 
proportional to the length of line whereas the radiation 
resistance is fixed, so that even in the narrow span of an 
amateur band re-tuning of the coupling circuits may be neces¬ 
sary as the frequency is changed. Any necessary matching 
should therefore be carried out as near as possible to the 
aerial. In a similar way, a reduction of bandwidth occurs if 
a large ratio of impedance is to be transformed, because high 
ratio transformers have smaller bandwidths. It is therefore 
best to avoid any large ratios between the impedances of 
aerials and feeders, and this also helps to reduce losses. 
This cannot always be done, especially if a long line is neces¬ 
sary, because it would then be preferable to employ a high 
impedance line in order to minimize losses. The importance 
of avoiding feeder radiation (sometimes referred to as the 

IMPEDANCE 
MATCHING 

MATCHED UN-MATCHED 

Fig 12.51. Application of impedance matching. Introduction of the 
matching unit can improve matters only on the section M-T. The 
feeder on the aerial side of the matching unit, M-A, remains “un¬ 
matched’* with a high swr. It should therefore be as short as possible 
and of low attenuation (see text). The matching unit, often called 
an aerial coupler in this application, can be adjusted using a reflecto¬ 
meter to indicate minimum reflected power in the “matched” sec¬ 

tion of the line to the transmitter. 

Marconi Effect) has been stressed in the previous section and 
in many cases the balun required to prevent this in the case of 
coaxial feeders can also act as a matching unit. 

The technique employed for matching will depend upon 
the nature of the unmatched impedance and the physical 
details of the aerial. In some cases it is possible to modify the 
aerial itself to achieve the required match to the feed line, 
without significantly altering its characteristics as a radiating 
element. Examples of this are the use of folded wires, and 
the adjustment of reflector spacing and length in Yagi type 
beam aerials. Resonant aerials fed with high impedance 
balanced lines may usually be matched by tapping the line 
across a suitable portion of the aerial wire, eg by means of 
the T or delta matches described later, but in some cases 
it is necessary, or easier, to use a network consisting of 
lumped constant components or transmission line stubs 
interposed between the aerial terminals and the main feeder. 

Folded Dipoles 

The half-wave dipole is a balanced aerial and requires a 
balanced feeder. Normally this is a 70Q line, but it is some¬ 
times necessary to step up the aerial input impedance to a 
higher value; for example, where the feeder is very long and 
300 or 6OOÍ2 line is employed to reduce feeder loss. Another 
case is that of a beam aerial in which the dipole input impe¬ 
dance is too low to match 70Í1 line. A separate transformer 
to step the aerial impedance up to these values would reduce 
the bandwidth, but it has been found that by folding the 
aerial the step-up can be accomplished without any reduction 
of bandwidth. Fig 12.52(a) shows a full-wave wire folded 
into a half-wave dipole; this bears some resemblance to a 
loop aerial and has some useful properties in common with 
the quad and delta loops into which it can be formed 
by pulling the wire out to form respectively a square or 
triangular shape. 

The relative direction of currents, at current maximum, is 
shown by arrows in the diagram. In a straight full-wave wire 
they would be of opposite polarity, but folding the full-wave 
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Fig 12.52. Folded dipoles, including (a) simple fold; (b) three-fold; 
(c) folded dipole made from 300Q ribbon feeder; (d) arrangement 

for working on half- and full-wave resonance. 

has “turned over” one current direction; thus the arrows in 
the diagram all point the same way. The folded dipole is 
therefore equivalent to two single-wire dipoles in parallel. 

Since half the current flows in each wire, the radiation 
resistance referred to the centre of either is four times that of 
a simple dipole, ie 3OOÍ2 approximately, which is particularly 
convenient for matching to standard ribbon feeder, though 
the higher impedance and wider bandwidth of an open-wire 
line greatly eases the problems of resonant feed-lines, and 
this can be exploited to good effect for the development of 
multi-band beams as discussed later. Wider bandwidth is 
obtained with folded dipoles because the reactance change 
with varying frequency is approximately that of two quarter¬ 
wave stubs connected in series and is therefore rather less 
than twice that of a simple dipole, whereas the radiation 
resistance, as explained above, is increased by four times. 
Typically, a simple dipole well matched to low impedance 
line at the centre of the 14MHz band could show an swr 
as high as 1 -4 at the band edges whereas the corresponding 
figure for a folded dipole fed with 300Q line would be better 
than 1-2. 

If the aerial is made three-fold (Fig 12.52(b)), it is equiva¬ 
lent to three radiators in parallel, the feed-point resistance is 
multiplied nine times and it would be used with a 6OOÍ2 line. 

In some multi-element arrays the radiation resistance is 
very low, and folding the driven element is a useful aid to 
correct matching since with N wires the resistance is always 
raised N2 times. 

The folded dipole is usually regarded as a one band aerial, 
and will not normally operate on even harmonics of the 
frequency for which it is cut because the “folded” currents 
cancel each other. However, the alignment of currents is 
correct for the odd harmonics, so that a folded dipole for 
7MHz can also be used on 21 MHz, although the radiation 
pattern will have multiple lobes. On the other hand a 14MHz 
folded dipole with a half-wave resonant feeder will be 
nearly resonant on 21 MHz and will provide some gain at 
the higher frequency, the radiation pattern being inter¬ 
mediate between those of half-wave and full-wave dipoles. 
With suitably tuned feeders, a 21 MHz folded dipole may be 
used on 28MHz and 14MHz. 
A folded dipole one wavelength long can be made to 

radiate but only if the centre of the second conductor is 
broken; in such a case the input impedance is divided by 
four. The centre impedance of a full-wave dipole is 4,000 to 

6,000Q; that of the folded version 1,000 to 1,5000. Fig 
12.52(d) shows how such an aerial can be made to work at 
both fundamental and second harmonic frequencies by 
means of a length of open circuit twin line (called a stub) 
used as a "frequency switch”. At the frequency at which the 
aerial is A/2 long, the stub is one electrical quarter-wave 
long and, since its other end is open, the input end behaves 
as a short circuit and effectively closes the gap in the aerial. 
At the full-wave frequency the stub is one half-wave long and 
behaves as an open circuit. 

The folded dipole can be conveniently made from 3OOÍ2 
flat twin feeder as in Fig 12.52(c) because the spacing is not 
critical and the electrical length of the system, as a radiator, 
is not affected by the insulating material since the voltages 
have the same magnitude and phase in both wires and no 
current flows between them. The two halves of the dipole 
can, however, also be regarded as a pair of short-circuited 
stubs connected in series and, in this role, the normal 
velocity factor applies so that each stub is about 005A 
longer than resonance. The capacitance being roughly 6pF 
per foot, this is equivalent at 14MHz to a reactance of about 
1,200il across the feeder which increases the swr to 1-3. 
The velocity factor of ribbon feeder being about 0-8, the 
swr may be improved by placing the short circuits between 
the wires at this fraction of a quarter-wavelength from the 

Fig 12.53. Nomogram for folded dipole calculations. The impedance 
multiplying factor depends on the two ratios of conductor diameter 
to spacing between centres, and is always 4:1 when the diameters 
are equal. A ruler laid across the scales will give pairs of spacing/ 
diameter ratio for any required multiplier. In the example shown 
the driven element diameter is one-tenth of the spacing and the 
other element diameter one quarter of the spacing, resulting in a 
step up of 6:1. There is an unlimited number of solutions for any 
given ratio. The chart may also be used to find the step-up ratio of 

an aerial of given dimensions. 
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Fig 12.54. Broadband dipoles, (a) Cage, (b) Fan (two or three wire), 
(c) Conical. The semi-conical form is often used for broadband 

vertical monopoles over an earth plane. 

centre rather than at the end—eg 27ft apart in a 33ft long 
14MHz aerial. 
Other ratios of transformation than four or nine can be 

obtained by using different conductor diameters for the 
elements of the radiator. When this is done, the spacing 
between the conductors is important and can be varied 
to alter the transformation ratio. The relative size and spac¬ 
ings can be determined with the aid of the nomogram in 
Fig 12.53. 

These variations of the basic folded dipole do not lend 
themselves readily to multiband operation. 

Aerial Transformers 

In aerial systems comprising full-wave (or end fed half¬ 
wave) radiators, it is possible to obtain some control over the 
high input impedance by utilizing the radiator itself as a 
quarter-wave transformer, making use of its similarity to a 
A/4 open-ended stub which has been unfolded. The principle 
was explained on pl2.27. The loop radiation resistance of 
the radiator is principally a function of its length, and is 
independent of the conductor size. By varying the latter to 
alter the effective L/d ratio of the radiator, the Zo of the 
“transformer” can be altered and hence the input impedance 
at the voltage feed point. This is not practicable as an 
empirical adjustment after erection, but does permit some 
elementary matching to be built-in to the aerial at the design 
stage to restrict the extent of the initial mismatch to the 
open wire main feeder. 

The effective Z„ of the radiator as a transmission line 
being a function of the length/diameter ratio, and the length 
determined by the operating frequency, the diameter must be 

adjusted to control Zo. This may be achieved by using a 
thicker wire, or more effectively by using several wires 
connected in parallel and spaced out to form a cage. Another 
alternative is to use several wires which are spread out from 
their common end at the feed point, to form a fan or semi¬ 
cone. These methods are illustrated in Fig 12.54. The curve 
in Fig 12.55 shows the variation of input impedance of a 
full wave biconical dipole in terms of the cone angle: it is 
correct for solid cones and indicative of the general tendency 
for elemental cones comprising several wires. The values of 
input impedance for a fan dipole will be 50-100 per cent 
higher for the same angle. 

The use of large diameter conductors or fans of wires 
improves the bandwidth of A/2 and A dipoles equally, since in 
accordance with line transformer theory, the Q is approxi¬ 
mately equal to RiZ„ or ZJR, whichever is the larger. The 
need for a reduction of Zo arises with A/2 dipoles if it is 
required to combine large bandwidth with matching to a low 
impedance line (ie one matching the radiation resistance), 
otherwise the folded dipole makes better use of the extra 
conductors up to a maximum of three or four, beyond which 
further matching problems may arise. With full-wave dipoles 
however there are two separate problems, the bandwidth of 
the dipole itself and the constraints imposed by the high feed 
point impedance relative to the feeder Zo which may further 
restrict the bandwidth unless some form of cage or fan is 
adopted; for the amateur hf bands, however, this problem 
is unlikely to be acute unless the dipole forms part of a close¬ 
spaced beam system. 

When fans of wires are used, the length required for reson¬ 
ance is reduced, typically by a factor of about 0-8. A simple 
explanation of this is implied by the 6-28Z0 d//A formula 
for the reactance, p!2.27. Thus if a low impedance (ZoL) 
resonant line is shortened by an amount Al, this subtracts 
a reactance proportional to Zai . Al. If this length is now 
restored, using a line of higher impedance Z„H, the added 
reactance is proportional to Znn. Al which is more than the 
amount removed, so that some shortening must be applied 
to one or other sections of the line, and the overall Ici.gth for 
resonance is less than it was originally. In the case, for 
example, of a A/2 fan dipole, Zo is higher where the wires are 
closer together, ie in the centre, which is the reference point 
for application of the formula. This demonstrates an 
important property of all aerial or aerial plus feeder systems 
involving a change of Z„, enabling us to predict, for example 
the well-known fact that for resonance a quad loop requires 
slightly more wire than a folded dipole, and other facts which 
appear to be less well-known, eg when a non-resonant 

Fig 12.55. Input resistance of a full-wave bi-conical dipole as a 
function of the cone angle. The overall length should be 0-73 wave¬ 

length at the mid-frequency independent of the cone angle. 
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dipole is loaded by means of a stub the total length of wire 
required will be longer for a short dipole but shorter for 
lengths between A/2 and A, and harmonic resonances will not 
be quite coincident. Similarly a 14MHz quad or delta Iqpp 
with a A/2 resonant stub nearly resonates at 21 MHz, the 
length of the whole system then being 3A/2, but to obtain 
exact resonance the stub must be shortened by about 2ft. 

Tapped Aerial Matching: The Delta Match 

Pursuing the analogy between a resonant aerial and a 
tuned circuit, any point on it will have an impedance relative 
to ground varying from a low value (one-quarter of the radi¬ 
ation resistance) at points of maximum current, up to a very 
high value at points of maximum voltage. A single-wire feed¬ 
line (pl2.17) if connected to the centre would cause a current 
to flow outwards in both directions which would of course 
be quite wrong, but when displaced to one side the line “sees” 
an inductive reactance one way and a capacitive reactance 
the other so that equal but opposite currents flow in the two 
directions and the required current distribution is set up. 
This is exactly analogous to connecting a wire to a tap on a 
tuned circuit and by choosing the right tapping point the 
impedance of the line can be matched. This is the principle 
of the single wire feed, which as discussed on p!2.17 is 
now largely obsolescent due to wastage of power by radiation 
from the feeder and losses in the ground return path. These 
disadvantages are completely overcome by using two wires, 
tapped each side of centre as shown in Fig 12.56. This is 
called the delta match, and is a convenient way of connecting 
an open wire balanced line to a halfwave dipole or beam 
element. The precise dimensions A and B of the delta section 
may be obtained experimentally, but for the case of a 6000 
feed line are given approximately by: 

118 
/(MHz) 

148 
/(MHz) 

where A, B are measured in feet. 
It might be thought that the delta section would radiate 

but using its resemblance to an 8JK aerial it is possible to 
arrive at an approximate figure of 0002dB for the power loss 
by radiation. The previous formula is not applicable as the 
ratio of feeder length to spacing is less than specified and in 
any case most of the radiation from the delta is in the wanted 
mode. There is no need to make direct connection to the 
dipole, and the end of the feeder may be fanned out into a 
delta loop which provides inductive coupling to the aeriai. 
Ordinary pvc insulated mains cable secured against the 
dipole with plastic tape has been found satisfactory, the 

dimension A being increased by about 10 per cent as com¬ 
pared with direct connection. It is believed, though not 
fully established, that inductive coupling may reduce the 
risk of line imbalance, but either method provides a simple 
and satisfactory method of matching between a dipole, or 
beam element, and a 600Í2 line. These methods cannot be 
used in their simple form with low impedance lines, as the 
reactance of the loop is then excessive relative to Zo and 
must be removed by tuning. In the case of a close-spaced 
two- or three-element beam the dimensions A and B will be 
reduced by some 30 to 50 per cent compared with those for a 
dipole. 

The Tee and Gamma Match 

The dimensions A and B for the delta match are slightly 
interdependent but B is not critical and the whole of the delta 
may be folded upwards to form a tee-match as in Fig 12.57. 
The tee-match is particularly suitable for feeding close-spaced 
beam aerials using low-impedance twin-lead and the gamma 
match, also illustrated, is evolved from it for use with 
unbalanced lines. In each case there is some mismatch 
caused by the inductance of the coupling loop unless 
this is tuned out, eg as shown in Fig 12.57. In the case of a 
delta match, as in Fig 12.56, the loop can be regarded pri¬ 
marily as an extension of the transmission line and the induc¬ 
tive effect is small, but tuning is usually essential in the case of 
tee and gamma matches, particularly with low-impedance 
lines and low aerial impedances. The capacitors will require 
to be adjusted empirically for minimum swr on the main feed 
line: they will also need to be sealed adequately against 
weather and dirt accumulation, which would otherwise 
make them liable to voltage breakdown. The physical size 
and rating should be adequate to withstand the full line 
voltage with an adequate factor of safety. 

As in the delta match, the exact dimensions of the matching 
section are a matter of experimental adjustment for mini¬ 
mum swr on the main feed line. For a half-wave dipole fed 
with 600ÍI line, the approximate dimensions are given by: 

, 180-5 114 
/(MHz) ° /(MHz) 

where A is in fert and B in inches. 
These formulae apply only when the extra conductor is of 

the same diameter as the aerial conductor. If a different size 

TRANSMISSION 
LINE 

Fig 12.57. Tuning out residual reactance in the tee- and gamma¬ 
match systems with series capacitors. Capacitors with a maximum 
capacitance of 150pF are suitable at 14MHz. For higher frequencies 

proportionately smaller capacitances may be used. 
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of conductor is used for the matching section, an impedance 
transformation is obtained analogous to that achieved by 
varying the diameter ratio in a folded dipole. 

The Clemens Match 

With the gimma match, power is fed into one half only of 
the radiator, the other being excited by induction. This is 
inherently an unbalanced arrangement and does not fully 
meet the requirements for elimination of feeder radiation. Á 
further disadvantage is the need to adjust the length of the 
matching section. An improved version has been developed 
which enables the tapping points to be fixed and also incor¬ 
porates balance-to-unbalance transformation. It is known 
as the Clemens match and as shown in Fig 12.58 can be 
constructed entirely of coaxial cable, the cable shield being 
attached to the metal aerial element using self-tapping 
screws. 

This arrangement will cater for a very wide range of 
impedance transformations. The coaxial feeder cable is 
taken to the centre “neutral” point of the aerial, carried 
along one side to a distance of 005A where the outer conduc¬ 
tor is bonded to the aerial, the inner conductor being looped 
back to an equal distance the other side of centre and there 
joined to the driven element via a capacitor which is formed 
from the cable. The spacing between D and the driven 
element is variable from 0 01 to 0-02A which adjusts the 
ratio, while the capacitor tunes out the transformer reactance 
and also helps with the tuning of the radiator. The dimen¬ 
sions given are those recommended for matching to a 
particular design of three-element Yagi aerial and may need 
modifying for other types of aerial by trial and error along 
the lines indicated above. The cable should be sealed against 
damp, Bostik sealing strip or Sylglas tape both being suitable 
for the purpose. 

Line Transformers 

Often the most convenient way of performing impedance 
matching between the aerial and the main feeder is by 
employing line transformers. These are made up as described 
on pl2.27 from short sections of transmission line and are 
hence physically convenient to assemble and connect at the 
aerial terminals. They are also lighter than the equivalent 
coil and capacitor networks and more dependable when 
exposed to the weather. 

The behaviour of short sections of transmission line with 
various terminations was explained on pl2.26 where it 
was shown that quarter-wave sections can be considered 
equivalent to parallel and series tuned circuits. Shorter line 
sections behave like inductance or capacitance depending 
upon their length and whether they are open or short 
circuit at the far end. 

Stub Matching 

If the main feeder is connected directly to the aerial 
terminals the aerial will usually constitute an unmatched 
load, and a system of standing waves will be set up along 
the feed line as explained on pl2.23. Moving away 
from the aerial, the impedance along the line will alter 
in sympathy with the pattern of voltage and current waves, 
as explained and illustrated in Fig 12.35. There will occur a 
position along the line not more than A/2 from the aerial at 
which the resistive component of the impedance will equal 
the line characteristic impedance, but will have associated 

Fig 12.58. The Clemens transformer, a flexible arrangement which 
will match a wide range of dipole impedances into a concentric 50 or 
70Q line, and at the same time convert from balanced to unbalanced 
circuits. The suggested dimensions for a three-element aerial using 
this transformer are given below. L is the length of a A/2 in free 
space ( = 5,900/f inches at frequency f MHz). The third column gives 

the actual dimensions in inches for a 14 2MHz aerial. 

Reflector length 
Reflector-to-aerial spacing 
Aerial length (A) 
Aerial-to-director spacing 
Director length 
Spacing between aerial driving 
points (B) 
Length of unshielded coaxial 
centre conductor (D) 
Length of capacitive open stub 
(C) 

L 
0 3L 
O95L 
0-2L 
0-90L 

0 2L 
0 2L + 2in 
approx 

0-039L 16 

412 
124 
392 
82 

371 

82 
84 

with it some degree of reactance. By connecting in parallel 
with the main line at that point a transmission line stub, 
which is either open or short circuited at the far end to give 
an equal but opposite reactance at its input end, the un¬ 
wanted reactance on the main line can be cancelled or 
“tuned out”, and the only term left is the resistive one which 
then presents a correct match to the remainder of the line. 
This is the principle’of stub matching. 

It is possible to calculate the length and position of the 
stub from a knowledge of the swr on the un-matched line 
and the position of a voltage maximum or minimum. The 
charts shown in Figs 12.59 and 12.60 give the length of the 
stub and its distance from the point of maximum or minimum 
voltage in the direction of the transmitter. They are drawn 
specifically in terms of a stub of the same impedance Zol 

as the main feed line. However a line of different impedance 
Z02 may be used to provide the stub, by determining the 

y 
ratio from Fig 12.43, and thence X for the stub length 

Z 01 

given by the stub-matching charts. The new ratio may 

then be used to find a new stub length again from Fig 12.43. 
It may sometimes be advantageous to use a stub of lower 
Zo than that of a main feed line when the latter is relatively 
high, since the bandwidth of the match will then be improved. 
However particular care must be taken in using low-
impedance lines as stubs in view of the possibility of high 
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Fig 12.59. Position and length of an open stub as a function of Zo/Zr 
or swr when reference is at a voltage minimum. 

losses; for example a 750 line with a loss rating of IdB per 
100ft will have a 2j per cent loss per 10ft which is equivalent 
to a resistance of 2Õ in series with a A/4 stub, or a Q of 40. 
If used as a line transformer with a voltage step up ratio 
greater than two, there will be a power loss exceeding 5 per 
cent. Attention is also drawn to the warning on pl2.33 
regarding the added danger of line unbalance when using 
open stubs. 

The curves of Fig 12.59 apply when the point of reference 
is a voltage minimum, and those of Fig 12.60 when the 
reference is a voltage maximum. Since these voltage condi¬ 
tions along the line alternate at intervals of A/4, either short 
circuit or open circuit stubs may be employed at the appro¬ 
priate points on the line to achieve exactly the same match 
on the remainder of the line. Also because of the in¬ 
verting properties of a quarter-wave section of line, the 

Fig 12.60. Position and length of a closed stub as a function of Zr/Zq 
or swr when reference is at a voltage maximum. 

open circuit stub may be replaced by a short circuit stub 
which is A/4 longer, and vice versa. This system of stub 
matching is extremely flexible, and within certain limits 
permits the matching to be carried out at a point which 
is physically convenient, and with a stub which can be either 
open or short circuit to suit the particular mechanical layout. 
Generally speaking the use of short circuit stubs is prefer¬ 
able; apart from the problem of balance mentioned above, 
the electric field at the remote end of an open circuit stub is 
very high, and the “end effects” of the supporting insulator 
are difficult to assess accurately. Their action is to modify 
the electrical length of the stub and hence to “dc-tune” it. 
In a short circuit stub, the remote end is accurately defined 
by the shortening bar and the length is not subject to the 
same end effects. 

The voltage at the end is practically zero, and they can 
be tensioned or otherwise supported without the need for a 
strain insulator. There is also no objection to a de connection 
from the centre of the shorting bar to earth, to provide 
lightning protection for the aerial and feeder system. 

Another useful feature of stub matching is that it is not 
necessary for the aerial to be resonant, ie, cut to an exact 
number of quarter-wavelengths at the operating frequency. 
If the aerial is of an arbitrary length, the input impedance 
will be complex, and the series reactance necessary to tune 
the aerial is effectively provided by the short piece of line 
between the aerial and the first voltage maximum or mini¬ 
mum. 

Quarter-wave Resonant Sections 

When the standing wave ratio is high, the length of the 
stub together with its distance from the reference point 
add up to one quarter-wavelength, and because of this, 
such stubs are sometimes referred to as quarter-wave 
resonant line transformers. Typical stub matching arrange¬ 
ments are shown in Fig 12.61(a) and re-arranged in Fig 
12.61(b) to illustrate the quarter-wave feature of this system 
of matching. The action is electrically identical, but it may 
sometimes be physically more convenient to mount a fixed 
A/4 stub across the aerial input, and to adjust the tapping 
point of the main feeder along this stub for minimum swr on 
the main line. 

Quarter-wave resonant line transformers can be used when 
the impedance ratio is fairly high (eg greater than four-to-
one) and two varieties using short- and open-circuited stubs 
are shown. Both make use of the fact that there is a standing 
wave on the stubs, the main feeder being moved along the 
stub to a point where the voltage/current ratio becomes 
equal to the main line impedance. They are in effect tuned 
resonant circuits, with the feeder tapped into them. The open 
stub is employed when the feed point impedance of the aerial 
is too low for the line, ie, when the overall aerial length is an 
odd number of half-waves, and the closed stub is used for a 
high impedance feed, ie, when the aerial is a number of full 
waves long. 

In practice the stub can be made to have the same impe¬ 
dance as the main line, though this is not essential. The line 
should be supported so that it remains at a fixed angle 
(preferably a right angle) to the stub. The tapping position 
is varied until the standing wave or the reflection coefficient 
on the main line is minimized. If a good match is not pro¬ 
duced the length of the stub can be altered; should this not 
be successful, it is probable that the wrong type of stub is 
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being used. It may be noted that the aerial itself need not be a 
resonant length, though the aerial-plus-stub must be; also, 
the stubs may be increased in length by one or more quarter¬ 
waves in order to bring the tap position nearer to ground 
level, changing from “open” to “short-circuit” or vice-
versa with each quarter-wavelength addition. One method of 
adjustment requires a simple current indicator such as the 
one illustrated in Fig 12.78. If the current in a closed stub is 
less than the current on the aerial side of the junction, the 
length of aerial plus stub needs to be shortened, and vice-
versa, the swr in the main feeder being unimportant for this 
part of the procedure. When the length of aerial plus stub is 
correct, the tapping point for the main feeder can be moved 
up and down the stub to obtain the minimum swr. 

Fig 12.61. Use of matching stubs with various aerials. 

The technique of stub matching is applicable both to 
balanced and unbalanced lines, and may be used with advan¬ 
tage on coaxial lines at vhf where the physical length of the 
stub is not great. Again because of the “end effect” of the 
open circuit stub, a short circuit version is to be preferred, 
which then completes the outer screen of the coaxial system 
and eliminates the possibility of unwanted signals being 
picked up on the inner conductor of an open circuit stub. 

Series Quarter-wave Transformers 

The impedance inverting properties of a A/4 section of line 
were explained earlier in the section dealing with transmission 
lines and it was shown that a resistive load may be trans¬ 
formed to provide a match to some other impedance by one 
or more A/4 sections of line having appropriate values of Zo. 
If the load is partly reactive, it may be supplied with power 
from any convenient feed line and moving back along this 
line from the aerial, a position of voltage minimum may be 
located. Viewed from this point the load will appear to be a 
low value of resistance with no reactive component, and the 
next A/4 section of line (moving towards the transmitter) 
may be designed to provide the required transformation. 
This may be merely a matter of “pinching in” the conductors 
of an open wire to reduce the Za, but it may also require a 
larger diameter of conductor. Such matching sections are 

Fig 12.62. Series A/4 transformer (Q-bar) using “pinch” matching. 
The voltage standing wave is a minimum at the point of commencing 
the A/4 matching section, which is pinched together until the stand¬ 
ing wave disappears on the following length of line. The “pinch” can 
be determined experimentally using string to hold the wires to¬ 
gether. The string can then be replaced by permanent insulators. 

often referred to as Q-bar transformers, and their action is 
illustrated by Fig 12.62. By measuring the swr in a line of 
known impedance it should be possible to deduce the value 
of matching line Zo required and design it according to the 
data given on pp!2.18-12.19. As will be apparent from 
Fig 12.28 it is difficult to effect much change of Zo, merely 
by reducing the spacing of a 600Q line so that if a large ratio 
is required and no lines of suitable impedance are readily 
available, more drastic steps will be needed. These include 
the arrangements sketched in Fig 12.63, coaxial lines being 
connected in series with the outer conductors bonded, thus 
forming balanced lines of 100 or 150Q, or connected in 
parallel to form unbalanced lines of 25 or 37Í2 impedance. 
The four-wire modification of a 600Q line divides the 
impedance by half approximately. 

The bandwidth of an amateur-band hf aerial is usually 
determined by the aerial itself in connection with any 
resonant matching stubs, the ratio and therefore the effective 
loaded Q of A/4 matching transformers being relatively 
low so that they do not introduce any further appreciable 
restriction of bandwidth. 

Characteristic 
Impedance 

unbalanced 

Characteristic 
Impedance 
2Zp balanced 

Characteristic 
Impedance 

balanced 

4-wire open-wire line viewed 
end-on. Zo ~ 300 ohms 

Fig 12.63. Methods of obtaining non-standard line impedances, eg for 
matching sections. 
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Tapered Lines 

When the required transformer ratio is not high, for 
example w hen an 8000 rhombic aerial is to be matched to a 
600 or 300Í1 line, it is practicable to use a simple tapered 
line. At the aerial end, the spacing is correct for 800Q and 
gradually decreases to that for the lower impedance. This 
arrangement gradually converts the impedance from one 
value to the other. It is a wide-band device and, provided the 
taper is not less than one wavelength long, it will give a good, 
though not perfect, match. 

Network Transformers 

At ground level, particularly with coaxial feed lines, it is 
often more convenient to employ a coil and capacitor 
matching network. This could be similar to any of the 
couplers used near the transmitter (though probably simpler, 
eg as shown in Fig 12.38). 

The ability to transform one value of resistance to another 
without loss is of course a common requirement in radio fre¬ 
quency circuits generally, not only in aerial systems. This 
general problem may be studied in terms of a “generator” 
supplying power to a load consisting of resistance and 
reactance, as in Fig 12.64. The generator may be a valve 
supplying power to an anode load, or it can be any device 
from which power comes, regardless of what may intervene 
in the form of tuned circuits or lines with or without losses. 
The important properties of generators are the available 
power and the source impedance. The available power, 
ie the maximum power obtainable from a generator, is 
expressed in terms of the open circuit voltage Eo and the 
effective internal series resistance Rn and is equal to E*¡4Ro, 
any internal reactance being ignored for this purpose. The 
requirements for maximum power transfer are that the 
generator should see a “conjugate match”, or in other words 
if the load consists of a resistance Rs in series with a reac¬ 
tance As and the generator has a series reactance Xa, we 
require Rn — R and Xo = — Xs. 

Fig 12.64. Equivalent impedance circuits. 

Suppose now that the transmitter is intended to work into 
a 750 load subject to proper adjustment of tuning and 
matching controls. When the adjustment is completed 
successfully with a “dummy load” this will automatically 
ensure a conjugate match and the reader who is interested 
only in getting as much power as possible into the aerial need 
not be concerned further with what is happening inside the 
transmitter, provided he can make the aerial look like 750 
and connect it in place of the dummy load. The problem 
next to be considered is how to make any impedance look 
like 750 using convenient “lumped” constants, ie capacitors 
and inductors. There is one further constraint: this must be 

achieved without losses, and if the components are loss-free 
(no internal resistance) all the available power must then go 
into the load for there is nothing else to absorb it. Usually 
there is a choice of many alternative ways of effecting the 
required transformations, and because in general the 
required components are reasonably efficient devices, low-
loss transformation can usually be achieved, though it is 
advisable to avoid large currents in large inductors, or 
excessive voltages which produce leakage losses in capacitors. 
Losses are proportional to the square of these currents and 
voltages, and the loss resistance of a coil tends to be pro¬ 
portional to the inductance, ie Q values do not vary much 
assuming reasonable design practice. 

Fig 12.65. Transformation: stage 1. 

Consider now two elementary networks involving series 
and shunt elements respectively as shown in Fig 12.64; for 
these two networks to be identical, that is present the same 
load to a generator connected across the terminals AB, the 
admittance seen at these terminals must be the same in 
each case, ie 

J_ J_1 J 
Rp jXp Rs + jAT 

From this it is simple to derive the following two identities: 

1+
■ • • (») 

Xp = Xs 
Rs2\ 
Xs2/ 

. . . (iii) 

The “operator”), (which is mathematically the square root of 
minus one) merely denotes that the quantity after it is a 
reactance and that, if added to a resistance, the addition must 
be done vectorially. This can be done by drawing a right 
angled triangle with the two shorter sides proportional to the 
two quantities, the magnitude of the sum then being repre¬ 
sented by the length of the longer side. 

Using these basic formulae it is possible to convert a 
network of series elements to its equivalent network of 
parallel elements (and conversely). Consider next the circuit 
shown in Fig 12.65. From an inspection of Fig 12.64 and 
equation (ii) above, it can be seen that it is possible to select 
a value of Xs to put in series with the resistance Rs, such 
that the shunt equivalent resistance is equal to Rp, but has in 
parallel with it a residual reactance Xp. If now a reactance 
of value —Xp is placed across the terminals AB, the net 
effect will be to produce at those terminals a pure resistance 
equal to Rp, which is the requirement of the transformer. 
Then the basic form of the transformer is an L network 
comprising only reactive elements as shown in Fig 12.66. 
This also meets the terms of the original specification. If the 
ratio RdRi = P, it can be shown that: 
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Fig 12.66. Transformation: stage 2. 

- i) ...(iv) 

X2 = T pRil^íp _ i) ... (v) 

Xi and X2 must have opposite signs in all cases, or in more 
general terms, the network must consist of one inductive 
and one capacitive element. It is more usual in practice to 
make the series element inductive and the shunt element 
capacitive for reasons which vary with individual circum¬ 
stances (eg a series de path to the anode of a valve), but there 
is no basic objection to the reversal of this practice in cases 
where it may be more suitable. 

Using the fundamental equations (iv) and (v) it is now 
possible to design any required network by a process of 
arithmetic as the following example will show: 

Example 
A single wire short aerial for 3-6MHz has a base impedance 

of 15 j200£i. It is required to match this to a feeder with a 
characteristic impedance of 75Í2 (Fig 12.67(a)). This aerial 
is equivalent at its terminals to a resistance of 15Q in series 
with a capacitance of 220pF. The steps of the calculation 
are as follows: 

(a) Connect an equal and opposite reactance +j200 in 
series to tune out the aerial capacitance and leave only 
the res.stive term of 15Í2: the transformation required 
is then from 1512 resistive to 7512 resistive (Fig 12.67 
(b)). 

(b) From equation (iv), X, (series term) = ± 15^/5 — 1 
= ± 3OÍ2 

(c) From equation (iv), X2 (shunt term) = T 5x15 

Vs - 1 
= T 37-512 

Thus the transformer section required is as shown in Fig 
12.67(c) and the complete arrangement in Fig 12.67(d). To 
convert the reactance into physical components, since XL = 
2-/7 and Ac I/2tt/C: 

+ j23O is the reactance of 10/iH at 3-6MHz. 
— j37-5 is the reactance of l,250pF at 3-6MHz. 
If the coil has a Q of 200, ie a series loss resistance of 

112, this will be equivalent to an aerial loss resistance of 112. 
Strictly speaking the matching network should be modified 
slightly, as if the aerial had in fact a resistance of 1612, and 
one-sixteenth of the transmitter power will be unavoidably 
lost as heat in the coil. This however is a loss in signal of 
0-3dB only, and unlikely to have much impact on reports of 
signal strength. 

The complete network is shown in Fig 12.67(e)). By making 
each element variable over a convenient range, it is possible 
to correct for the coil resistance and any inaccuracies in the 
original figure taken for the aerial base impedance, and also 
for variations in the working frequency. 

A suitable protective cover for the network is a large air¬ 
tight can, used upside down, with components mounted on 
the lid. A metallized lead-through seal from an old capacitor 
or transformer can be soldered into the lid for the aerial lead. 
A sealed rf connector is preferable for the cable connection. 
The can should have a coat of paint, and Bostik putty can 
be used to seal all the joints; a small bag of silica-gel may be 
placed in the can to guard against condensation. The compo¬ 
nents of the network should be capable of handling the 
transmitter power; if fixed capacitors are used they should 
be of the foil-and-mica type. 

Baluns 

The majority of hf aerials are inherently balanced devices 
and equal voltages exist or should exist to earth from each 
input terminal. Exceptions include long-wire end-fed aerials 
often used on the lower frequency bands and verticals which 
are driven against either a ground plane or true earth. 

It is not possible to connect an unbalanced feeder such as 
coaxial line to a balanced aerial and maintain zero potential 
on the outside of the line. In such cases currents are forced as 
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BIFILAR PAIR 

Fig 12.68. Pairing of bifilar choke coil«. 

explained on pl2.32, to flow down the outside of the 
outer conductor by the voltages appearing at the aerial 
terminal to which it is connected. These currents give rise to 
unwanted radiation from the line itself since the field due to 
them cannot be cancelled out by the field due to the current 
flowing in the inner conductor, which is contained entirely 
within the outer conductor of the line and cannot penetrate 
beyond it. 

The existence of the unwanted radiation field around the 
feeder will modify the pattern of the aerial, and possibly also 
its input impedance due to the coupling now existing between 
feeder and aerial, and will represent a loss of energy by 
radiation in undesired directions. As with an inadequately 
balanced twin wire line, it is also a potential source of tvi, 
bei and rf feedback problems within the station itself. 

If it is required to drive a balanced aerial directly from 
an unbalanced line, then a choke or transformer can be 
employed to prevent the unwanted currents flowing back 
down the outside of the line. Such a device is known as a 
balance-to-unbalance transformer (balun) and often replaces 
the gamma match described earlier. The action of trans¬ 
mission line baluns depends principally upon the use of a 
quarter-wave section of line as a parallel resonant circuit to 
present a high impedance path to the unwanted currents. A 
number of balun designs based on this principle are described 
in Chapter 13, and although they will all work in theory at hf 
as well, their physical length precludes their convenient use 
below the vhf bands. A suitable balun for the longer wave¬ 
lengths consists of a pair of bifilar wound choke coils con¬ 
nected as shown in Fig 12.68. These coils may be sealed up 
in a suitable waterproof housing mounted at the aerial feed 
point and taking the place of the usual centre insulator. The 
coaxial feeder may be soldered in place or taken into the 
housing through a weatherproof plug and socket, with a 
clamp or other device for taking the mechanical strain of 
the feeder. 
The coils act as a choke for asymmetrical currents while 

having negligible effect on symmetrical currents, and there 
is a four-to-one impedance transformation, with the higher 
value on the balanced side. 

Transformer-type baluns using ferrite or iron powder 
cores can be designed to operated over a wide frequency 
range such as 3 to 30MHz. The principle is the same as that 
of low-frequency transformers except that, due to the rela¬ 
tively low permeability of cores having sufficiently small rf 
losses, special precautions are needed to maintain a high 
coefficient of coupling. It is not possible to rely on the core 
alone to provide the necessary coupling, and use must be 
made of the fact that if two wires of equal length are laid 
side by side in close contact, and if the insulation between 
them has negligible thickness, then all the lines of magnetic 
force surrounding one wire must also go round the other. 

This by definition is unity coupling and a voltage applied 
across the ends of one wire will produce an identical voltage 
across the other. For efficient transformer action the induct¬ 
ance must be large enough to ensure that connecting the 
transformer has no effect on the input other than that due to 
whatever load may be connected to the secondary. In 
practice there will always be some leakage inductance which 
can be regarded as in series with the load, and for a given 
coupling coefficient the leakage inductance increases in pro¬ 
portion to the self-inductance so that, if this is adequate for 
3-5MHz operation, it may sometimes be difficult to get a 
low swr on 28MHz. As with mains transformers there are 
losses in the windings and core, and reducing the inductance 
to improve swr at 28 M Hz can often lead to unacceptable core 
losses. In addition self-capacitance may have unpredictable 
effects on performance at the higher frequencies. 

Despite these complexities it is not difficult to design small 
broadband baluns with losses of only a small fraction of a 
decibel, and acceptable swr. With efficient design baluns 
wound on toroid cores of only 2in diameter are capable 
of handling powers up to IkW p.e.p., and rod-type baluns 
can be equally compact and efficient. The impedance ratios 
obtainable are somewhat restricted by the necessity for 
complete overlap between the windings but Fig 12.69 shows 
how a trifilar winding may be used to obtain balun action 
with a 1:1 impedance ratio. Comparing this with a double¬ 
wound transformer (bifilar) it is found that the use of three 
wires instead of two tends to increase the leakage, but this is 
more than compensated as a result of the auto transformer 
connection whereby half the turns of each winding are 
shared with the other. For winding onto a toroid core the 
three wires may be laid side by side and bound tightly to¬ 
gether with plastic tape so that they form a flat strip, or they 
may be bunched together and lightly twisted to keep them in 
position without air gaps. In the case of ferrite rods, the three 
wires may be wound side by side as a single layer winding 
without air gaps. Typically five to eight turns have been 
found suitable for ferrite cores, including lin diameter 
“ferrite aerial” rod and also 2in diameter toroid rings. 
Although the wires must be wound as a tight bunch without 
spacing there is no objection to spaces between turns. 
Powder cores require rather more turns, a minimum of 14 
being recommended in the case of the IkW kits obtainable 
from TMP Electronic Supplies, Unit 27, Pinfold Workshops, 

Fig 12.69. (a) Trifilar balun, 1:1 impedance ratio, (b) Bifilar balun,4:1 
ratio, (c) Trifilar balun redrawn as an auto-transformer to illustrate 
principle of operation. In bifilar case BC is omitted. The three (or 
two) windings are wound as one with the least possible spacing 
between wires but individual turns may be spaced out on the core. 
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COAXIAL CABLE HELD IN POSITION BY CABLE¬ 
CLEAT AND SELF-TAPPING SCREWS. 
MAKE OFF OUTER SCREEN TO ONE SCREW 

Fig 12.70. A triangular block of perspex makes a strong mounting 
for a balun positioned at the centre of a A/2 dipole. The balun is 
anchored with its connecting wires and a coating of Araldite, the 
coaxial cable is held with a cable cleat, and the aerial wires are 
passed through holes Y. Braid is used to connect the output of the 
balun to the aerial wires to avoid straining the connections owing 

to flexing in the wind. 

Pinfold Lane, Buckley, Clwyd CH7 3PL. In the case of 1:1 
trifilar baluns there is a tendency for swr to increase appreci¬ 
ably with frequency, due to the leakage inductance, but 
considerable improvement can usually be obtained by use of 
a suitable parallel capacitance, typically about 50pF though 
the actual value must be found by trial and error. For 
powers up to the legal limit a voltage rating of 500 should be 
adequate for this capacitor except under extreme fault con¬ 
ditions which might in any case result in damage to the core. 
Alternatively, if the balun is used in, for example, the centre 
of a dipole, leakage inductance together with any lead in¬ 
ductances may be compensated by adjustment of dipole 
length for minimum swr. 

Much smaller cores may be used for low power and re¬ 
ceiving applications, and a 1:1 balun using 17 turns, on a 
0-69in core type T-68-6 obtainable from the above source, 
had measured losses averaging less than OldB, an swr better 
than 1-35 without capacitive compensation, and handled a 

An inexpensive mount using a short length of plastic drainpipe. 

power of 20W cw with very little temperature rise. Ferrite 
cores suitable for powers up to the legal limit include 
a pair of Ferroxcube FX 1588 toroid rings which should be 
stacked and bound with acetate, polyester or silk tape before 
winding with six trifilar turns. Ferrite aerial rod of fin to lin 
diameter is usually suitable, and rod-type baluns may also be 
purchased ready made from various sources. In the major¬ 
ity of cases the measured losses have been found to vary 
with frequency, from less than O ldB to a maximum of 0-2 
to 0-4dB. 

Bifilar winding auto-transformers connected as in Fig 
12.69(b) provide 4:1 impedance transformation eg from 
75Q coaxial feeder to 300ÎÎ twin lead. Because of lower 
leakage inductance it is much easier in this case to main¬ 
tain low values of swr over the entire frequency range; 
conversely if multifilar windings are used to obtain imped¬ 
ance ratios other than 1:1 or 4:1 it is rather difficult to achieve 
good performance over a large range of frequencies. Despite 
recommendations in some quarters the writer has had no 
success with tapped windings, and this result is to be expec¬ 
ted since the use of taps conflicts with the overlap require¬ 
ment for minimizing leakage inductance, although in some 
cases this may be removed by tuning. 

The baluns described above are all suitable for use with 
50 or 75(1 coaxial feeder over at least the frequency range 
3-5 to 30MHz. Subject to reasonable care in winding to 
ensure symmetry, balance should be within a few per cent. 

If the balun forms part of an outside aerial system it must 
be protected from the weather, and two methods are illustra¬ 
ted. Perhaps the simplest method is to attach the toroid to a 
triangular sheet of perspex, and completely envelop the 
assembly in Araldite. The coaxial line can be readily secured 
with a sheet metal clamp bolted to the perspex; the toroid 
is held in position by the combined action of the mounting 
wires and Araldite. The dimensions and drilling points are 
shown in Fig 12.70; the inner holes X retain the balun lead-
out wires, and the holes Y secure the aerial wires. The 
jumper between holes X and Y should preferably be a length 
of copper braid to prevent damage caused by flexing of the 
assembly in high winds. With auto-transformer windings all 
connections to the balun will usually be close together and 
holes marked X may need repositioning. 

Another simple method of mounting is to enclose the balun 
in a short length of Marley plastic drainpipe, the ends being 
covered with discs of paxolin. The discs can be cut with a 
flycutter, the pilot holes being used to allow a brass screw 
to clamp the ends together, or alternatively used as fixing 
points to tie the unit to a mast. The coaxial cable is held tight 
by a rubber grommet in the centre of the tube wall, while the 
balanced winding can either be connected to the dipole by 
braid fly leads, or alternatively a small strain insulator cut 
from perspex sheet can be mounted within the unit; this 
possesses the added advantage that all joints are totally 
enclosed. The unit should be sealed with Evo-stik or Twin¬ 
pack Araldite. This method is readily adaptable for use with 
rod type baluns. 

METHODS OF FEEDING AN AERIAL 

End Feeding 

Any random length of aerial wire, whether resonant or not, 
may be energized by bringing one end of it into the station 
and connecting it to an earth or counterpoise through a tuned 
circuit, link coupled to the transmitter. 
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This method has the advantage of simplicity, and has often 
been used with great success, particularly in the early days of 
amateur radio, but cannot be generally recommended as it 
involves bringing the aerial right into the station ; this means 
that radiation takes place in the vicinity of house wiring, 
brickwork etc, leading to unpredictable losses and added 
risk of tvi. The local radiated field in and around the shack 
may also give rise to feedback problems in audio and rf 
circuits, and will contribute little or nothing to the useful 
radiation, being generally absorbed in the fabric of the build¬ 
ing in which the station is housed. If it is necessary to use 
this method, it is advisable to use a counterpoise rather than 
rely on an earth connection; earth wires, though in this case 
just as much part of the radiating system as the aerial wire, 
are usually attached to the building thereby introducing 
losses additional to those of the earth itself. Typically, a 
counterpoise consists of a quarter wavelength of wire at any 
convenient height, though preferably out of doors, but if 
the aerial is fed at or near a voltage point almost any random 
short length of wire is adequate. On no account should rf be 
allowed to find its own way to earth via housing wiring or 
other random paths. 

Modern transmitter design tends to use a pi-circuit for the 
pa tank, designed to work into an output impedance within 
a limited range of low impedances, typically 40-1500. 
Since the end impedance of a current fed aerial, ie one which 
is an odd number of quarter-wavelengths long, is also low, 
and of the same order as the figures quoted, it would be quite 
possible to couple the aerial straight into the output socket 
of the transmitter and achieve a reasonable match by means 
of adjustments to the variables in the pa tank circuit. For 
the reasons which have been outlined above the use of this 
technique is deprecated, tempting as it may be to the amateur 
beginning on l-8MHz with a simple transmitter and a short 
wire aerial. It is perhaps permissible in field day conditions, 
when the transmitter is in the open and can be connected in 
the direct path between the aerial and earth. In all other 
circumstances involving use of a random length of wire as an 
aerial a separate tuned circuit should be employed as an 
aerial coupling network. This network may be located in any 
suitable position and link coupled to the transmitter tank 
circuit by a low impedance coaxial line, to achieve adequate 
separation between the radiating part of the aerial and the 
building housing the station. 

If the total aerial length is such as to cause the aerial 
section nearest to the transmitter to carry a high rf voltage, 
there may be considerable loss of power should it have to 
pass through or near to surrounding structures. On the 
other hand, an aerial tuned to an odd number of quarter¬ 
wavelengths and consequently of low input impedance 
can also be inefficient as a result of the comparatively high 
resistance of the earth connection. Unless a counterpoise 
is employed it is generally better therefore to use an inter¬ 
mediate length, for example, an odd number of eighth 
wavelengths so that the impedance will have some inter¬ 
mediate value, thereby reducing the current at the earth 
connection. 
A suitable coupling circuit is illustrated in Fig 12.71. 

The inductor and capacitor may be similar to those in the 
transmitter output tank circuit. The link coil may vary from 
about four turns at 3-5MHz to one turn at 28MHz and may 
be tightly coupled into the earthed end of the transmitter 
tank coil, the aerial tap then being adjusted for correct 
loading of the transmitter. For good efficiency the resonance 

AERIAL 

Fig 12.71. Aerial coupler for end-fed aerials. For some lengths of wire 
a series tuning capacitor and perhaps a separate coupling loop in¬ 

stead of a tap may be required. 

of the aerial coupler should be fairly broad, correct loading 
combined with high Q being an indication of insufficiently 
tight coupling, and excessive dissipation of power in the 
tuned circuit. Alternatively a similar link coil may be used 
at the transmitter or, better still, the link may be fed from the 
output of a pi-network. 

With a non-resonant length of aerial it will be found that, 
as the tap position is moved up the coil (from the “earthy” 
end) in order to draw more power, the coupler circuit will 
need retuning. This problem is considered later under “Aerial 
Couplers”. 

Earth Connections 
When the earth connection forms part of the aerial system, 

as in the previous section, it should preferably be taken to a 
copper spike or tube several feet long, or to the nearest large 
earthed conductorsuch as a main water pipe. The joint should 
be heavily coated with bituminous paint to avoid corrosion. 
In this case the earth connection of the electricity supply is 
dangerous since rf voltages could lead to an insulation 
breakdown; also it could introduce noise into the receiver 
or be responsible for spreading interference to nearby tele¬ 
vision receivers. If the station is at the top of a building, the 
aerial coupler may fail to function properly on some fre¬ 
quencies because the earth lead is long enough to exhibit 
resonance. In such cases a “shortening” capacitor of 50-
lOOpF may be inserted into the rf earth lead to de-tune it. 
This capacitor should be a variable air-spaced type. 

Further information on earth connections will be found 
later in the section dealing with low frequency aerials. 

Matched versus Resonant Feeders 
Some feeders are described as matched lines and others as 

resonant lines. It is sometimes thought that these are two 
different kinds of line, resonant lines being usable with any 
load impedance whereas matched lines have to be operated 
at an swr better than some low value such as 1-4 to 1. A 
resonant line is in fact merely a badly mismatched line, a 
point being reached with increasing swr at which it becomes 
convenient to regard the aerial plus feeder as a resonant 
system rather than as a matched (or mismatched) resistive 
load. 

If an aerial is to be used on one frequency only, there is 
rarely a good reason for not attempting to match it, eg by 
using a A/4 resonant line or equivalent lumped-constant 
network to transform a high impedance down to a lower 
value. Referring to Fig 12.45, matching is not critical from the 
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point of view of power transfer and even an swr of 3 0 only 
increases the feeder loss by a fraction of one dB unless the 
feeder is extremely lossy, but this degree of mismatch may 
have considerable nuisance value with a long feeder; for 
example a 2 per cent frequency change with a feeder three 
wavelengths long is equivalent to a change in line length of 
Ä/16 and this would convert an impedance of 3Z„ into one 
of <1-4 + F3j)Z0. Adjustments to obtain a conjugate match 
at the transmitter in the second case would have little effect 
on swr in the first case so that Fig 12.46 would be applicable 
and there would be a reflected power loss of 1 -4dB, probably 
combined with flat-topping of the transmitter unless the 
tuning and matching are both readjusted. 

When an aerial is required to work on several wavebands 
the matching problem usually requires a différent solution 
for each band and the difficulties tend to escalate rapidly 
with the number of wavebands to be covered, except that an 
aerial fed with matched line will work on odd harmonics, 
eg a 7MHz aerial will work also on 21 MHz. Since the feed¬ 
point is rarely accessible, it is often the lesser evil to forego 
any attempt to match the line at the aerial and use resonant 
lines, accepting a large swr on all bands and relying on 
adjustment of the atu to provide a match at the transmitter. 
If for example a 14MHz dipole is directly fed at the centre 
with 600Í1 line the swr will be about 8 0. Because the line 
impedance is roughly the geometric mean of the current loop 
and voltage loop impedances, the same aerial will work as a 
full wave dipole on 28MHz with a comparable swr, and will 
perform rather similarly on 21 MHz also. It will even work on 
7MHz, though in this case the radiation resistance is very 
low (812) and the swr will be very high, about 80 to 1. The 
loss in 100ft of matched 600Q line is typically 0 07dB at 
14MHz and extrapolating from Fig 12.45 a resonant feeder 
loss of the order of only about 0-3dB would be expected at 
the higher frequencies. The loss on 7MHz can be worked out 
with the aid of Fig 12.5 and for the same long lines comes to 
about l-3dB assuming use of 12swg copper wire, the band¬ 
width being about 35kHz. On the other hand, with low 
impedance feeder the swr would be about 67 at 28MHz and 
extrapolating from Fig 12.45 the actual line loss will be at 
least 6dB, assuming a matched line loss of IdB; moreover 
unless the power is very low, breakdown of the cable due to 
high voltages and overheating is to be expected. These 
examples underline the necessity of using open-wire line for 
resonant feeders if low-loss operation is required on even 
harmonics of the fundamental frequency or in any other 
circumstances involving large standing-wave ratios or high 
powers. 

Tuned Lines 

The input impedance at the lower end of a resonant line 
will depend upon the actual load impedance presented at the 
far end, and upon the length of feeder involved. In general, 
it will be quite arbitrary and the feeder is employed solely as 
a means of connecting the aerial to the transmitter without 
attempting to transform it to any particular value. It is 
therefore necessary to terminate the tuned line in a matching 
network which will transform the impedance at the lower end 
of the line into the optimum load resistance for the trans¬ 
mitter. 

An aerial coupler for use with tuned open-wire lines is 
basically similar to the end-feed coupler shown in Fig 12.71 
but differs in detail, and the tuned circuit will require to be 

Fig 12.72. Centre-fed aerials using tuned feeders. The aerial to the 
left is A/2 long and has a low input impedance; the feeder is also A/2 
long and thus repeats the low impedance, so that series tuning 
could be used. On the right is a similar aerial operating at twice the 
frequency of the other (full wave). The input impedance is high, 
and the feeder one wavelength long; parallel tuning would be best. 
The effect of feeder length is discussed in the text, and illustrated in 
Fig 12.73. The tuning capacitor sections should each be 50pF maxi¬ 
mum for 14MHz and higher frequencies; proportionately larger 
values are needed for lower frequencies. The voltage rating of the 
capacitors should be the same as for those in the transmitter out¬ 

put tank circuit. 

of a series or parallel form depending on whether the impe¬ 
dance at the lower end of the line is lower or higher than the 
Z„ of the open wire line, as illustrated in Fig 12.72. 

Without a knowledge of the exact aerial impedance, it is 
not possible to predict the precise value of the input impe¬ 
dance to the feeder or to determine the values of capacitance 
and inductance in the coupler. It is however possible to 
determine whether a series or parallel coupler is required, 
with the aid of Fig 12.73 which is based on the total length 
of the system from the far end of the aerial to the near end of 
the feeder. 

The impedance presented to the coupler will contain both 
resistive and reactive terms. The reactive term is neutralized 
by adjustment of the tuning control on the coupler (usually a 
variable capacitor) but provision must also be made for 
obtaining the correct transformation of the resistive term; 
this may be done by providing a range of tappings on the 
coil of the coupler unit, in order that the downcoming feeder 
may be tapped in at a position along the coil best suited to the 
value of the input resistance. A wide range of adjustment is 
desirable to accommodate very low impedances on taps near 
the coil centre, and very high impedances towards the outer 
ends of the coil. When the impedance is very low, corres¬ 
ponding to a current maximum on the line, it is possible to 
connect the feeder to a separate coupling coil of one or two 
turns and retain the parallel circuit, the coupling being 
adjusted to obtain the equivalent of adjustable taps, and 
many other combinations of coupling and tuning methods 
may be devised to suit particular circumstances, some 
examples being found later in this chapter. In general if 
the feeder input is of low impedance but largely reactive, 
series tuning is advisable, though it may be combined with 
parallel tuning which can be retained as the main variable. 

When the feeder input resistance is of the same order as 
the feeder Zo a parallel coupler is necessary and the feeder 
should be tapped down the coil to obtain the best match to 
the transmitter. This situation implies that the feeder is 
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Fig 12.73. Standing wave chart for tuned feeders. A line through the 
length L of feeder plus half-aerial, and the frequency point, will show 
on the wavelength scale the nature of the input impedance. Rect¬ 
angles to the left of the line are regions of capacitive impedance, 
those to the right inductive. The shaded areas correspond to high 
impedance input (high voltage) and call for parallel-tuned couplers 
(Fig 12.72(b)) and the blank areas to low impedances (high current) 
which require close taps on a parallel-tuned coupler, or a series 
circuit (Fig 12.72(a)). The chart may also be used for feeders alone 
in which case, as coded, it applies for the use of high resistance 
loads. When the load is lower than Zo the code must be reversed; 
the shaded areas indicate low input impedance, inductive to the 
left. The velocity factor of the feeder is not allowed for in the chart, 
and the physical length of the feeder must be divided by this factor 

when computing length L. 

more or less matched to the aerial and alternative couplers 
for this case are discussed in the next section. 

In general, very high impedances at the bottom of the 
feeder should be avoided by judicious selection of the length 
of feeder employed, using the chart of Fig 12.73. High impe¬ 
dances are often difficult to match into the parallel tuned 
circuit because of the tendency to “run out of coil” when 
selecting the correct tappings. The high impedance also has 
associated with it a high voltage which will appear across the 
components of the tuned circuit and requires dispropor¬ 
tionately large components to avoid the danger of flash-over. 
This is particularly likely to occur between the vanes of the 
air spaced tuning capacitor during peaks of modulation, if 
the vane spacing is inadequate for the high voltages devel¬ 
oped. If the tuned line has to be brought into the shack, 
regions of current maxima are preferred because rf voltages 
“getting loose” can cause feedback troubles, as well as losses 
in walls, window frames etc. Unfortunately achievement of 
this condition at the lowest frequency ensures high voltages 
at all the even harmonics and the best compromise will 
probably be found by aiming for a current maximum at 
the highest frequency, where the above troubles, if allowed to 
occur, are likely to be more serious. 

It is desirable to reduce the length of resonant line to 

a minimum because of the bandwidth problem discussed 
earlier, and it is good practice if the tuner can be located say 
at the base of the mast or in a nearby garden shed, continuing 
from there to the shack with matched line. If this avoids the 
need for re-matching when altering frequency within a band, 
and allows reasonable access for band changing, it should be 
the method adopted. Otherwise the tuner should if possible 
be located at the point of entry into the building. It is 
inadvisable to extend open wire lines carrying high rf 
voltages for any appreciable distance inside a building, and 
particularly into the station itself, because of their tendency 
to radiate energy and thus aggravate the troubles mentioned 
above if any current unbalance exists; if such a course proves 
unavoidable, particular care must be taken to maintain 
balance and this will be assisted by reducing the spacing of 
the line. 

The change of Zo will usually be unimportant with a reso¬ 
nant open-wire line but can be avoided by reducing the wire 
diameter proportionately, a course strongly recommended 
in the case of a matched line which also needs to be carefully 
balanced, though the situation is much worse with a large 
swr; this is mainly on account of the regions of high voltage, 
the field from which may extend unevenly into adjacent 
brickwork etc having poor insulating properties. If, however, 
a high-current section of line passes near another conductor 
and the layout is asymmetrical, this also may cause unbalance 
and additional losses, and both of these effects may aggravate 
tvi and bei problems. 

Centre-fed Horizontal Wire 

The 7MHz half-wave dipole shown in Fig 12.72 can be 
used on all bands from 10 to 80m subject to special care to 
minimize losses on 80m as was earlier shown to be necessary 
for a 14MHz A/2 dipole used on 7MHz. The directional 
properties of this aerial on the various bands will be con¬ 
sidered later, but for the moment the problem is to decide 
the best way to design a tuner unit which provides coverage 
of all bands and the ability to accommodate any desired 
lengths of feeder. From the previous example it follows that 
the swr will be about 8 0 or 9 0 on all bands except 3-5MHz 
where it will rise to about 60. For operation on this band it 
will be necessary to retune the coupler for any frequency 
change exceeding about 15-20kHz. 

Fig 12.72 shows the aerial and its feeder (also 66ft long) 
and indicates the form of the standing waves on both aerial 
and feeder when used on 7 and 14MHz. Two different 
coupling circuits are shown for the transmitter. 

Since the feeder is 66ft long, it will be a definite number 
of half wavelengths long on all the bands from 7 to 28MHz 
and the input impedance will therefore be the same as the 
aerial impedance for each band. On 7MHz for example, the 
impedance is low and the series circuit of Fig 12.72(a) would 
be used, the coil and tuning capacitors having about the same 
electrical and physical size as the transmitter tank circuit. 
The link coupling coil for the transmitter feeder connection 
may consist of three turns of insulated wire between the 
centre turns of the tuning coil. Alternatively the parallel 
tuned coupling circuit of Fig 12.72(b)) could be used, and the 
feeder tapping points set close to the centre of the coil. 
Similar arrangements could also be used for 21 MHz with a 
size of coil suitable for that band. On 14 and 28MHz the 
impedance is high, and in these cases the parallel tuning 
network should be used because at high impedance the taps 
will be at the outer ends of the coil. 
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If the feeder is made only 33ft long it will be one quarter¬ 
wavelength on 7MHz, one half-wavelength on 14MHz, 
three-quarters of a wavelength on 21 MHz and a full wave¬ 
length (four quarter-wavelengths) on 28MHz. The impedance 
at the input to the feeder will be the same as with the 66ft 
feeder on 14 and 28MHz but on 7 and 21 MHz where the 
aerial impedance is low, the odd quarter-wavelength feeder 
will transform it to a high value on these bands also; thus, 
the parallel tuned coupler would be used on all bands. 

With the aerials described the swr is high and consequently 
the coupling circuit will carry large voltages and currents. 
It is essential therefore to use good quality components. A 
suitable arrangement for multi-band working consists of a 
plug-in coil base with six contacts, two for the coil, two for 
the feeder and two for the transmitter link coil with a separate 
coil unit for each band. The tuning capacitor must have two 
sections in order to preserve feeder balance, as discussed 
later under aerial couplers. For 100W of rf power the feeder 
current may not exceed about 025A in each line when the 
impedance is high, but it may well exceed 1A for the low 
impedance cases, eg 66ft feeder on 7 and 21 MHz. This is a 
disadvantage in that the same rf ammeters cannot be used 
in all cases, but when the current is low and the voltage high, 
a small neon lamp may be used instead as a voltage indicator. 

Judicious choice of feeder lengths will avoid a high voltage 
feed point on most bands. A suitable length may be found 
with the aid of Fig 12.73. On this standing wave chart the 
total lengths may (if desired) include one half of the aerial so 
that the voltage wave illustrated starts from one aerial 
insulator. It will be seen that total lengths of 45 or 90ft bring 
the feeder input into the high current sections of the chart in 
nearly every case when using tuned feeders. It is not essential 
to make the aerial itself a resonant length; with the top 
increased to 84ft length, this arrangement is known as the 
“extended double Zepp” and provides a gain of 3dB on 
14MHz as compared with 2dB for the length shown. The 
increased length has the advantage of doubling the radiation 
resistance on 3-5MHz, making it much more attractive for 
this band, but in both cases it may often be found preferable 
to connect the feeders in parallel and use the system as a top¬ 
loaded vertical operating against a counterpoise or another 
aerial, as discussed later. 

Flat Lines 
An important feature of flat lines lies in the fact that 

the input impedance of the line is equal to the load impedance 
and by definition to the characteristic impedance Zo, 
irrespective of the line length. It follows from this that the 
route and length of feeder employed may be decided pri¬ 
marily by the physical layout of the aerial system and its 
position relative to the transmitter, though losses increase 
of course in proportion to the length. Because the matched 
loss of coaxial cables is considerably greater than for open¬ 
wire lines, such cables are usually employed as nominally 
flat lines, with a minimum standing wave and hence mini¬ 
mum additional loss. It is also of course advantageous 
wherever possible to operate open-wire lines in a matched 
condition as already discussed. The advantages of this are 
wider bandwidth and the associated convenience of opera¬ 
tion, better balance and therefore less risk of feeder radiation 
or other possible complications, and the ability if required 
to use very long lines with negligible loss so that the aerial 
can be placed in the best location available. Though not com¬ 
mon practice, presumably due to other difficulties, there is no 

network 

(a) 

Fig 12.74. Transmission lines, (a) Tuned line, (b) “Flat” line. 

technical reason to prevent someone living in a valley from 
installing an aerial on an adjacent hilltop, anything up to a 
mile or so distant. The loss could be held down to 3dB at 
14MHz and the advantage could be many S-units. 

It was shown in the section on transmission lines that 
any given line can be matched only by adjustment of the load 
impedance so that it equals the Zo of the line. Thus, unlike 
the tuned line method of aerial feeding, the matching 
arrangements must be incorporated at the aerial end of the 
flat line to obtain correct operation. 

If the line is to be operated in a matched condition for its 
entire length, some means of matching must be incorporated 
into the actual aerial design, and, if the line employed is of 
the coaxial or unbalanced type, usually some form of 
unbalance-to-balance transformer (or balun) will also be 
required at the aerial terminals. Techniques of matching at 
the aerial are discussed in the earlier section on impedance 
matching, which also considers the design of baluns. 

Because the use of flat lines dictates the need for impedance 
matching facilities at the aerial end of the line, it is possible 
to standardize on a characteristic impedance for flat lines 
for all applications, and arrange to match any particular 
aerial impedance which is encountered to that standard line 
impedance. The commonest coaxial line impedances are 
75Q and 50ÍL The former is used in Europe for domestic 
tv purposes, but the majority of amateur commercial equip¬ 
ment is designed for the lower impedance in conformity with 
American and Japanese domestic practice. 

It is advisable to develop a station where possible around 
one or other of these standard values, rather than to attempt 
the simultaneous use of both. Transmitters and all auxiliary 
equipment such as tvi filters, swr indicators etc, can then be 
constructed to the selected standard impedance thus avoiding 
the need for duplication of components and simplifying the 
operation of the station. Fig 12.74 illustrates some of the 
basic differences between tuned and flat line operation, the 
matching network in the case of a flat line being located at the 
aerial. In the case of the tuned line, the matching network is 
normally accessible so that it can incorporate tuning and 
matching adjustments, and it is use of a tuned line which 
usually makes this both possible and necessary. With a flat 
line the matching network, probably a balun with suitable 
impedance transformation, is not accessible and must there¬ 
fore be a broad band device. Modern practice tends rightly 
or wrongly towards the use of matched unbalanced coaxial 
line wherever possible, though the relative merits of balance 
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and unbalanced line are subject to some controversy and 
for further discussion the reader is referred to pl2.32 and 
Reference [6]. The use of tuned lines is in general restricted, 
as previously discussed, to multiband aerial designs, a 
popular example being the G5RV multiband dipole 
described on pl2.85. It is not, however, the only method 
of tackling the problem of multibanding, and for examples 
compatible with the use of matched lines the reader is 
referred to ppl2.77 and 12.84-12.89. 

AERIAL COUPLERS 

In Fig 12.74 the flat line has been shown going directly 
to the transmitter but coupling such a line directly to the 
output circuit provides insufficient discrimination against 
harmonics or other possible spurious signals, and is an 
obsolete practice unsuited to modern conditions. At the 
very least a harmonic filter is required, and this may either 
be built into the transmitter or fitted externally but in close 
proximity. The normal output from a transmitter is through a 
coupling network and harmonic filter into a coaxial rf 
connector. In some cases, where the aerial is already fed by 
coaxial lines, it can be connected directly to the output of the 
filter, but more generally it is necessary to use an intermediate 
coupler or transformer. Even if the line is of the same 
impedance as the transmitter output (say 7OÍ2), it may be a 
balanced twin feeder and cannot therefore be connected to 
the unbalanced concentric transmitter output. It is therefore 
common practice to use an aerial coupler or aerial tuning unit 
(often abbreviated to atu), such as those illustrated in 
Figs 12.72 and 12.75, even when the transmitter is working 
into a flat line as in Fig 12.74(b). An aerial coupler not only 
provides additional rejection of harmonics but also some 
protection against radiation of local oscillator, intermediate 
frequency and other spurious signals which because of their 
relatively low frequency, are not suppressed by the harmonic 
filter. 

The aerial coupler is sometimes built as part of the trans¬ 
mitter. in which case when working with balanced lines it may 
be necessary to use an additional coupler at the point of 
entry into the building as discussed previously. In addition 
to the functions of tuning and matching as already discussed 
the atu may have to perform such tasks as conversion from a 
balanced feed line to an unbalanced transmitter outlet or 
vice versa, and electrical isolation of the aerial and feeder 
system from the transmitter and mains supply; connection 
as in Fig 12.74(b), though sanctioned by common usage, 
usually fails to meet the requirements discussed earlier for 
establishing a non-resonant length of feeder plus aerial and 
also implies reliance on the earth of the mains supply for 
lightning protection. As already stated, and discussed in 
more detail later in this chapter, this is potentially dangerous. 
If the house wiring is protected by some of the older varieties 
of earth-leakage trip, any ground connection to the aerial 
or feeder, or even leakage to ground, will short-circuit the 
trip and leave the entire mains installation unprotected 
unless the aerial is isolated by a suitable matching network or 
transformer. 

The general design principles of couplers have already 
been discussed but as stated earlier, many practical varia¬ 
tions are possible, and the following notes are intended to 
assist in choosing the optimum configuration for any 
particular situation, and suitable design parameters. 

Fig 12.75. Various forms of aerial coupler for end-fed aerials. The use 
of reactance X for compensation of very reactive aerials or feeder 

loads is discussed in the text. 

Unbalanced Aerials 

Fig 12.75 shows some variations of an aerial coupler 
intended for unbalanced aerials or feeders. In cases (b) to 
(rf) the inductance acts as a two-winding transformer, the 
capacitor serving to resonate the coil to ensure a high degree 
of coupling, to help the network to discriminate against 
unwanted frequencies and to assist in harmonic suppression. 
The auto-transformer arrangement of Fig 12.75(a), though 
often used, is deprecated on safety grounds as discussed 
above, although with a high impedance aerial this objection 
may be overcome by isolating it for de with a small series 
capacitor not exceeding a few hundred pF. The link may 
have either a direct tap connection or a separate coil of a 
few turns interwound with the main inductance at the 
earthed end. 

The tuning components may conveniently have a reactance 
of about 500ÍI at the operating frequency. This may most 
conveniently be translated into practical figures by reckoning 
the capacitance as IpF per metre of wavelength, and the 
inductance as 0-25^H per metre. For example, at 7MHz, 
approximately 40pF and 12^H could be used. There is 
nothing critical about these values, though for a very high 
impedance aerial load (as may occur when using tuned 
feeders) it is advisable to increase the inductance and use 
less capacitance. Coils of about 3in diameter wound with 
14-26swg wire on a ceramic former will handle powers up 
to the legal limit without overheating. The tuning capacitor 
should be of good quality, have a plate spacing of Ain or 
more and have adequate capacitance to tune to resonance 
at about half its maximum value. The link coil may be wound 
outside the tuning coil with about jin clearance and should 
be either self supporting or rely on spacers of good quality 
insulating material such as ceramic or polystyrene rod. 
Polystyrene rod may be notched to fit over the turns of the 
tuning coil, its ends being secured with tape or Araldite 
to the ends of the ceramic former, and the coupling winding 
may be embedded in the polystyrene by an application of 
heat from a soldering iron at the points of contact. 

Couplers for 14-28MHz may use a self-supporting tuning 
coil wound with Jin to A¡n diameter copper tubing. If a 
variable coupling is required it is necessary to use either a 
self-supporting tuning coil and a well-insulated coupling 
winding which can be slid in between the turns of the tuner, 
or alternatively split the tuning coil into two closely coupled 
halves wound on separate formers. The link may vary from 
four or five turns at 3-5MHz to one turn at 28MHz. 
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In adjusting the coupler the aim should be to achieve the 
sharpest possible tuning consistent with negligible loss of 
efficiency. This not only minimizes the radiation of harmonics 
or other spurious signals but gives valuable additional 
protection to the receiver against various forms of spurious 
signal and particularly intermodulation interference, which 
is usually caused by powerful signals in adjacent broadcast 
bands. With good construction the unloaded coil Q should be 
at least 300 which means that a loaded Q of 30 would result 
in a power loss of 0-4dB and an improvement in efficiency of 
only 0-2dB would result from loading twice as heavily, ie 
reducing the Q to 15. A loaded Q of 30 allows coverage of, 
say, all or most of the phone portion of the 14MHz band 
without retuning, whereas to achieve equal convenience 
of operation on 3-5MHz the Q must be reduced to 7 
or 8 with correspondingly less rejection of harmonics and 
intermodulation interference. It is suggested that adjustment 
may be made by starting with maximum coupling and 
if necessary reducing the aerial tap until it is just possible 
to obtain adequate loading. The tap is then reduced, re¬ 
adjusting the atu and pa as necessary to keep the loading con¬ 
stant until the current or power going into the aerial just 
starts to decrease; if, however, there is no tvi problem and a 
larger bandwidth is required as is likely on 3-5MHz, the tap 
position may be increased. 

Balanced Aerials 

When the aerial or the feeder is balanced it is necessary 
to revert to a balanced circuit such as Fig 12.72(b) which has 
already been discussed in some detail. Similar components 
and methods of construction are suitable, the main differ¬ 
ences being the provision of symmetrically arranged pairs of 
taps and the advisability of a two-gang capacitor with the 
two portions in series to ensure that the stray capacitances 
to ground are symmetrical. 

Marconi Effect 

To reduce the risk of feeder radiation due to the feeder 
wires being excited in parallel as a vertical radiator, as dis¬ 
cussed on pl2.32 and often known as Marconi Effect, 
the capacitance between the windings must be kept as small 
as possible and it is advisable to screen the coupling loop. 
This may be done by forming it from coaxial cable as 
illustrated in Fig 12.76. Trouble may still be experienced if 
the length of feeder plus aerial is near resonance and the 
easiest way to rectify this situation is likely to be the connec¬ 
tion of an earth or counterpoise to the frame (ie centre of 
the split tuning capacitor. It is sometimes helpful to “damp” 
the unwanted resonance, eg by a 200Q 2W resistor in series 
with the earth connection. 

Matched Lines 

When supplying a matched line the design requirements 
for the coupler are modified to the extent that no need 
arises for feeding into a high value of impedance and much 
smaller values of inductance may be used. Advantage should 
be taken of this, as it reduces the magnitude of rf voltages 
and it may often be possible to use a two-gang receiving¬ 
type capacitor, even at the legal power limit. Apart from 
this the risks of (a) feedback troubles and (6) excitation of the 
Marconi effect are reduced. By way of example, a balanced 
resonant feeder connected to a dipole can present an 
impedance as high as 6,0000; if this is connected across a 

Fig 12.76. Screened coupling loop. Outer is sometimes partly re¬ 
moved as shown, to ensure that the current return path is inside 

rather than outside the sheath. 

reactance of 5000 having a Q of 300 there will be a 4 per 
cent wastage of power. In contrast, for a 6000 line with an 
swr of 2 : 1 the reactance can be reduced in the ratio 6,000/ 
1,200, ie to 100O for the same loss in the worst case and the 
voltages generated will be less than half. In practice working 
with experimental aerials a value of 1500 has been found a 
good compromise, providing somewhat greater flexibility, 
but this is not critical and a reactance of 1500 at 21 MHz 
provides a coil that can be tuned over the range 14-28 MHz, 
a second coil being required to cover 3-5-7MHz. For feeding 
low impedance balanced line a second coupling coil (same 
number of turns) may be used; this can consist of two 
coils in parallel to assist in achieving symmetry. The arrange¬ 
ment of Fig 12.75(c) may also be used by omitting the earth 
connection from the coupling coil, which should be located 
close to the earthy end of the tuning coil. If Marconi effect 
occurs it may be reduced by connecting an earth, not that of 
the transmitter casing, to the centre point of the coupling 
coil. 

Fig 12.75(c) is also suitable for coaxial feeders, the 
coupling coil being connected to the line and the earth 
if required being connected to the outer of the line. 

Table 12.2 overleaf gives suggested L and C values for 
feeding a balanced matched open-wire line. These should be 
found suitable for an swr up to at least 3. The turns are based 
on the assumption of 3in diameter and a length/diameter 
ratio of unity. For other diameters the turns must be adjusted 
inversely as the square root of the ratio of diameters, 
smaller diameters giving slightly larger losses which for a 
given coil are roughly proportional to the loaded Q. With 
so many variables depending on individual circumstances 
it is difficult to give any fixed rules, but couplers handling 
the full legal power limit should preferably not be less than 
2in diameter and need not be more than 3in. For the purpose 
of the table the reactance has been allowed to vary slightly 
around 15042 in order to arrive at a whole number of turns, 
but considerable variation in dimensions is admissible to 
suit available components, formers etc. The more robust 
varieties of two-gang capacitors salvaged from old broadcast 
receivers have been used successfully at powers up to the 
legal limit for balanced tuners, but must be in good condi¬ 
tion, ie vanes must be evenly spaced, and those with ceramic 
insulation are preferable. Arcing may still be experienced 
but, except under fault conditions (eg excessive swr), can 
usually be cured by reducing the inductance, operating at a 
lower value of loaded Q, or both. In Table 12.2 the value of 
L for 3-5MHz has been increased slightly to allow the use 
of such capacitors. 

Note the values of C are the actual values needed for the 
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TABLE 12.2 

Band (MHz) HmH) C(pF) No. of turns 

3-5 
7 0 
140 
21 0 
280 

10-20 
405 
1-80 
1-25 
0-80 

200 
128 
70 
4S 
40 

14 * 
9 
6 
5 
4 

low end of the band with a perfect match; the maximum 
values should preferably be about double to provide a wide 
range of adjustment. 

These values of capacitance arc of course the effective 
totals, ie with a balanced circuit 200pF is obtained by 
connecting two 400pF capacitors in series. With four-gang 
capacitors a total of about 500pF can be obtained. For tuners 
feeding resonant lines at voltage maxima the number of turns 
should be increased by a factor of 1-7 to 2 0 and the capaci¬ 
tances reduced to a third or quarter respectively with provi¬ 
sion for a much larger variation, say up to twice the design 
values, and receiver capacitors are not suitable. If the need 
arises the coupling may be increased somewhat in link circuits 
by tuning out the inductance of the coupling coil, reckoning 
this as about 0-25^H for a one-turn coil of 4in diameter, and 
directly proportional to diameter. This additional resonance 
is extremely flat and no adjustment is needed except from 
one band to another. When more turns are needed (up to 
three or four at 3-5MHz or two at 7MHz), they may be 
wound tightly together, the inductance increasing almost as 
the square of the turns. The ideal value of inductance for the 
coupling coil depends on the loaded Q of the atu as well as 
on the line impedance and, for values of 10 or more, single 
turn coupling coils have been found satisfactory for low 
impedance lines at 14MHz and higher frequencies. The coils 
are concentric and single layer with a spacing of Jin or less, 
and may be constructed as previously described with 
the inner coil on a ceramic former and the outer coil wound 
over it using polystyrene rods located in end-plates of any 
convenient insulating material, with a clearance of at least 
Jin between the end turns and the end plates if these consist 
of a lossy material such as perspex or bakelite. 

Tuning Compensation 

When the aerial or feeder is coupled to the aerial tuning 
unit it is sometimes impossible to adjust the circuit for 
reasonably high loading. This occurs with tuned feeders 
having a high standing wave ratio in which case a low 
reactance load may be presented by the line. In such cases 
it is better to compensate the feeder reactance separately 
before transforming the resistance component, using a coil 
or capacitor connected in parallel with the feeder (see Fig 
12.75(d)). If more capacitance than is available appears to 
be required for resonance, then capacitance loading is neces¬ 
sary; if the converse, inductive loading is the solution. A 
loading component of the same value as the coil or capacitor 
of the tuning circuit may be tried first. 

Adjusting Matching Units and Couplers 

The recommended way of adjusting the units just described 
requires an swr bridge or reflectometer. The layout of a 
typical setup is shown in Fig 12.51. The matching unit may be 
that of Fig 12.72(b), and a suitable reflectometer is described 
in Chapter 18. 

The procedure is quite simple and should present no 
difficulties if followed carefully and in the correct sequence. 
The reflectometer should be capable of handling the power 
output of the transmitter and should be of the type which 
reads both forward and reflected power. For maximum 
convenience the instrument should employ two meters, 
enabling both powers to be observed simultaneously. 

Connect up as shown in Fig 12.51 and adjust the trans¬ 
mitter power or the reflectometer sensitivity so that in the 
forward reading position the meter indicates well up the 
scale with the taps set at a trial position equidistant from 
the centre of the coil. 

Now read the reflected power. Vary the tuning of the 
matching unit for the minimum possible reading on the 
meter. 

If a low reading is not possible it will be necessary to 
adjust the tap positions, making certain that they are 
symmetrical about the centre of the coil. 

If the coupling between the coils is variable then after 
tuning for lowest reflected power the coupling should be 
varied to obtain an even lower reading, repeating the 
tuning adjustment. Once again if a low reading is not possible 
the position of the taps should be changed and the whole 
procedure repeated. 

Multiband Couplers 

There are many variations of the aerial couplers described. 
For example, a pi-network similar to those described in 
Chapter 6 (HF Transmitters) for transmitter output circuits 
is often attractive because it can be arranged to cover as 
many as four amateur bands with the same set of compo¬ 
nents. The couplers of Figs 12.72 and 12.75 can usually be 
arranged to cover two adjacent amateur bands but where 
complete coverage is needed it may be necessary to make up a 
coil together with its link and taps as a plug-in unit for each 
band, though there may still be some difficulty if the capacitor 
has too large a minimum capacitance for 28MHz or insuffi¬ 
cient maximum capacitance for 3-5MHz. 

A popular multiband aerial tuning unit for 3-5-28MHz 
is shown in Fig 12.77 and is known as a Z-match coupler. 
It is a compound network using two pairs of windings and is 
capable of matching the wide range of impedances which 
may be presented by a tuned aerial line. Coils LI and L2 may 
each be 5 turns tightly coupled. L3 and L4 are 8 and 6 turns 
respectively. LI and L3 may be about 2Jin diameter and L2 
and L4 about 3in diameter, with O-25in spacing between 
turns. 

The series capacitor Cl is 500pF maximum and it shoulu 
be noted that it is “live” on both sides; the frame should be 
connected to the transmitter link cable and an insulated 
extension shaft provided. The other capacitor, C2, is the 
split stator type, 250pF per section. C2 tunes the coupler 
and Cl adjusts the load to the transmitter. A standing wave 
indicator (reflectometer) is again an aid to tuning. Cl and 
C2 are adjusted for minimum reflection and the transmitter 
can then, if necessary, be trimmed for maximum output. 

Power Indicators 

It is necessary to be cautious in interpreting the power 
radiated in terms of meter readings, because the current and 
voltage vary from point to point in an aerial Sj^.em. Some 
suggestions as to what to expect may therefore be helpful. 
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500pF variable capacitor Split- stator 

Fig 12.77. Circuit diagram of the Z-match coupler and suggested 
layout. C1 is the series capacitor and C2 the split-stator capacitor 

in the multiband tuning circuit. 

A 100W de input transmitter will deliver up to 1A into 
an 80Q matched line, but only about O-35A into a matched 
60012 feeder. In both cases this can be taken to represent 
true power. In a tuned line, however, the current may vary 
over a wide range and does not reveal the real radiated power, 
though it still serves as a guide for tuning and matching 
adjustments since the current at any point beyond that at 
which adjustments are made will be proportional to the 
square root of the true power, provided the adjustment is not 
of a nature to upset the balance of the system. RF thermo¬ 
ammeters are available with maximum readings of 0-5 to 
5A, but usually have rather cramped and limited scale 
at low readings so that they cannot be used for widely 
differing currents. Care is necessary in cases where the 
current is greatly different in the same aerial for different 
bands, since these meters are easily damaged by overload. 
Such overloads are particularly prone to occur in the event 
of a fault developing in the aerial or feeder system. 
Low-wattage lamps provide slightly more sensitive 

current indication and are cheaper to replace when destroyed 
by overload, but both devices are inconvenient to use as 
they usually require the line to be cut for their insertion, 
though if the current is high enough (eg at the centre of a 
dipole) they may be tapped across a few inches of conductor 
which then acts as an inductive shunt. Even this may be 
inconvenient and if the voltage is high enough, a neon lamp 
is a more handy though less precise indicator. A sensitive 
current meter which is portable and requires no direct 
connection to the line is illustrated in Fig 12.78; the line 
current induces a voltage in the loop which is detected by a 
silicon or germanium diode, and with a 4in square loop 
the sensitive microammeter provides a useful indication from 
a power level of only a few milliwatts in a flat open-wire 
line, enabling measurements to be made with very little 
radiation from the aerial. It is however advisable to use a 
little more power and space the loop at least ¿in away from 

the feeder in order to ensure a true current reading since the 
meter, acting as an "aerial”, can respond slightly to line 
voltage and there is also a risk of unbalancing the line 
appreciably by its use. The loop can be used to indicate the 
current in each line separately, or it can be held so that it 
couples to both lines in which condition full scale deflection 
is obtainable even on an insensitive meter (3mA fsd) for 
about 500mW radiated power, ie a line current of only 
30mA. The loop dimensions are not critical but should be 
comparable with the line spacing. These figures are of course 
only a rough guide and the instrument is not suitable for 
use as an accurate power meter. It can however be calibrated 
accurately in terms of relative power or voltage by coupling 
it loosely to the pa and plotting meter reading versus rf 
oscilloscope deflection, or against aerial current measured 
with an accurate meter. At very low currents readings arc 
square law but for induced voltages of about 0-5V upwards 
a reasonably linear law is obtainable. The device should be 
mounted at the end of an insulated handle, the longer the 
better, to minimize body capacitance effects. 

Fig 12.78. Sensitive current 
meter using germanium or 

silicon diode. 

The current in a low-impedance twin feeder may also be 
detected by an external pick up device, eg a few inches of 
feeder taped to the main feeder, with one end shorted and the 
meter and rectifier of Fig 12.78 applied to the other end. As 
it stands the instrument can also be used as a sensitive 
detector of unwanted current flowing on the outside of a 
coaxial line, but measurements of currents in the line are not 
possible without damage to the line. For measurements on 
coaxial lines it is however almost as simple to construct a 
reflectometer on the lines of Fig 18.39. The reflectometer 
will be found much more useful as it provides an actual swr 
measurement for comparison with the swr on the trans¬ 
mitter side of the atu. It is an easy and inexpensive matter to 
construct two similar instruments, one for use on each side 
of the atu, using a single meter with a two-pole four-position 
switch, but the meter should be as sensitive as possible to 
allow adequate rf filtering of the leads by the use of series 
resistances, at least 10k£2 in each lead being recommended. 

DESIGNS FOR PRACTICAL AERIALS 

The first sections of this chapter have been devoted to the 
general aspects of aerials and transmission lines without 
any specific attempt to relate these to the particular require¬ 
ments of any one amateur frequency band. The rest of the 
chapter deals mainly with practical aerial designs and has 
been divided into those primarily suitable for the low 
frequency bands (l-8MHz and 3-5MHz), and those which 

12.51 



RSGB RADIO COMMUNICATION HANDBOOK 

are more likely to have practical application fo: the higher 
frequency bands from 7MHz to 28MHz. A separate section 
is devoted to vertical aerials, which have a number of distinc¬ 
tive features relative to horizontal aerials, particularly the 
fact that in their simplest form, being extended only in the 
vertical plane, they have negligible requirements for hori¬ 
zontal area. There is of course considerable overlap between 
these sections and, to avoid duplication, descriptions are 
made fully comprehensive with cross-referencing as necessary. 

LOW FREQUENCY AERIALS 

Choice of Polarization 

One feature of operation on the lower frequency bands is 
the widespread use of vertical aerials. This is due partly to 
ease of erection and partly to the important role of ground¬ 
wave propagation at these frequencies, particularly on 1-8-
2 0MHz. Due to the low height, in relation to the wave¬ 
length, ground-wave propagation is very inefficient with 
horizontal polarization although better ground-wave 
signals will usually be obtained when both aerials have 
the same polarization regardless of whether this is horizontal 
or vertical. Vertical polarization is advantageous also for dx, 
since een at 3-5MHz it is usually not possible to erect a 
hori; ntal aerial at sufficient height to achieve good low-
angle radiation. 

Against this, the 3-5MHz band is particularly suitable 
for short and medium range communication via the E-layer 
in the daytime and the F-layer at night, including distances 
just beyond the ground-wave range which can usually be 
reached in daylight hours by nearly vertical incidence reflec¬ 
tion from the E-layer, whereas for much of the time long¬ 
distance low-angle paths are useless due to excessive absorp¬ 
tion in the ionosphere. Vertical aerials are relatively poor as 
high-angle radiators so that horizontal aerials, even at low 
heights, are usually better for short-range sky-wave working 
and reasonably satisfactory over medium distances. The 
directive properties of the horizontal aerial have compara¬ 
tively little influence at the high angles appropriate to these 
distances. 

Marconi Aerials 

Most of the discussion so far of simple types of aerial has 
assumed horizontal polarization and although, in principle, 
these aerials can be erected vertically this is somewhat 
difficult in the case of say a half-wave dipole at 3-5MHz, 
which would require a mast about 140ft high! The usual 
procedure if vertical polarization is required is to use as 
long a vertical wire as possible and tune it as a monopole 
resonator working against some form of earth connection. 
The aerial, in conjunction with its image in the ground, then 
bears some resemblance to a shortened dipole. If the wire is a 
quarter-wavelength long with its base at ground level it can 
be thought of as a bisected half-wave aerial and its radiation 
resistance is about 35Í2, ie half that of a half-wave dipole. 
Such a height is not usually possible, even for 3-5MHz where 
it would be 66ft and hence it is necessary to use an electrically 
short aerial and to load it in such a way as to bring it to 
resonance, accepting the inevitably low value of radiation 
resistance; for example an aerial one-tenth of a wavelength 
high (50ft for T8MHz) has a radiation resistance of 40, 
which would not matter if the earth were a perfect conductor, 
but this is far from being the case, and the resistance due to 

even a very elaborate earth system, together with the loss 
due to the current returning through the surface, may con¬ 
tribute 20Í1 or more. The efficiency is thus low. The relative 
efficiency of various combinations of earth resistance and 
aerial height are considered in more detail in the following 
section on earth systems. 

At higher frequencies where vertical aerials are used mainly 
for their convenience ground plane systems can be used to 
reduce earth loss, but at the lower frequencies these tend to 
be rather large and other methods of improving efficiency 
may have to be sought. Let us consider first a short vertical 
wire and assume access to the base only; this wire can only 
be brought to resonance by means of a series inductance 
which has some loss resistance, this being added to the other 
system losses. Apart from this, the current distribution in the 
wire, being the tip of a sine wave, is triangular and the mean 
current is only half the base current. If on the other hand the 
aerial can be tuned by capacitance between the top end and 
ground, and if this provides the main current path, the current 
distribution on the vertical wire will be nearly uniform; the 
mean current will then be almost equal to the base current, 
the required value of this being therefore halved for a given 
field-strength. This means that the radiation resistance is 
multiplied by four, and in addition the loading coil is 
eliminated. Capacitive end loading may be achieved in prac¬ 
tice by various combinations of horizontal wires, and even 
when it is not possible to tune the vertical radiator fully by 
this means the amount of inductive base loading required 
may be greatly reduced. On the other hand it is sometimes 
possible in this way to increase the total effective length of 
the aerial to more than A/4 thereby raising the impedance 
at the feed point, and hence even further reducing the current 
and the power loss in the earth connection. 

The simplest form of top end loading is to add a horizontal 
top to make a T or inverted L aerial (Fig 12.79(a)). This 
loading should ideally be arranged to bring the current 
maximum into about the centre of the vertical portion— 
though it may sometimes be advantageous (eg if there are 
local obstructions) to bring it as high as possible when the 
loading is of T form. With L type construction it is undesir¬ 
able to have too much current at the top where it is liable to 
result in wastage of power by useless radiation from the 
horizontal section, whereas with the T configuration the 
radiation from the two halves of the top is in antiphase and 
tends to cancel. For an L aerial the electrical length is given 
approximately by the usual formula, pl2.3, the distance 
from the end of the wire to the centre of the current loop 
being about 130ft at l-8MHz. For a T aerial the equivalent 
electrical length of the top portion can be reckoned as 
about two-thirds of the actual length for lengths up to A/4, 
decreasing to half for a length of A/2 when the centre of the T 
becomes the centre of a half-wave dipole. If the length 
obtainable by these means is insufficient, the next alternative 
is to increase the loading effect of the top by making it into 
a cage or “flat top” of two or three wires joined in parallel; 
this increases the capacitance and effectively lengthens the 
aerial. If this procedure is not practicable, the aerial may be 
loaded by including a coil (see Fig 12.79(b)) near the free end 
of the aerial. In this case the principle of operation is as 
follows; if the length of wire beyond the coil has a capacitive 
reactance to ground of — X, an inductive reactance of T/2 
gives a net reactance of — X/2 which is equivalent to doubling 
the capacitance or, approximately, doubling the length of 
wire if this is shorter than about A/16. The coil also has a 
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Fig 12.79. Aerials for low frequency bands, (a) A/4 (inverted L) aerial 
with series tuning, (b) End loading to raise the efficiency of a short 
aerial, (c) Special extended aerial with high efficiency, detailed in 
text. The input current in aerials (a) and (b) may be 0 5A for 10W 

input; that in (c) is low, say 0-1A for 10W. 

resistance X/2Q, part of which appears as a loss resistance 
in series with the radiation resistance, and thus limits the 
amount of this type of loading which can be usefully employed. 
As an example, a 34ft length of vertical wire top-loaded to 
resonate on 3-6MHz will have a radiation resistance of 
about 180. The vertical wire has an inductive reactance of 
about 3000 which can be tuned to resonance by 1,5000 
of capacitance in series with an additional 1,2000 of 
inductance which will have about 40 loss resistance. This 
would require a coil of 53/xH in conjunction with a capaci¬ 
tance of 32pF, which could be provided by 16ft of horizontal 
wire in place of the 70ft or more required without the coil. 
Being in series with the radiation resistance plus the earth 
resistance, the loss in the coil has relatively little effect on 
performance though the process cannot be carried very much 
further without loss of efficiency since halving the capacitance 
and doubling the inductance will roughly double the coil loss. 
On the other hand, if the capacitive top is long compared 
with the vertical wire it is immaterial electrically whether 
the coil is placed at the top or, more conveniently, at the 
base. In the above instance, whichever method of capacitive 
loading is used improves the efficiency by three to four times 
if the earth resistance is large. This example has been slightly 
oversimplified by ignoring some aspects of the current 
distribution but serves to illustrate the basic principle as 
well as the main practical aspects, and it will be obvious to 
the reader that there are many possible variations of this 
technique which find particular application in the field of 
mobile and indoor aerials. 

Other methods of end loading may be devised ; for example, 
folding the aerial back on itself with spacing of, say 6in. 

Aerials for T8MHz with relatively high input currents are 
preferably series-tuned at the base, using about 250pF 
capacitance with say 30^H inductance. A suitable coil for 

l-8MHz could be made with twenty turns of 16swg wire on a 
3in diameter former, spaced to occupy a length of 3^4in. 
I he transmitter link could be tapped across a few turns at the 
earthed end of the coil or the wire itself coupled to the trans¬ 
mitter output tank coil. About half the above values should 
be used for 3-5MHz. 

To reduce the deleterious effect of an imperfect earth 
connection the aerial may have a total length of about j or 
I of a wavelength, the current in the vertical part being high 
in both cases though the earth current is considerably 
reduced. A very effective aerial is shown in Fig 12.79(c) 
where the main half-wave is folded into a U with one leg 
near the ground and adjusted in length until maximum cur¬ 
rent occurs at a point half-way up the right-hand vertical 
section. The down-lead makes the total length up to about i 
of a wavelength, so that the impedance at the feed point 
is a few hundred ohms and capacitive, while the earth 
current is relatively low. The coupling circuit for this aerial 
should be parallel tuned but can use the same components 
as the previous examples. 

The 1-8 MHz aerials of Figs 12.79(a) and 12.79(c) can 
also be used effectively on 3-5MHz and higher frequencies, 
though their performance will not be accurately predictable. 

Earth Systems 

The above examples have demonstrated the importance 
of a low earth resistance when the ground acts as the return 
path for the flow of rf currents. As will be evident from this 
discussion, earth resistance tends to present a major problem 
on the low frequencies, particularly on “top band”, as it 
is often difficult to dispose of a sufficient length of wire 
to achieve a radiation resistance larger than the earth 
resistance which is in series with it and represents wasted 
power. There are two lines of attack on this problem; 
increasing radiation resistance where possible by one or more 
of the methods outlined above, and decreasing the resistance 
of the earth connection. To illustrate the problems of earth 
resistance, Fig 12.80 shows the current paths when a short 
vertical radiator is driven by a "generator” (ie transmitter), 
connected between the bottom of the radiator and ground. 

The current distribution along the radiator possesses 
a maximum value at or near the ground, decreasing approxi¬ 
mately sinusoidally (or in the case of a very short radiator, 
linearly) to the end of the radiator at which point it must 
be zero. Because of the capacitance of the radiator to ground, 
charges are induced in the earth surrounding it, giving rise to 
a circulating current which flows back to the generator. 

Fig 12.80. Current distribution on a short vertical radiator over a 
plane earth. 
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Fig 12.81. Equivalent circuit for a short vertical aerial over a plane 
earth. Rl_, ohmic losses; Rrad. radiation resistance; RE. effective 

earth resistance. 

This current flaws in the ground at a penetration which 
varies with frequency and near-surface conductivity, 
decreasing as both increase. The net effect is to include in the 
series circuit representing the aerial system a resistive loss 
term through which the aerial current flows, and which is 
dependent upon the near-surface conductivity in the neigh¬ 
bourhood of the aerial. 

In order to determine the aerial efficiency we need to 
compare the power dissipated in the various resistive ele¬ 
ments of the circuit; as illustrated by Fig 12.81 these com¬ 
prise the ohmic loss Ri of the aerial tuning components and 
the aerial conductor itself, the radiation resistance Rrad, and 
the earth loss resistance Re . 

Radiation resistance is a fictitious resistance which is 
included to account for the power dissipated by radiation, ie 
its value is determined by the useful radiated power and the 
current flowing in the aerial at the feed point. It does not 
exist as a physical resistance in the same way that R r, and Re 
do. Of the three resistive elements dissipating power, only 
that in Rrad can be considered useful; that in Ri and Re is 
wasted as heat, although it still has to be supplied by the 
transmitter. Since the same current flows through all 
resistances, the efficiency of the aerial system is given by: 

__ . power radiated Rrad 
Efficiency v) =- 7 = ———-——-— power supplied Ri + Re + Rrad 

From Fig 12.5 the aerial wire resistance will contribute 
about I Í2 per quarter-wavelength and a tuning coil of 30/xH 
with a Q of 200 will add a further 20, making a total of 30. 
The form of loading illustrated in Fig 12.79(b) if used will 
increase this figure, the extent to which it can be exploited 
being determined as already discussed by the point at which 
Ri becomes comparable with RE + Rrad- The value of Rrad 
is fixed for a particular aerial by its physical size and shape, 
being typically 350 for a vertical quarter-wave wire, and as 
low as 90 for a vertical sixth-wave wire. Hence the shorter 
the aerial (electrically) the better is the earth system required 
to maintain a given efficiency. This can also be expressed by 
saying that for a given input power, the shorter aerial with 
lower radiation resistance gives rise to a larger feed current, 
and hence the earth loss must be reduced in proportion. 
The value of RE varies widely, from as much as 3000 for a 
simple earth in sandy soil, to as low as 2-30 for a compre¬ 
hensive earth system in good soil. 

Fig 12.82 shows how the aerial efficiency varies with 
effective electrical height for differing values of earth loss 
resistance. It is interesting to note that with a very good 
earth system (Re < 20), an eighth-wave vertical radiator is 
almost as efficient as a quarter-wave radiator over the same 
earth, the figures being 95 per cent and 66 per cent respec¬ 
tively, or a difference of l -6dB. Allowing for the difference in 
field strength due to the shape of the radiation patterns, the 
eighth-wave aerial would be 1 -7dB down on the quarter-wave 
version at a distant point. If the earth loss were that of a 

sim'-le “spike in the ground”, typically 100O, the field 
strength from the shorter aerial would be 8-5dB down on the 
quarter-wave aerial, which itself would be only 27 per cent 
efficient. Fig 12.83 shows the field strength relative to that 
produced by a quarter-wave vertical aerial with a perfect 
earth, fo ■ varying values of effective earth resistance, and for 
two different aerial heights. It is assumed that the field 
strength is measured at ground level, and the rate of attenua¬ 
tion with distance the same in both cases. 

From what has been said it is clear that attention to the 
earth system of a base-fed radiator will pay large dividends, 
but the question now arises how the effective earth loss can 
in practice be reduced. The figure of 100Í1 for a large spike 
in sandy soil is not unrealistic, and to reduce this figure 
to the 2-30 of a near perfect earth is beyond the scope of 
most amateurs, requiring as it would a massive system of 
radial earth wires, in excess of 120 in number and extending 
far out up to a wavelength from the base of the aerial—and 
all this in best quality agricultural ground as well! In 
practice, the best rule of thumb is to get as much copper 
wire into the ground as possible in the immediate vicinity 
of the aerial base, concentrating it near the aerial at the 
expense of the edges of the garden. The radial wires should 
be at least 16swg, and buried as near the surface as possible 
consistent with their remaining undisturbed by gardening 
activities since the depth of current penetration is a function 
of the near-surface resistivity. The inner ends of the wires 
should be joined to a heavy copper circular bus-bar (say 
6swg wire in a 12in diameter loop). Brazing is to be preferred 
for resistance to corrosion, although soft soldering is 
adequate provided the joints are painted with a bitumen 
paint to seal out moisture. It is permissible to join the outer 
ends of the wires, but too much interconnection will result 
in large circulating currents being induced in the buried 
loops with a consequent increase in losses—the opposite in 
fact of the desired result (Fig 12.84). 
The remarks in the previous paragraph apply mainly to 

amateur aerials for the If bands having lengths of a quarter¬ 
wave or less and the current maximum at the base of the 
aerial. For those in the position to erect verticals (natural or 
loaded) with an effective length approaching a half-wave 
there is no need for an earth connection, and Fig 12.102 

Fig 12.82. Variation in efficiency of a vertical aerial over a finite 
earth, for different heights of aerial and various earth resistances. 
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Fig 12.83. Comparative ground-wave field strength of A/8 and A/4 
vertical aerials over an imperfect ground (neglecting ground-wave 

attenuation). 

on pl2.67 illustrates a 7MHz beam aerial based on the 
use of short end-loaded vertical dipoles. Used singly at the 
lowest possible height these elements have a radiation 
resistance of about 30-400 but this figure can be expected 
to vary considerably with height and ground conductivity. 
With direct scaling for 3-5MHz a height of over 50ft would 
be required but if a relatively longer span is accepted this 
could be considerably reduced for single elements, particu¬ 
larly if broad band operation is not essential. 

It will be obvious from the above examples that every 
possible effort should be made to avoid reliance on earth 
return, and this is the main advantage of the various forms 
of ground-plane aerial (p!2.81). Even if the radials are 
reduced to two (a reasonable compromise) a run of 133ft 
is required to accommodate a full size ground plane on 
3-5MHz, but the vertical can be end-loaded by the use of a 
T configuration, the radiation resistance being halved when 
the height is reduced from A/4 to A/8, and there seems no 
reason why the radials should not also be of T form. There 
is also no reason why a vertical or sloping or inverted-L 
version of the W3EDP aerial described later should not be 
used. In general however these systems, like the previous 
example, tend to have too narrow a bandwidth for matched 

Fig 12.84. Typical radial earth system for a short vertical aerial. The 
earth currents are concentrated near the base. 

coverage of the whole band, so that access for tuning may be 
essential. It has been pointed out that a particular virtue 
of the 3-5MHz band lies in its suitability for short and 
medium distance (high-angle) sky-wave communication for 
which horizontal polarization tends to be more suitable, 
but in both cases there is some value in being able to select 
either polarization at will, and it is worth noting that the 
horizontal dipoles described below can frequently also be 
used by connecting the feeder wires in parallel to act as 
a vertical radiator, with the dipole providing top loading or 
acting as an “inverted ground plane”. This mode will usually 
be found better for dx except in the case of hilltop or hillside 
sites. Though not generally ideal for ground-wave propaga¬ 
tion at the lower frequencies, horizontal polarization may 
give better ground-wave signals in those cases where the 
aerial at the other end is also horizontal; also, being a 
balanced load s ich aerials do not require an earth return, and 
even for ground wave communication they offer a better 
compromise in those cases where the earth system is very 
poor. 

Finally, a word of warning about ground connections. It 
is sometimes suggested both in print and over the air that 
a rising water pipe is a good earth. This is not always true 
in practice since the amount of pipe in contact with the 
earth in the vicinity of the aerial may not be large, and the 
contact resistance will be indefinite because of corrosion 
deposits on the outer of the pipe. There will probably be 
indifferent contact between lengths of pipe at the screwed 
unions because of the sealing compounds used, and in any 
case modern practice is often to use plastic tubing which will 
negate the whole exercise. There is an obvious temptation 
in some cases to use the earth connection of the electricity 
supply for If aerial systems but as previously noted this may 
inject rf voltages into the supply and create a dangerous 
situation. It may also introduce noise into the receiver or be 
responsible for spreading interference to nearby television 
receivers. 

It is a mistake to bring a long “earth” lead into the radio 
room, which is often some distance from the point of con¬ 
nection to true earth, being in the limit on the upper floors 
of a building. The result of this is that the long earth lead will 
necessarily radiate since it carries the aerial feed current, 
and in consequence of the lead impedances the equipment in 
the shack will be up-in-the-air to rf with many consequent 
problems of filtering and feedback. A better arrangement is to 
install the atu in a box at ground level immediately adjacent 
to the earth mat, and connect it back to the shack with a low 
impedance coaxial line matched into the atu. This will not 
only isolate the shack from the radiating part of the aerial 
system, but will permit the vital vertical section of the aerial 
to be installed clear of obstructions which would otherwise 
degrade its performance. 

Horizontal Dipoles 

In an earlier section it was explained that the frequent 
need for high-angle propagation experienced on the If bands 
is best met by the use of a horizontally polarized aerial. The 
appropriate lengths for half-wave dipoles for the 1 -8MHz and 
3-5MHz bands are given in Fig 12.85. 

The current distribution along the dipole is roughly sinu¬ 
soidal and is concentrated in the middle with little or no 
radiation from the ends of the wire. The aerial should 
therefore be supported in a such a way as to keep the centre 
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Fig 12.8S. Dipole horizontal aerials for 18 and 3 5MHz. The current 
is low at the ends and contributes little to the radiated signal. If 
alternative use as a vertical radiator is required, the feeder must be 
brought down well away from the pole which should be non-

metallic. 

region as high as possible, the ends being allowed to droop, 
or to hang down, depending upon the available space. Two 
possible arrangements for restricted gardens are shown in 
Fig 12.85. Shortened dipoles centrally loaded with a coil or 
tuning stub may also be used, with appropriate matching, 
their radiation resistance being given in Fig. 12.129. 

The radiation resistance of a half-wave dipole tends to be 
a rather uncertain quantity when the aerial is less than a 
quarter-wave above ground, but is otherwise a function of 
height as shown in Fig 12.86. At low heights the resistance 
may rise as a result of excessive ground losses as suggested 
by the dotted line; this line is somewhat conjectural, being 
dependent on earth constants, and is intended only to serve 
as a warning against reliance on the solid curves for low 
heights. These curves which are classical, and appear in 

Height of centre of vertical halfwave aerial 

Height of horizontal halfwave aerial in wave¬ 
lengths above ground 

Fig 12.86. Radiation resistance of A/2 horizontal and vertical dipoles 
as a function of height above a perfect earth. Dotted curve suggests 

likely behaviour of horizontal aerials over actual earth. 

nearly all handbooks, have given rise to misunderstanding 
as they relate to an unreal situation namely a perfect earth, 
and this proviso is not always stated. In the case of the perfect 
earth and low heights, halving the height divides the radia¬ 
tion resistance by four so that the current is doubled and 
the low angle field remains constant, but as most amateurs 
are only too well aware, horizontal aerials, even if they are 
at a height of only 0-3A say, are much more likely to bring 
in the dx than when they are lying on the ground! This is 
consistent with the fact that although the ground reflection 
coefficient for horizontal polarization approaches unity for 
low angle propagation, it drops to O-6-O-8 for vertical inci¬ 
dence, suggesting appreciable absorption. Although the 
radiation resistance is shown as levelling off at 50Q as height 
is reduced, both higher and lower values have been measured. 

The W3EDP Aerial 

Another approach to this problem, Fig 12.87 avoids the 
necessity for a direct earth connection and is known by the 
callsign of its originator, W3EDP. In this design a short 
counterpoise wire is used in place of an earth, the aerial 
itself being suitably shortened to compensate for this 
addition. 

A specific design which has been worked out experi¬ 
mentally for multiband use employs an aerial cut to a length 
of approximately 84ft, providing a simple and effective end-
fed installation in cases where this length can be conveniently 
accommodated as a clear run from the radio room window. 
It is particularly useful when the radio room is on an upper 
floor and would involve a long and awkward earth lead. 
The counterpoise will vary from zero to 17ft in length, 
according to the frequency in use, and can be dropped out of 
the station window, or even accommodated indoors, pro¬ 
vided that the far end is well insulated and as far as possible 
clear of earthed obstructions, since this will be a high voltage 
point during use. Ideally the counterpoise should run at 
right angles to the aerial, which may be bent if necessary, or 
can be sloping. An aerial of this type may be expected to 
radiate harmonics if these are present in the transmitter at 
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Fig 12.87. The W3EDP end-fed aerial using a counterpoise wire in¬ 
stead of an earth connection. 

excessive strength, and in the form illustrated it is not com¬ 
patible with modern practice. There is however no basic 
reason why it should not be link-coupled as shown in Fig 
12.75(b) for an earthed system, and suitable harmonic filters 
can then be used in the coupling line. This aerial is of course 
subject to the warnings given earlier regarding the dangers 
of bringing long wire aerials into the shack but rf feedback 
and harmonic problems are generally much less serious on the 
lower frequencies. There is scope for much experiment with 
alternative lengths of aerial and counterpoise and in general 
it is much easier to achieve efficient radiation with systems 
of this type than those relying on earth connections. 

HIGH FREQUENCY AERIALS 

There is a wide choice of aerials for the higher frequency 
bands ranging from simple horizontal or vertical wire types 
to various kinds of small fixed or rotary beams and, for the 
fortunate few with plenty of space, large arrays which enable 
high gains to be obtained in one or more fixed directions. The 
choice depends on individual circumstances and preferences 
including the desire for single or multi-band operation, and 
the space available. 

Simple Wire Aerials 

Generally speaking almost any length of wire can be tuned 
to work as an aerial on any band although as we have seen it 
is difficult to make short lengths radiate efficiently on the 
lower frequencies. Longer wires on the other hand tend to 
have rather complex radiation patterns on the higher frequen¬ 
cies but, in the best directions, their performance for lengths 
up to 2A is comparable with that of a dipole at the same 
mean height and average position though it may be degraded 
by, for example, the proximity of high-voltage points to 
various structures. The simplest forms of aerial include 
horizontal dipoles and loops, and these are capable of 
highly efficient multiband radiation if coverage is restricted 
to the three highest-frequency dx bands and they are cut to 
resonate in the region of 14-21 MHz. It is not unduly 
difficult to work out matched feed systems for two bands, 
but efficient coverage on all three bands can be difficult to 
achieve if the radiator requires loading to make it resonate 

on 14MHz and the feeder length is considerable; otherwise 
resonant feeders can be used and the price paid for multiband 
operation is in terms of bandwidth, leading to the incon¬ 
venience of frequent retuning, rather than poor efficiency. 
When a simple wire aerial is long enough to cover lower fre¬ 
quency bands as well there is then a break-up of the radiation 
pattern at higher frequencies (pl2.59) and the direction of 
maximum radiation on one band coincides with a null, or poor 
efficiency, on another, and if it is not desired to use resonant 
open-wire feeders with the possible disadvantages of high rf 
voltages around the shack, some more or less lossy compro¬ 
mise may have to be accepted. 

Ideally all radiators, however simple, should be suspended 
as high as possible, and in the clear, using heavy gauge wire 
and good insulation but usually there are practical con¬ 
straints such as the need to use existing supports, eg trees or 
chimneys. The aerial may have to be more or less invisible, 
or the span available may be much less than a half-wave¬ 
length at the frequency in use. Fortunately many “liberties” 
can be taken without compromising performance, but a lot of 
conflicting ideas are in circulation as to what is or is not 
permissible. The following guide-lines are aimed at providing 
optimum dx performance and, though inspired largely by 
theory in the first instance, have been for the most part 
confirmed by practical trials. Use has also been made of 
experimental results which do not lend themselves readily 
to theoretical treatment. 

Height should be as great as possible unless the ground is 
sloping and the aerial must obviously be orientated for the 
wanted direction. The length of the radiator must not be less 
than about two-thirds the normal resonant dimensions if 
loading is by inductance at a current loop, or one-third if end¬ 
loading by capacitance is used. When electrically short 
radiators are used, greatly increased care must be taken to 
keep voltage maxima (eg the ends of radiators) away from 
lossy insulating material eg bricks, trees etc, thicker conduc¬ 
tor must be used, and extreme precautions to avoid high-
resistance joints at or near a current loop are advisable. 
As a rough guide it can be taken that the above figures for 
permissible shortening are valid for wire sizes of 12swg or 
thicker and spacings of not less than 3—4ft between the ends 
of the radiator and objects such as tree branches. There must 
be no other conductor within several feet of, and parallel to, 
the radiator. Regardless of aerial dimensions no other reso¬ 
nant conductor should be within a distance of about 0-7A 
or if it is in front, similarly oriented and in the direct line of 
propagation, at least 2A and possibly 3A; there appears how¬ 
ever to be no available data on the effect of metal supporting 
poles, which should be regarded with obvious suspicion unless 
the aerial is symmetrical in the sense that fields due to any one 
part of it in the vicinity of the mast are cancelled out by an 
equal and opposite field. The higher the radiation resistance 
the smaller the permissible wire gauge and the less important 
the proximity of trees etc. A quad loop (or even beam) can 
be “buried” in tree branches, and it has been found that 
twigs even if wet can make contact with a dipole at least 
half-way out from the centre without producing noticeable 
deterioration as judged by signal reports involving instan¬ 
taneous comparisons between two aerials. Vertical radiators 
are however liable to be adversely affected by the close 
proximity of tree trunks, supports etc. Dipoles and full-size 
quad or delta loops may be constructed from very thin wire 
(as evidenced by Fig 12.5) provided the mechanical require¬ 
ments are met. Insulation between points of high voltage, 
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Fig 12.88. (a) The Windom single wire fed aerial, (b) Balanced 
version which minimizes feeder radiation and also works on 

multiple frequencies. 

eg the centre of a dipole of length J to I wavelengths, or 
voltage antinodes on a resonant feeder must be good. 
Polythene cord or polystyrene rod are good insulators and 
fully adequate for all situations, but bakelite or perspex 
are not. 

Considerable departure from “straight line” shape is 
usually admissible provided feeder balance is maintained and 
the inverted V dipole (Fig 12.85(b)) is a particularly important 
example, being probably the easiest of all aerials to support 
in an average situation, since it needs only one main support 
(though if only a short span is available additional poles of 
lower height will be required) and the two ends can be 
allowed to “droop” so that very little tension need be applied 
to the wire. It provides an excellent aerial for portable work 
since the centre can be supported from a single tree branch 
or by a “clothes prop” constructed from bamboo garden 
canes, the ends being strung out to points as far away as 
possible using light polythene cord. 24swg or thicker wire 
is satisfactory for this application. 

It is commonly thought that the inverted V dipole is a 
compromise since it must produce vertically polarized 
radiation in an endwise direction, but although quite a strong 
ground-wave field can be measured in this direction it 
represents a negligible amount of wasted energy and the 
radiation pattern is hardly affected for apex angles down to 
90°. This may be demonstrated by resolving each arm of the 
V into a pair of point sources of radiation as explained on 
pl2.12, one horizontal, the other vertical, noting the 
resemblance of the two vertical sources to an “8JK” system. 
Fig 12.14. Intuitively one might expect the “centres of 
gravity” of the current distributions to be about one third 
of the way out from centre, but for greater precision it 
is not difficult to do a rough graphical integration to take 
account of the phase differences between the endwise fields 
produced by different portions of the current distribution. 
This gives the result that for currents I in the horizontal 
sources the 8JK system comprises currents 0-97/ with a 

physical separation of 48°, and the field strength produced is 
0-35 times that of the normal mode. Allowing 4dB for the 
gain in the 8JK mode, the power wasted by it is 0-2dB only. 
Except in this inefficient endwise direction, the polar 
diagram is almost identical with that of a horizontal dipole, 
and the assembly of two such elements into a beam will 
almost completely cancel the “8JK" radiation. At an apex 
angle of 90° the radiation resistance is halved so that the 
minimum satisfactory wire diameter is doubled. The band¬ 
width however is almost halved, whereas for 120° apex 
angle the reduction is only about 25 per cent, so it is useful 
to keep the angle as large as possible. 

If a horizontal dipole is suspended between two supports, 
the required wire gauge is determined by mechanical require¬ 
ments and therefore dependent on the total span and on the 
weight of the feeder so that no general rules can be given, 
though 16swg is usually satisfactory assuming open-wire or 
other lightweight feeder. It should be noted that this method 
of construction requires two supports, the ends of the wire 
carry high rf voltages and should not be too close to these 
points, and there will be some sag in the centre where height 
is most needed. For comparison the inverted-V dipole loses 
effective height to the extent of about one third of the total 
“droop”, ie 4ft and 2ft 9in respectively for apex angles of 90° 
and 120° at 14MHz. Approximate resonant lengths for 
straight horizontal dipoles centred on the higher frequency 
bands are as follows: 

Band (MHz) 
7 
14 
21 
28 

Length 
66ft Oin 
33ft Oin 
22ft Oin 
16ft Oin 

Resonant lengths are influenced by various proximity 
effects and also by bends in the wire. Fig 12.85 indicates 
considerable shortening in the case of an inverted-V but the 
opposite effect has been observed, and in view of conflict 
between different sources of information the length should 
be determined experimentally, eg starting with an extra 5 per 
cent the ends of the dipole may be folded back on themselves 
symmetrically until minimum swr is obtained in the feeder. 
Alternative methods of feeding are described on 

pl2.36. To avoid Marconi effect (pl2.49) it is usually 
reckoned that the feeder should be allowed to hang vertically 
from the feed point connection for at least a length equal to a 
quarter-wave in free space but as will be appreciated from 
earlier discussion, pl2.32, the incidence of this effect 
depends not only on the disposition of the feeder but also 
on its length and the connections at the transmitting end. 

The “Windom” and VS1AA Aerials 

The principles of single wire fed (Windom) aerials. Fig 
12.88, and the reasons for their obsolescence have been 
explained on pl2.17. These objections can be over¬ 
come by balancing one Windom against another as in 
Fig 12.88(b). It is evident that the Windom principle is 
applicable to any multiple half-wave radiator and the feeder 
tap positions shown in Table 12.3 for the fundamental 
frequency are quite close to being suitable for even harmo¬ 
nics. They apply equally to the balanced version. 
The VS1AA version of the Windom achieves multiband 

operation by exploiting the principle that if the tap is placed 
one-third of the way along a standing wave current loop 
on the lowest frequency it will always be in the same position 
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TABLE 12.3 
Single wire feeders 

Band and aerial Fladiator length L 
(ft) 

Tap distance T 
(ft) 

3-5-14M Hz half-wave 
21-28MHZ half-wave 
14-28MHz full-wave 

470/f MHz 
460/f MHz 
960/f MHz 

66/f MHz 
66/f MHz 
170/f MHz 

The values given are recommended for aerials constructed from 14 or 
16swg wire. 

on a current loop on all even harmonic frequencies. This 
system is most suitable for very long wires, the tap being 
about 22ft 6in from the end for all frequencies down to 
7MHz, and even works quite well with long aerials on 21 MHz 
(where the “one-third” rule breaks down), because the long 
wire places a substantial load on the end of the feeder. The 
essential difference between the VS1AA and the Windom lies 
in the use of very long wires whereby adjustment is less 
critical due to heavier damping by the radiation resistance, 
and this tends to overcome the difficulty that harmonic 
resonances are not exact multiples of the fundamental 
frequency. 

The Double Windom 

The VS1AA aerial also has the disadvantage that there is 
considerable radiation from the feeder. This can be overcome 
by making it into the balanced system shown in Fig 12.88(b) 
so that the feeder radiation is cancelled. This aerial can 
alternatively be regarded as a development of the centre-fed 
aerial with tuned feeders, the spacing of the taps helping to 
reduce the vswr on the feeder. The length of the arms of the 
V section of the line should be at least equal to the separation 
between the taps, preferably more, and the overall length 
from one end of the aerial into the station should be chosen 
as for the centre-fed aerial in order to simplify the tuning 
arrangements. Some difficulty may be experienced on 
21 MHz as the feeder system is effectively a resonant line 
and this, depending on the length, may influence the design 
requirements for the atu as discussed on p. 12.45. 

Asymmetrical Twin Peed 

It will be realized that a long-wire aerial, ie one which is 
two or more half-wavelengths long, can be fed with low-
impedance twin line at any current-maximum position, such 
as the point a quarter-wave from one end (Fig 12.89). In 
this case 70-80Í1 twin line can be used and matches the aerial 
well enough, though the impedance at such a point in the 
aerial is somewhat greater than that of a single half-wave. 
This can be done with a 7MHz aerial, and at 21 MHz the 
feeder is again at a current maximum position. Other bands 
have an even harmonic relationship, so that the feeder is 
badly matched. 

son twin 
FEEDER 

Fig 12.89. Asymmetrical twin line feed for a harmonic aerial. 

Fig 12.90. Theoretical polar diagrams for wire aerials up to 2A in 
length. The angles of the main lobes and crevasses are shown, also 
the angles at which the loss is 3dB in the main lobe. The lobes should 
be visualized as cones about the wire. When the aerials are hori¬ 
zontal, radiation off the end can take place at useful wave angles, 
especially from very long wires, eg the broken line on the aerial. 

Details of long wire aerials are given in Table 12.4. 

Long Wire Horizontal Aerials 

The basic patterns of aerials of various harmonic lengths 
are shown in Fig 12.90 and further information is given in 
Table 12.4. It will be seen that there are two lobes in the 
diagram for each half-wavelength of wire, and that those 
nearest the end-on direction are always strongest. It should 
be remembered that these diagrams are sections, and the 
reader should try to visualize the lobes as sections of cones 
about the aerial. The reason for this concentration of energy 
in the nearly-end on direction is immediately obvious if the 
aerial is visualized as a string of point sources alternating 
in sign. In the direction of the wire there is of course no 
radiation whereas at a small angle to the wire the radiation 
from all the sources adds up in phase. Viewed from a larger 
angle to the wire, for every current loop of one sign there is 

TABLE 12.4 
Properties of long wire radiators 

Length 
(A) 

Angle of main 
lobe to wire 

Gain of main 
lobe over half¬ 
wave dipole 

(dB) 

Radiation 
resistance 

(£2) 

1 
11 
2 

3 
4 
5 
6 
8 

10 

54°(90° 
42° 
36°(58° 
33° 
30°(46° 
26°(39° 
22° (35° 
20° (31° 
18° (26° 
16° (23° 

0-4 
1-0 
1-5 
1-8 
2-3 
3 3 
4-2 
5 0 
6 4 
7-4 

90 
100 
110 
115 
120 
130 
140 
147 
153 
160 

The number of complete conical lobes (see Fig 12.91) is equal to the 
number of half-waves in the aerial. The main lobe is the one nearest to the 
direction of the wire, and the figures in this table give its direction and gain. 
When a multiple full-wave aerial is centre-fed the pattern is like that of one 
half, but with more gain in the main lobe. The angles in brackets correspond 
to this case. When the aerial is terminated, or self-terminating, the radiation 
resistance is 30 to 50 per cent greater, and the main lobe slightly nearer to 
the wire. 
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another of opposite sign and almost at the same distance, 
so that radiation tends to be cancelled. At a small angle to 
the wire each source is of course a very weak radiator and 
although this is compensated by the large number of sources 
it follows that for a given gain the length of wire required is 
very much greater than if all the sources are assembled in a 
fully cooperative manner as they are with other types of 
array. The same applies to a wire terminated in a suitable 
resistance at the far end so that there are no reflections and 
no standing-wave pattern, except that in this case there is a 
travelling-wave and no radiation takes place in the back¬ 
wards direction because radiation from any point is can¬ 
celled by radiation of opposite sign which started out half a 
cycle earlier but has half a wavelength further to travel. 

Polar diagrams represent effectively the azimuth direc¬ 
tivity of these aerials, but their general assessment must 
include the effect of height, and this can be done by consider¬ 
ing them in relation to the vertical plane diagrams of Fig 
12.22. There is, however, one very important feature: 
namely the existence of a major lobe of radiation at moderate 
angles of elevation in the endwise direction; thus the lobe at 
36° to the wire in the 2A pattern applies equally to the 
horizontal and vertical patterns and at this angle, depending 
on height, the ground reflection may reinforce the sky wave 
or possibly produce cancellation causing the lobe to split 
into two. 

For a dipole, assuming comparable ground reflection in 
both cases, the end signal will be 6dB (one S point) less than 
the broadside at 30° elevation, but this effect is more marked 
with longer radiators, where the end pattern almost fills in 
for elevations of 15-30°, as shown for the 2A case in Fig 12.90. 
In the case of a three wavelength long aerial (which would be 
about 100ft for 28MHz) the end radiation ata 15° wave-angle 
may be much greater than the broadside signal from a dipole 
at the same height. It should be noted however that in going 
from broadside to high-angle end radiation the sign of the 
ground reflection coefficient is reversed, the latter radiation 
being mainly of vertical polarization and the angle of 
maximum radiation being well above the Brewster angle 
except for very long wires. This means, for example, that 
for a height of A/2 the broadside radiation at 30° angle of 
elevation will gain 6dB from the ground reflection whereas 
the end radiation at the same angle will be mainly cancelled. 

The long wire aerial is the simplest form of directive 
aerial and is quite popular with those having sufficient 
space because it is at the same time a useful all-round 
radiator. Although the notch in the pattern in the broadside 
directions is quite noticeable, in practice for the even¬ 
multiple aerials the effect of the other crevasses is not so 
marked, chiefly because their direction varies with wave 
angle, so there is usually a “way through” for signals. It has 
the advantage of providing some discrimination against very 
high angle (short skip) signals but it should be noted that 
gain is appreciable only with very long wires and in the 
direction of their main lobes which are very sharp. 

Table 12.4 gives important properties of wires up to 10 
wavelengths long. It will be seen that a 10A aerial has a main 
lobe at only 16° angle to the wire, with a gain of over 7dB. 
Remembering that these lobes exist all round the aerial, 
eg in the vertical as well as the horizontal plane, it will be 
realized that in the direction of the wire there is a vertical 
polar diagram with a lobe maximum at 16° elevation. This 
angle of radiation may be quite close to the Brewster angle 
in which case the reflection coefficient is small and, taking 

2A Centre-fed 

Fig 12.91. Illustrating the difference between feeding at a current 
maximum or a voltage maximum, and how centre-feed affects even-
and odd-multiple A/2 aerials differently. When the feed enters a 
current loop the pattern is the same as with end-feed, but when a 
voltage loop is entered, the pattern more nearly resembles that of 

one half only of the aerial. 

into account the gain and the vertical polarization, a long 
wire aerial is likely to give more radiation “off its end” than a 
dipole at the same height. (It is this effect which sometimes 
causes confusion over the use of the term end-fire which 
refers to a particular type of array and not to the direction 
of a main lobe with respect to a wire.) It should however be 
noted that unless a wire is long enough to have appreciable 
gain it cannot differ much in main lobe performance from a 
dipole having the same height and polarization; this is 
because as we have seen on pl2.13 the effect of the 
ground is accounted for by an array factor which, though 
dependent on ground constants, polarization, aerial height 
and angle of elevation, is independent of the number and 
disposition of the point sources of radiation comprising the 
aerial. 

The radiation resistance (RD) figures in Table 12.4 are the 
resistance at any one current maximum, say A/4 from the end, 
and are representative free space values, fluctuating some¬ 
what with height. However it is highly improbable that a long 
wire will behave in the same way as a dipole (Fig 12.86) since 
each current loop “sees” many image loops, some of one 
polarity and some of opposite polarity, instead of seeing 
only one loop of opposite sign. From Table 12.4 it will be 
seen that the resistance increases steadily as the size of the 
radiating system increases; this is a general rule for all large 
directive aerial systems. 

Effect of Feed Position 

The general subject of how to feed energy to a long wire 
has already been discussed and it was indicated that it could 
be fed with a single wire near one end or preferably with 
balanced feeders in the centre. In each case the system is 
capable of multi-band operation. A balanced line can be 
connected at any voltage or current maximum, for example 
a quarter-wavelength from one end, but in this arrangement 
the aerial works only on its fundamental and odd harmonics. 

It should be noted that shifting the feed point from a 
current to a voltage maximum may produce an entirely 
different radiation pattern. The long wires described above 
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Fig 12.92. A terminated aerial and its radiation pattern, showing 
unidirectional effect. The end-to-end ratio depends on several fac¬ 
tors but may be 3 to 5dB for afull-wave unterminated aerial and more 
than 10dB for a terminated aerial. The 500Q terminating resistor is 
earthed to a A/4 artificial earth. A multiple “earth” fan may be used 
to cover two or three frequency bands. These aerials do not need 

critical length adjustment. 

were continuous with alternate positive and negative current 
loops along them. This is the situation with end-feed, single¬ 
wire feed, and feeding at any current loop, but if the aerial is 
fed with balanced line (Fig 12.91) at a voltage maximum 
an extra phase reversal is introduced at this point, as can be 
seen by sketching the standing waves. Thus a centre-fed 
three wavelength aerial becomes an array of two 3A/2 aerials 
and has a pattern which is basically that of the 3A/2 aerial 
multiplied by an array factor corresponding to the 3A/2 
spacing between the centre of the two halves. Since this 
particular array factor is very nearly the same as the pattern 
of each half, the final diagram is very like that of a single 
3A/2 aerial, but with emphasis on the broadside lobe. By 
comparison the 3A end-fed aerial has a null in the broadside 
direction. 

It should be noted that any asymmetrical feed arrange¬ 
ment will tend to be imperfectly balanced. The presence of 
Mat coni effect should therefore be suspected and precautions 
taken as discussed on pl2.32. 

In practice a long wire fed at one end tends to radiate best 
from the opposite end, the pattern of a 2A aerial tending 
to become like that of Fig 12.92 (these patterns are ideal 
patterns). This tendency is greater the longer the wire, and 
occurs because the lobes to the right (in Fig 12.92) are due 
to the radiation from the forward wave along the wire, 
while those toward the left can only be due to the wave 
reflected from the far end. Because of loss by radiation, 
the reflected wave is weaker than the forward wave; thus a 
long wire tends to behave like a lossy transmission line. The 
one-way effect can be enhanced by joining the far end of the 
aerial to a quarter-wave “artificial earth” wire through a 
500Q (matching) resistor. This resistor must be able to 
absorb about 25 per cent of the transmitter power if the 
aerial is only 2A long, but only about 10 per cent if it is very 
much longer. The power lost in this resistor is not wasted 
because it would all have gone in the opposite direction. 
Such an aerial is of course only correctly terminated on one 
band, though a fan of earth wires can be used, one for each 
band. It can be fed (for one band use) by means of an 800 
feeder one quarter-wavelength from the free end as in 
Fig 12.92. For multi-band working a second fan at the free 
end may be used. It should be noted that although the 

Aerial length Li Feeder length L2 Band MHz Tuned 
135'- 0" 45' - O’ 3-5, 7, 14, 28 Series 

135'—0" 45' - O’ 21 Parallel 
67' - 0- 45' - 0* 7, 14, 28 Series 
67' - 0* 45' - O' 21 Parallel 

Fig 12.93. The end-fed Zepp aerial employs tuned feeders and an 
aerial coupler to achieve correct operation on each band. Currents 
in the meters M1 and M2 should be equal within ±10 per cent for 

balanced operation on the line. 

unidirectional pattern does not increase the power radiated 
in the forward direction, it reduces noise and interference 
picked up from the reverse direction and thus improves 
reception. It also of course reduces the likelihood of causing 
interference to other stations during transmission. 

The "Zepp" Aerial 

A simple wire aerial can be made to work on a number 
of harmonically related bands by feeding it at one end. This 
will always present a high impedance and can be connected to 
open wire tuned lines. The operation of such lines is explained 
in the section dealing with transmission lines. Such an 
aerial is known as a Zeppelin or “Zepp” and is illustrated in 
its traditional form by Fig 12.93, which gives suitable dimen¬ 
sions for both the aerial and feeder. Despite its time honoured 
status this arrangement as illustrated is very uncertain in its 
behaviour [8]. Put bluntly it usually does not work, and the 
reason is the same one that we have met before in a different 
guise. In going from a balanced to an unbalanced system 
or vice versa a balun is essential. Without one, there is no 
guarantee that the aerial will work better than a random 
length of wire nor, to be fair, any certainty that it will not 
work, but the Zepp feed has been found particularly unco¬ 
operative in this regard. A suitable balun consists of a A/4 
short circuited stub, Fig 12.94. The end-fed aerial may now 
be seen clearly for what it is, namely a high impedance to 
ground connected across one half only of a resonant system 
which experiences relatively little damping so that the swt 
is extremely high. The fact that it does not appear so with the 
conventional Zepp feed is a measure of the inefficiency of 
the system and, as reference [8] states, simple connection of 
the aerial to one side of the line will not work—it is necessary 
to add a “transformer winding” in the form of a stub to 
“tell” the line it is balanced. The need to employ this stub 
which may not be readily accessible makes it more difficult 
to exploit efficiently the multiband properties inherent in this 
system but Fig 12.93 includes some suggested feeder lengths 
and tuning arrangements. These will not be affected by the 
addition of the stub. 
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75n TWIN OP. COAX 3000. RIBBON 

Band 
18MHz 
3-5MHz 

7 & 21 MHz 
14MHz 
21MHz 

LI Length 
246 ft 
128ft 
66ft 5in 
33ft 
22ft 

is no need for the additional stub. For other lengths the 
form of coupling (series or parallel) can be found from 
Fig 12.73. In this case the length L should include the half¬ 
top of the aerial. 

Band 
35MHz 
7MHz 
14MHz 
21MHz 
28 MHz 

L2 Length 
128ft 
66ft 5in 
33ft 
22ft 
16ft 3in 

Any combination of LI and L2 can be chosen to cover the 
particular bands required. 

F7FE All Band Dipoles 

A way of connecting and laying out four separate dipoles 
to cover 3-5, 7, 14 and 28MHz has been worked out by 
F7FE. It uses two supporting masts and is fed by a single 
7511 flat twin feeder or coaxial cable. The principle of opera¬ 
tion is that each dipole presents a high value of reactive 
impedance to the feed Jine at frequencies other than those at 
which it is resonant so that, on each band, most of the current 
flows only in the correct dipole. If coaxial cable is used, a 
balun is required. 

Only four dipoles are used because the one cut for 7MHz 
works well on 21 MHz. 

The layout is shown in Fig 12.97 and is more or less self-
explanatory ; each dipole is cut to mid-band using the formula 
468//(MHz). 

The centre insulating plate is made of polystyrene sheet 
and has six holes drilled in it. The top pair take the 28 and 

The Extended Double Zepp 

This aerial system is simple to erect and adjust and gives a 
gain of approximately 3dB over a halfwave dipole, at the 
price of a rather narrow azimuthal beam width. 

The horizontal polar diagram, like that of a full-wave 
dipole, has main lobes which are at 90° to the run of the 
wire. In addition there are four minor lobes at 30° to the 
wire. At twice the frequency or more the pattern becomes 
similar to that of one and two wavelength aerials. 

The system is a type of collinear aerial (see pl2.64). 
The layout is shown diagrammatically in Fig 12.95 and 
comprises the two lengths of wire each 0-64X long, fed in the 
centre with an open wire line. Extension improves the swr 
which is reduced to about 6. 

The table of Fig 12.95 gives the design length for the centre 
of different bands. 

A feeder length of 45ft is again a good compromise and 
the coupling arrangements described for the ordinary Zepp 

Fig 12.96. A two band 3930 ribbon aerial. Dimensions are given in 
the text. 

300 Ohm Ribbon Aerials 

A simple multiband aerial is shown in Fig 12.96 and can 
be fed with 75Í2 flat twin or 75Q coaxial cable. LI acts as a 
halfwave dipole on 7MHz and as three halfwaves on 21 MHz; 
1.2 functions as a halfwave dipole on 14MHz. 

The lengths of LI and L2 can be calculated from the for¬ 
mula 468//(MHz), the answer being in feet. Dimensions for 
LI and L2 are as follows when cut for mid-band operation: 

Fig 12.94. Unbalanced aerial—balanced line. 

A length of 45ft will provide an intermediate impedance 
and work with close or medium spaced taps or series tuning 
on all bands except 21 MHz. At the latter frequency a high 
impedance will be presented by the feeder. Open wire 6000 
line is essential in view of the high vswr. The aerial should be 
made just over one half-wavelength long at the lowest 
frequency, say 67ft for frequencies from 7MHz upwards 
(or 135ft if 3-5MHz is to be included) and adjusted in length 
until the feeder currents are equal at the lowest frequency. 
If the half-wavelength top cannot be erected for the lowest 
frequency band the free wire of the feeder (the one not 
connected directly to the aerial) may be disconnected at the 
transmitter end and the remaining wire plus the aerial used as 
an end-fed arrangement. 

For the parallel coupler, the capacitor should have a 
maximum value of at least lOOpF for operation down to 
3-5MHz, and 25pF if the lowest band is 14MHz. The value 
of the corresponding capacitors in the series coupler is 
approximately one-half of these figures. The inductance 
value required can then be determined from a suitable abac 
relating frequency, L and C. The link coupling coil should 
have approximately one-tenth the turns of the main coil. 

Alternatively the feeder may be adjusted to resonance 
and matched into a non-resonant line in the usual way. 
The length or termination of the balun stub, Fig 12.94, must 
be varied according to the band in use so that it presents a 
high impedance at the aerial. 
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(b) 
Fig 12.97. The F7FE all-band dipole aerial. 

7MHz dipoles, the centre two the 3-5MHz dipole and the 
bottom two take the 14MHz dipole. 

A short length of wire connects all the left-hand quarter-
waves in a similar manner. The 7542 feed is connected to the 
bottom end of these pieces of wire. Many variants of this 
system have been described and there is no reason why it 
should not be applied to an inverted-V dipole system. 

BEAM AERIALS 

Directive or beam aerials may be divided into two main 
classes: physically small beams using closely-spaced elements 
and wide-spaced beams or long-wire systems. The small 
beams can usually, if desired, be built as rotary systems and 
are particularly suitable for general purpose amateur use, 
whereas the larger beams, by virtue of narrow beam widths 
and requirements for large areas of land, find their main 
application in commercial point-to-point circuits. The 
smaller types of rhombic, Vee, and multiple-dipole arrays 
nevertheless play a substantial role in amateur communica¬ 
tion and provide outstanding performance when there is 
sufficient space available combined with a primary interest 
in a small number of fixed directions. 

There are other ways of classifying beams, eg as collinear, 
broadside, end-fire (Fig 12.10) and long-wire, small rotary 
beams being a special case of the end-fire category although 
as explained on pl2.67 there is a radical change in the 
mechanism of beam-formation from additive to subtractive 
as the spacing of an end-fire array is reduced. Each of these 
types can further be subdivided into parasitic and driven 
arrays. 

In broadside and collinear arrays the elements are con¬ 
nected together by phasing lines, so that they are all in one 
phase, but in the end-fire aerials the elements may be all 
connected to give a progressive phase change along the array 
(driven arrays) or there may be one driven dipole together 
with a number of nearly-resonant free parasitic elements 
which modify the local field of the radiator so that a uni¬ 
directional end-fire pattern is produced (parasitic arrays). 
Parasitic reflectors can also be added to broadside and 
collinear arrays to produce a unidirectional beam instead 
of the fore-and-aft pattern of a single row of elements. 
Driven arrays in general use resonant elements inter¬ 
connected by tuned lines and are usually single-band, though 
by using traps or tuned feeders multiband arrangements 
are possible. Arrangement of elements (broadside or col¬ 
linear) at the same height and along a line at right angles to 
the direction of propagation produces a narrow azimuthal 
pattern, whereas if sufficient height is available vertical stack¬ 
ing can be used to reduce high-angle radiation without 
affecting directivity in the horizontal plane, though due to the 
reduction of mean height for a given mast height it may also 
reduce very low-angle radiation. On the other hand end-fire 
systems provide gain by virtue of reduced beam width in both 
horizontal and vertical planes. Simple arrays suitable for 
fixed-direction amateur use include the lazy-H described 
below and the two-element collinear array (which is in fact 
the same thing as a full-wave dipole), preferably with the 
addition of reflectors, directors or both. Two or more close¬ 
spaced beams, if widely spaced from each other, may also be 
connected together to form high gain arrays. 

Long wire aerials as described on pl2.59 can also 
be assembled into arrays such as rhombics and V-beams, 
which, despite the disadvantage of requiring a relatively 
large area of land for a given gain, have many advantages, 
being easier to erect and adjust besides operating into a 
matched line over a wide frequency range without readjust¬ 
ment. Coverage can include as many as four amateur bands, 
though the optimum performance is limited to a 2 : 1 
frequency range. Their patterns are not so well defined as 
those of dipole arrays, a difference very noticeable in recep¬ 
tion, and, like the end-fire arrays, their vertical and azimuthal 
patterns arc determined simultaneously by the height and 
length. Long wire arrays do not normally use reflectors but 
can be made unidirectional by terminating them with match¬ 
ing resistances. 

Collinear and long-wire arrays have the disadvantage of 
producing a rather narrow azimuthal pattern which restricts 
the geographical coverage, a disadvantage in amateur work 
where even a small country like New Zealand may cover 
nearly 90° of bearing, and over near-antipodal distances 
there is no guarantee that signals will follow a great-circle 
path. This disadvantage is however somewhat mitigated in 
the case of rhombic aerials by rather high side-lobe levels 
which often produce good signals in directions other than 
those of the main beam. This in turn is offset by the dis¬ 
advantages that interference may be received from or caused 
in the directions of the sidelobes. 

Broadside Arrays—General 

Fig 12.98 gives a selection of simple broadside arrays 
together with gain and average radiation resistance figures. 
A variety of feed connections are shown, which are inter¬ 
changeable as discussed below, and it is apparent how to 
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Fig 12.98. Four general types of broadside array.(a) Collinear arrays, (b) End-spaced dipoles.(c,d, e) Two-tier Sterba or Barrage arrays.(f) 
Pine tree or Koomans, stacked horizontal A/2 or A dipoles, (g, h) Vertically polarized broadside arrays. Gain figures are with reference to a 
free-space dipole, in terms of spacing or total length in half-wavelengths. Resistance figures are average over the array, and are added in series 
or parallel according to the feed arrangements, as described in the text. Various feed positions are shown, and details are also given in 
the text. The aerial in (c) can be arranged to give a broadside beam over a 2:1 frequency range, eg 14, 21 and 28MHz. In (g, h) two half-

waves in phase (H = A) are reckoned as “one dipole“. 

extend the arrays beyond the number of elements illustrated. 
For all these arrays the azimuth patterns can be estimated 
as a function of the length of the array from Fig 12.99 and, 
in most cases, the broadside vertical patterns as a function of 
height from Fig 12.22. 

In broadside arrays, the elements are all in phase and the 
interconnecting phasing lines or stubs must be adjusted to 
secure this condition. The spacing between elements and 
between the centre of the elements need not be one half-wave 
but can be varied up to about JA, beyond which minor lobes 
in the pattern become too large to ignore. The choice of 
spacing is, however, in practice dependent on the type of 
phasing line used. The position of the feed-point depends 
on the input impedance required, or on requirements for 
multiband operation. A centre feed position should be used 
if possible, especially in long arrays, because power is being 
radiated as the currents travel along the array, and the more 
distant elements may not receive their proper share. Uneven 
power distribution can cause the beam to broaden and 
“squint”. 

Collinear Arrays 

The collinear array is the simplest method of obtaining a 
sharp azimuthal pattern and is simply a row of half-wave 
radiators strung end-to-end. To bring all elements into 
phase it is necessary to provide a phase reversing stub 
between the high voltage ends of each pair, except where this 
position is occupied by the feeder. 

The simplest form of collinear array is the centre-fed 
full-wave or double Zepp with a high impedance tuned line 
feed at the centre, and as we have seen (pl2.62) this can 
be used on other bands; when the total length is only one 
half-wave the impedance is between 60 and 100O, but in the 
full-wave condition it is 5,0000 or more. When the frequency 
is raised to the value giving three half-waves the impedance 
is about 100O, while at two full-waves it is about 3,0000. 
The high impedances can be lowered to between 1,000 and 
2,0000 by using a flat top of twin wires 2—3ft apart, joined in 
parallel, in order to improve the swr or permit the use of 
a 3000 line; this does not alter the low impedance value. 
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Fig 12.99. Horizontal polar diagrams of collinear and similar arrays, 
for one to five A/2 overall length, showing half-power points ( -3dB). 
Without a reflector the patterns are bi-directional. With a reflector 
the patterns are only very slightly sharper, because the forward 
pattern of a dipole and reflector in this plane is very little different 
from that of a dipole. Minor lobes are not shown but should be 
—14dB or lower in a well adjusted array. The pattern of a 1-25A 
dipole is slightly sharper than that of a full-wave dipole, but has 
minor lobes at —10dB level at about 60'. Vertical patterns of 
vertically stacked dipoles are also represented by the upper half of 

the above curves. 

Radiation is broadside for lengths up to about 1-3A. At 
higher frequencies it becomes multi-lobed as shown in 
Fig 12.91(b). 

Tuning and Matching Collinear Arrays 

In order to match a full-wave dipole, a quarter-wave stub 
may be added at the centre and low impedance line connected 
into the end of the stub, or 300 or 6000 line tapped on to the 
stub (Fig 12.61(b)). The array needs tuning when a stub is 
used, and for this purpose the stub is made a little too long 
and a moving short-circuit provided. It may be possible to 
couple a grid dip oscillator into the bottom of the stub to 
find resonance. Approximate dimensions (in feet) are given 
by 470//(MHz) for the radiators and 240// for the stub. 

If a low impedance line is used the stub is left open, the 
line then being connected in place of the short circuit and 
moved along to find the position for minimum swr. Fig 
12.98(b) is a variation in which the two halves are separated 
and is useful because the two equal-length low impedance 
feed lines can be connected in parallel, in or out of phase by 
means of a plug connector in the station, giving broadside or 
full-wave patterns at will. When the gap is A/2 the pattern may 
be found by multiplying the A-patterns of Fig 12.12 by sin 
where is the angle to the wire (see Array Factors). 

Longer arrays may use half-wavelength elements with 
tuning stubs and a feed point either at the centre of one 
element (current maximum) or at a phase reversal point 
(voltage maximum). The impedance at the centre of any ele¬ 
ment rises rapidly with the number of elements but falls 
rapidly at the phase reversal position, the two meeting at 
about 1,2000 which is the characteristic impedance of a 
typical aerial. These longer aerials should be tuned up 
section by section as described above, the total length of 

wire in feet between centres of shorting bars being 950/f 
(MHz). 

Horizontal Broadside Arrays 

These aerials, consisting of two horizontal arrays one 
above the other, give more gain than single arrays for 
the same width provided the height of the lowest dipole is not 
less than about half the height of the upper one. At low wave 
angles their azimuthal patterns are the same as for collinear 
arrays, but with A/2 spacing the vertical pattern has only one 
main lobe whatever the height. In planning broadside 
arrays it is important to realize that at angles well below 
the main lobe of the upper dipole the lower element produces 
less field-strength than the upper one by an amount which, 
assuming flat ground, is proportional to the ratio of the 
heights. If therefore it receives an equal share of the power, 
the field-strength will be less than if the upper unit is used 
alone unless the above “half-height” rule is enforced. The 
benefit from the lower element is therefore unlikely to be 
appreciable, except at fairly high angles, unless the height 
of the lower element is at least A/2, and decreases very 
rapidly with spacing between the elements, being only IdB 
for A/4 spacing even at the most favourable height. 

Three Band Array 

The simple array using two half-wave dipoles cut for the 
lowest frequency (Fig 12.98(c)) can be used as a broadside 
array over a 2 : 1 frequency band—eg 14, 21 and 28MHz. 
For this purpose the vertical spacing at the lowest frequency 
should be at least three-eighths wavelength. The phasing 
line should be 6000 (not crossed) with the feed point at its 
centre. The swr on 6000 main feeder will be between 6 and 
10 and cannot easily be improved. There is nothing critical 
about any dimensions on this aerial. Methods of matching it 
to a line on any one frequency are considered later in this 
section. 

Lazy-H 

When the above array is one wavelength long it is called a 
lazy-H, the effective gain then being about 2dB higher. With 
the phasing line connected as in Fig 12.98(d) it must be 
electrically a half-wavelength long and crossed to restore 
phase. The impedance across the bottom end of the phasing 
line is then of the order of 3,0000 and a A/4 stub transformer 
using 5000 line provides a good match to a low impedance 
twin feeder for single band operation. On the other hand, 
if it is connected as in Fig 12.100 with a centre tap feed, 

Fig 12.100. A lazy H array for 14, 21 and 28MHz. The dimensions 
given are a minimum for useful low-angle gain at the lowest fre¬ 

quency over flat ground. 
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Fig 12.101. Bi-square aerial. Length of wire each side of the feedpoint 
is given by 960/f feet where f is the frequency in megahertz. 

there is no need to cross the line as the two branches are 
always in phase. In this case, if 5 = A/2, the 6OOÍ2 line 
connecting the dipoles becomes a pair of A/4 transformers 
which reduce the feed-point resistance to around 7OÍ2 so that 
for single-band operation a low impedance feeder can be 
used without additional transformation. 

When a A/2 broadside array for 14MHz, Fig 12.98(c), is 
used on 28MHz it becomes a lazy-H on the higher frequency 
and the gain is appropriately increased, ie from a matter of 
2-4dB at 14MHz for the spacings suggested in Fig 12.100 to 
6dB at 28MHz with an intermediate value at 21 MHz. If the 
recommended spacings are not realizable, eg if the spacing is 
reduced to 15ft and the height of the lower element to 30ft, 
the array approximates to a single dipole at 37ft on 14MHz 
but the arrangement may still be considered worthwhile 
since most of the gain on 28MHz is retained. 

The Bi-Square Aerial 

A development of the lazy-H known as the bi-square, 
Fig 12.101, is particularly attractive as it can be supported 
from a single pole, although the gain is somewhat less than 
that of the original. Two can be mounted at right angles and 
switched to provide omnidirectional coverage, the aerial wires 
in this case acting also in part as guy wires. The radiation 
resistance is 300Q so that it can be fed with either 300 or 
600H line. The gain usually claimed is 4dB, but the radiation 
resistance in fact implies a gain of 3dB which is also the 
figure to be expected by extrapolation from the gain curves 
of Fig 12.98, taking into account the rather close spacing of 
the elements. The gain may be increased by a reflector or 
director, though problems then arise if it is desired to 
suspend two beams from the same pole. The gain, like the 
figures quoted for the lazy-H and other broadside arrays, is 
relative to a dipole at the same mean height, not the height 
of the top element; thus for a frequency of 14MHz and a 
pole height of 75ft, the mean height will be 52ft, compared 
with about 69ft (effective) for an inverted-V dipole mounted 
on the same pole, and for radiation angles below about 10’ 

the bi-square will have a net gain reduced in the (voltage) 
ratio 69/52, ie to 0-5dB, but this is clearly worth having 
since it costs nothing, the bi-square being as easy to erect 
and easier to feed; these remarks relate however to single¬ 
band operation, the above example providing somewhat 
unpredictable results on 21 MHz and very little low-angle 
radiation on 28MHz. Like the 14MHz inverted V, if used on 
7MHz it will have a radiation resistance of only a few ohms 
but unlike the V it acts only as a high-angle radiator. 

This array like many other high frequency beams can be 
excited as a very efficient vertical radiator on the low 
frequency bands if the feed point is accessible or the feeder 
is brought down to, say, an accessible point near the base of 
the mast, where it can be short-circuited and energized via an 
appropriate atu with suitable provision for band-switching. 

Sterba Curtain 

Longer broadside arrays have, of course, sharper patterns 
and greater gain, generally up to 4dB more than a collinear 
array of the same length. A six-element array with series feed 
(Fig 12.98(e)) has effectively the input impedance of six 
dipoles in series, say 5OOÍ2, while an eight-element array fed 
at the base of the centre phasing line would resemble four full¬ 
wave centre fed aerials in parallel, about 800Q. In either 
case, the vswr on a 6OOÍ2 line would be low enough without 
extra matching. The element length (feet) should be about 
470//(MHz) and the phasing line on these larger aerials may 
be 600Q open wire or 3OO£2 ribbon of resonant length. 

Phasing Lines 

When the phasing lines are part of a series connection (eg 
Figs 12.98(d) and (e)) they must be electrically one or more 
complete half-wavelengths long. When the length is A/2 they 
must be transposed to offset the phase reversal due to the 
wave travelling along the length of line, but if they are one 
wavelength long the phase is restored and the lines are not 
crossed. However, if the feeder is tapped into the middle of 
the phasing line as in Fig 12.98(c) the current divides in 
phase regardless of its length and no cross-over is needed in 
that phasing line. 

The velocity factor of open wire lines is nearly unity and 
the length factor for a half-wave is 0-48-0-49A; thus it is 
usually necessary to space the upper and lower rows by 
A/2 in order to achieve a practical construction. When 3OOÍ2 
ribbon is used advantage can be taken of its velocity factor of 
0-8 and the aerials spaced vertically by a three-eighths wave 
with an electrical half-wave of ribbon (365//) or a three-
quarter wave with a full-wave of ribbon. On the other hand 
3000 ribbon is not so good for small arrays because in such 
applications it carries a high swr. The greater spacing gives 
about twice as much effective stacking gain for the same 
mean height. 

Broadside Verticals and Stacks 

Vertical patterns of these arrays are given in Fig 12.22 and 
horizontal patterns for two elements in Fig 12.12. The 
patterns are broader than those of the equivalent collinear 
arrays. The impedance of the individual dipoles has an 
average value of about 6012. 

The stack of horizontal dipoles is really the same aerial 
rotated. Its azimuth pattern is that of a single horizontal 
element; the vertical pattern is not illustrated, but improves 
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Fig 12.102. Low-angle aerial for 
7MHz. The height is not critical. 
The reflector and director are 
tunable by adjusting the length of 
verticals or of the lower hori¬ 
zontal wires. All dimensions 

approximate. 

relative to that given in Fig 12.22(e) as the number of elements 
increases. In these arrays advantage can be taken of the 
velocity factor of 80Ü line (0 67) or 3OOÍ2 lines (0-8) to make 
the phasing lines one wavelength long (uncrossed) and in¬ 
crease the spacing of the elements to JA or J A, but the 
80Q line should not be used with full-wave dipoles because 
of the high vswr which would result. 

End-fire Arrays 

The vertical broadside array. Fig 12.98(g), may be con¬ 
verted into an end-fire array by reversal of alternate feeder 
connections so that aerials A/2 apart are excited in opposite 
phases. Due to the space separation between the elements, 
their fields then add up in phase along the line of the array 
instead of broadside to it. This has the valuable feature of 
allowing the beam to be rotated 90° by a simple switching 
operation although, if there are many elements, the beams 
will be too sharp to provide all-round coverage without 
elaborate phase-shift networks. The end-fire connection 
offers the important advantage of broader azimuthal 
coverage enabling the beam to be used for communication 
with much larger geographical areas, and it also allows the 
beam to be mounted horizontally though it cannot then be 
switched back to operate in the broadside mode. The gain 
of a horizontal end-fire array is virtually identical with that of 
a vertical broadside array but the vertical end-fire array with 
A/2 spacing has considerably less gain, by about one-third 
for up to four elements; the same gain as before may be 
obtained from a given length, but only by reducing the spac¬ 
ing to 3A/8 or less, ie increasing the number of elements. 

When the spacing is less than A/2 the phase shift between 
elements must also be reduced and this has the advantage of 
producing a unidirectional pattern but, being no longer a 
simple matter of phase reversal, gives rise to practical 
difficulties. The simplest way out of this problem is to use 
parasitic excitation of the radiators, this arrangement being 
known as a Yagi after one of its inventors. These can be 
made small enough to enable them to be supported from a 
single mast and rotated to produce some 5-6dB of gain in 
any desired direction. 

Fig 12.102 is an example of a wide-spaced Yagi array for 
7MHz which exploits the fact that vertical elements produce, 
albeit very inefficiently, some intrinsic low-angle radiation 
even when mounted at very low heights. Use of horizontal 
supporting wires to provide capacitive end-loading maintains 

the radiation resistance at a manageable value despite the 
use of very short radiators and leads to a simple construction 
which does not require tall supports. Any number of ele¬ 
ments can be assembled on these lines depending on the 
space available, and for 5° radiation angle eight such ele¬ 
ments mounted over average ground could be expected to 
give about the same performance as a 2-element beam at a 
height of 60-80ft. The space requirement for this number of 
elements would be about 0-25 acre, and the pole height about 
30—35ft. Vertical arrays are not recommended for higher 
frequencies unless height is very restricted, less than 30ft, 
say, or unless the location is such that ground-reflection 
takes place from the surface of the sea. 

LONG WIRE BEAM AERIALS 

The V Beam Aerial 

A long wire aerial two wavelengths long has a lobe of 
maximum radiation at an angle of 36° to the wire. If two 
such aerials are erected horizontally in the form of a V with 
an included angle of 72°, and if the phasing between them is 
correct, the two pairs of lobes will add fore and aft along 
a line in the plane of the aerial and bisecting the V. Remaining 
lobes do not act in this way and so this provides what is 
essentially a bi-directional beam, although minor lobes 
will occur away from the main beam. 

Fig 12.103 illustrates the principle. If the waves on the 
wires were visible, they would be seen to flow in the directions 
of the arrows, to appear in phase from the front of the array; 
hence an anti-phase excitation is necessary, eg a balanced 
feed-line at the apex. 

The directivity and gain of V-beams depend on the length 
of the legs and the angle at the apex of the V. The correct 
choice of this angle also depends on the length of the legs 
which are likely to be the limiting factor in most amateur 
installations, and this is the first point to be considered in 
designing a V-beam. 

The correct angle and the gain to be expected in the most 
favourable direction is given in Table 12.5. 

The horizontal polar diagram varies with the leg length 
and is virtually bi-directional along a line bisecting the apex. 
The shorter lengths show quite a broad lobe which becomes 
rapidly narrower as the number of wavelengths in each 
leg is increased. 

The layout of a typical V-beam is shown in Fig 12.103(b). 

12.67 



RSGB—RADIO COMMUNICATION HANDBOOK 

Fig 12.103. The V-beam aerial derived from two long wires at an 
acute angle A. Addition of resistors as shown in (b) results in a 

undirectional pattern. 

Probably the best way of feeding a V-beam is by the use 
of tuned feeders as the impedance is high. If a V-beam is 
designed for a particular frequency it can then be used 
successfully at higher frequencies. 

This aerial is too large for use by the majority of amateurs 
but where space is available it is attractive in view of its 
simplicity. Its other main limitation is the narrowness of the 
main lobes which restricts all round coverage unless a 
sufficient number can be erected to cover all the main land 
masses. 

The V can be made unidirectional if it is terminated, for 
example, with the artificial earth described in connection 
with Fig 12.92. A suitable value of resistor would be 500Í1 
for each leg. The input impedance, in the resonant condition, 
may rise to 2,0000 in a short V but will be between 800 and 
1,0000 in a longer or terminated aerial and thus 6000 feed 
lines can be used. Alternatively a non-terminated V can be 
driven like the balanced Windom shown in Fig 12.88(b). 

The Rhombic 

Early difficulties of terminating a wire high in the air led 
to the development of the rhombic aerial in which a second 
V is added, so that the ends can be brought together. The 
same lobe addition principle is used but there is an addi¬ 
tional complication, because the lobes from the front and 
rear halves must also add in phase at the required elevation 

TABLE 12.5 
V beam aerials 

angle. This introduces an extra degree of control in the design 
so that considerable variation of pattern can be obtained by 
choosing various apex angles and heights above ground. 

The rhombic aerial gives an increased gain but takes up 
a lot of room and requires an extra support. There are two 
forms of the rhombic; the resonant rhombic which exhibits a 
bi-directional pattern and the terminated rhombic which is 
non-resonant and unidirectional. The terminating resistance 
absorbs noise and interference coming from the back 
direction as well as transmitter power which would other¬ 
wise be radiated backwards; this means that it improves sig-
nal-to-noise ratio by up to 3dB without affecting signals 
transmitted in the wanted direction. 

The layouts of the two forms are shown in Fig 12.104. 
It will be evident that the resonant rhombic can be 

considered as two acute angle V-beams placed end on to 
each other. An advantage of the rhombic over a V is that it 
gives about l-2dB greater gain for the same total wire 
length, and its directional pattern is less dependent on 
frequency. It also requires less space and is easier to 
terminate. 

The use of tuned feeders enables the rhombic, like the 
V-beam, to be used on several amateur bands. 

The non-resonant rhombic differs from the resonant type 
in being terminated at the far end by a non-inductive resistor 
comparable in value with the characteristic impedance, 
the optimum value being influenced by energy loss through 

Fig 12.104. Terminated and unterminated rhombic aerials. 
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Fig 12.105. The basic W8JK flat-top array. The antiphase currents in 
the elements cancel any vertical radiation and reinforce in the plane 

of the array. 

radiation as the wave travels outwards. An average termina¬ 
tion will have a value of approximately 800Û. It is essential 
that the terminating resistor be as near a pure resistance 
as possible, ie without inductance or capacitance and this 
rules out the use of wire wound resistors. The power rating 
of the terminating resistor should not be less than one 
third of the mean power input to the aerial. For medium 
powers suitable loads can be assembled from series or 
parallel combinations of say, 5W carbon resistors. Higher 
power loads may be constructed from a number of Morgan¬ 
ite Type 702 resistors. 

The terminating resistor may be mounted at the extreme 
ends of the rhombic at the top of the supporting mast or an 
open line of 8000 can be brought down from the top and the 
resistor connected across this at near ground level. The 
impedance at the feed point of a terminated rhombic is 700-
800Q and a suitable feeder to match this can be made up of 
16swg wire spaced 12in apart. Heavier gauge wire will need 
somewhat wider spacing, which can be determined by extra¬ 
polation from the curves of Fig 12.28. 

The design of the rhombic aerials can be based on Table 
12.5 considering them to be two V-beams joined at the free 
ends. These figures will give a wave angle of the main lobe 
of approximately 15° in all cases, when the aerial height is one 
wavelength. 

The design of V and rhombic aerials is quite flexible and 
both types will work over a 2 : 1 frequency range or even 
more, provided the legs are at least 2A at the lowest frequency. 
For such wideband use the angle is chosen to suit the 
length L at the mid-range frequency. Generally the beam¬ 
width and wave angle increase at the lower frequency and 
decrease at the upper frequency, even though the apex 
angle is not quite optimum over the whole range. In general 
leg-lengths exceeding 6A should not be used because the beam 
is then too narrow to cater for random variations in the 
direction of propagation which does not always stick pre¬ 
cisely to the great circle or a particular angle of elevation. The 
vertical radiation pattern of rhombic aerials is modified by 
the presence of the ground in exactly the same way as that of 
other horizontal arrays and for maximum very low angle 
radiation the height should be as great as possible. 

A comparison with the figures given for tuned arrays in 
Fig 12.98 will show that, for the same total length of radiator, 
V and rhombic aerials give somewhat lower gain, but 
against this must be set the simplicity of construction, wide¬ 
band properties and ease of feeding. They are applicable to 
amateur communication primarily in those situations where 
there is special interest in a particular geographical area 

extending over not more than 10-20° on a great circle map, 
and where there is room to accommodate not less than 2A 
per leg at the lowest frequency which provides a gain of 
8-10dB on three bands, compared with 5-6dB for, say, a 
tri-band rotary beam of considerably greater complexity. 
The gain increases in proportion to leg length and the cover¬ 
age angle decreases roughly as the inverse square root of the 
leg length. 

SMALL ARRAYS—DRIVEN 

"Flat Top” or W8JK End-fire Array 

These aerials use two anti-phase radiators side by side 
(Fig 12.105) and the theory has been explained on 
p 12.11. Briefly in any given direction 6 the fields produced do 
not quite cancel because the distance from the two elements 

is slightly different, by an amount proportional to and also 

to cos 6. The radiation pattern is therefore similar to that of a 
dipole multiplied by cos 6 in both planes. From this there 
arises a theoretical gain of 4dB but unfortunately the extent 
to which cancellation takes place is quite impressive and a 
gain of 4dB representing as it does the difference between 
two large quantities implies very large circulating currents. 
This translates into a radiation resistance of only 8-5Í2 per 
element or just over 4Q for the two in parallel assuming A/8 
spacing. Values for other spacings and for full-wave elements 
will be found in Table 12.6. The high currents in turn imply 
high voltages and consequent losses in insulators and in the 
surroundings generally so that the theoretical gain is never 
reached. It has been claimed that gains up to 3-5dB can be 
obtained with suitable precautions which should include a 
somewhat larger spacing (say 0-15-O-2OA), use of heavy gauge 
conductors, avoiding insulators as far as possible except near 
voltage nodes (though use of four end-insulators is unavoid¬ 
able unless self-supporting elements are used), mounting 
in the open away from houses and trees, and using an open¬ 
wire matching stub as close as possible to the aerial so that 
high currents are confined to the elements themselves and 
the minimum amount of additional conductor necessary 
for matching. The use of resonant feeders for multiband 
operation, though attractive in principle, is therefore not 
possible without large losses unless the feeder length can be 
kept very short or the beam dimensions increased. The 
position may be eased considerably by use of folded dipole 
elements, accepting some restriction of multiband capabili¬ 
ties, though two-band 14/21 or 21/28MHz operation is 

TABLE 12.6 
Impedance values for W8JK aerials 

Spacing 
S(A) 

L = A/2 

Rd Re 

0 1 
0 15 
0 2 
0 25 
0 3 
0-4 
0 5 

6 
12 
20 
33 
46 
64 
85 

40,000 
20,000 
12,000 
7,500 
5,500 
4,000 
3,000 

Rd Re 

10 I 50,000 
20 25,000 
30 16,000 
50 10,000 
65 8,000 
100 1 5,000 
125 I 4,000 

Approximate theoretical impedances in ohms at two points of a W8JK 
array. Rd is the impedance at the centre of any A/2 element and Re the 
impedance to earth of any free end. Figures are based on an aerial character¬ 
istic impedance of 700Q. For typical wire elements Re will be roughly 
doubled. 
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Fig 12.106. Single and double section W8JK arrays using centre and 
end feeding. Dimensions are not critical. 

feasible. For single band operation the element lengths may 
be anywhere between about 0-5A and 1-25A, and are therefore 
not critical; shorter lengths involve even lower radiation 
resistances, whereas the longer length corresponds to the 
extended double-zepp giving higher gain and increased 
radiation resistance. Even longer lengths, or harmonic 
operation of the longer length, are feasible subject to the 
acceptability of long-wire type radiation patterns. Radiation 
resistance increases nearly as the square of the spacing which 
may be increased to 0-25A, accepting about 0-5dB drop in 
theoretical gain. At 0-5A spacing the 8JK becomes a wide¬ 
spaced end-fire array with 2-5dB gain and a feed point 
impedance in the region of 2.400Q for full-wave elements. 

A flat top beam comprising two half-wave dipoles spaced 
015 to 0-2A at 14MHz on the lines of Fig 12.106 can be used 
as a full-wave array on 28MHz, where spacing would 
become 0-3 to 0-4A, and although the vswr will be rather 
large on the lower frequency bands the aerial will also per¬ 
form as a beam on 21 MHz. 

Fig 12.107. A practical single section W8JK design. The phasing lines 
can be made from 3OOÍ2 flat twin polythene cable if allowance is 
made for the velocity factor. Dimensions are given in Table 12.7. 

Table 12.6 gives centre- and end-impedances for half- and 
full-wave arrays; it will be seen that with spacing less than 
0-2A power loss can easily occur, due to large currents in the 
wire and high voltages across the insulators, and matching to 
a line may be difficult. One way to deal with the extreme 
impedances is to reduce them by folding the radiators two or 
three times. This multiplies the low centre impedance by four 
or nine, and reduces the high impedance by the same factor. 
The two branch feed lines can then be used as quarter-wave 
transformers using suitable cable to achieve the required feed 
point impedance. Alternative methods of matching such as 
the use of transformers at the aerial end of the line are 
likely to prove difficult due to the high vswr. 

A simple practical design for single band single section 
arrays is shown in Fig 12.107 and Table 12.7. This utilizes 
300Q twin wire line for the phasing sections. By taking advan¬ 
tage of the impedance step-up provided by three-wire folded 
radiators, the array is arranged to present an acceptable 
match to a main feeder also made of 300Í1 flat twin. 

Phased Arrays 

As explained on p!2.11 an approximation to the per¬ 
formances of all close-spaced two-element beams may be 
derived by taking the 8JK as a starting point and assuming a 
phase-shift between the elements comparable with that 
corresponding to their spatial separation. Such phased 
arrays may be realized in practice by driving both elements, 
or one element only with parasitic excitation of the other. 
First the driven versions will be considered, and Fig 12.108 
shows how a generator may be connected to two equal 
resistances so that a phase-shift is introduced without 
disturbing the equality of the currents. The impedance of the 
two arms is of equal magnitude, therefore the currents are 
equal, but the phases are shifted in opposite directions, each 
by an angle given by tan = X/R. For small phase shifts 
</> (in radians) is equal to X/R. In the case of a close spaced 
beam the situation is in general greatly complicated by the 
mutual coupling but for the relatively simple case of A/8 
spacing the mutual coupling is a pure resistance Rm and 

y 
the phase shift for each element is given by —— if the dl-

K ~r Rm 

poles are connected in opposition, ie "8JK fashion”, and 

--— if they are connected in parallel without phase-
R Rm 

reversal, ie if to get the required nearly-antiphase condition 
we start from an in-phase connection. R is the intrinsic 
radiation resistance of each dipole considered in isolation. 
These formulae demonstrate the need to use the antiphase 
condition, adjustments being more critical in the ratio 
(R + Rm)/(R — Rm) or about 15 times if the in-phase 
connection is used. Fig 12.15 on p!2.12 shows the relation 
between phase-shift, gain, radiation resistance and nominal 
back-to-front ratio and we may decide from this to aim for 

TABLE 12.7 

Frequency st I SI 
L1

L2, L3» 

71 MHz 
I 142MHz 

21 -2MHz 
282MHz 

20ft 9in ¡ 14in 
10ft 4in 12in 
6ft 4in 12in 
5ft 2in J 9in 

65ft 10in 
i 32ft 11 in 
I 22ft 
J 16ft 7in 

27ft 7in I 
13ft 9in 
9ft 3in 
6ft 11 in 

•For air-spaced line. If flat polythene 300Q twin is used, these lengths 
must be multiplied by 0-82 (velocity factor). 
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Fig 12.108. The ± X method of phasing. Total phase shift ó is given by 
tan (</>/2) X/R or approximately by 2X/R radians if this is 
less than unity. For parallel A/2 dipoles spaced A/8 and fed out of 
phase, R 137-5Q, the mutual resistance being added to the radiation 
resistance. (In-phase connection is unusable because the resistances 
are then subtracted and X becomes too critical). Note that the 

currents are equal only if the reactances are equal. 

example at a phase angle of 151 , ie starting from the 8JK, 
14J degrees or 0-2 radian each side. Therefore, X 0-2 
(73 + 64) 27-4Í2 which from the formula on pl2.26 is 
equal to the reactance of 6in of open wire line at 14MHz. 
In other words to obtain the required phase-shift we must 
first make sure the system consisting of the two resonators 
and the feeder between them is exactly resonant, and then 
shift the feed point 6in only off-centre which subtracts the 
required reactance from one side and adds it to the other. 

There are many types of driven array which use a phasing 
line, or unequal feeder lengths, to obtain the required phase¬ 
shift, and are based on the assumption that phase-shift is 
equal to the length of line expressed in electrical degrees. 
The method described above is in fact identical with the 
phasing-line method with the addition of a rigorous proce¬ 
dure for determining the correct length and position of 
phasing line, which turns out for the particular example 
chosen to be 1ft. For 45° phase-shift this becomes 18in 
instead of the usual 8ft, and must also be disposed sym¬ 
metrically with respect to resonance. Phase-shift is in fact 
equal to line length only in the special case of perfect match¬ 
ing at the aerial and matching of course depends in turn on 
the phase-shift, so that any adjustment of one requires 
readjustment of the other. To account for the frequent 
success of phasing-line methods. Fig 12.15 shows the critical 
dependence of radiation resistance on phasing which could 
therefore be used primarily as a matching adjustment; 
element currents will then be equal, there will be a phase¬ 
shift, and therefore some gain and front-to-back ratio. By 
using folded-dipole elements the situation is greatly improved 
and with the aid of Fig 12.15 it can be shown that use of an 
8ft phasing line, compared with the new correct value of 6ft, 
produces a loss of only 0-7dB in forward gain and the front-
to-back ratio remains quite high ( 17dB) despite an swr of 4. 
The situation may be further improved by using low-
impedance line as in some well-known arrangements, 
though ideally a Tee or gamma match (pl2.36) should 
be used particularly if it is desired to work at the point of 
maximum gain. The plus and minus X method in conjunction 
with resonant feed-lines permits simple and precise adjust¬ 
ment at any one frequency from ground level, or even in the 
shack, and also allows multiband operation but, like other 
resonant multiband feeder systems, has the disadvantage of 
being frequency-sensitive; however acceptable band-coverage 
can be obtained on 14/21 MHz or 21/28 MHz using folded-
dipole elements designed for 14 and 21 MHz respectively 
provided the feeder length does not greatly exceed A/2 at the 
lowest frequency. Three-band coverage is feasible using 
single-wire 14MHz dipoles or 21 MHz dipoles (single-wire 
or folded) but these designs are compromises involving 
bandwidth restriction or excessive spacing with some 
reduction in gain, or both. 

There appears to be no reason to maximize the “nominal” 
back-to-front ratio, since this does not give the best average 
discrimination against unwanted signals, taking into account 
all directions, and it is better to operate closer to the condi¬ 
tion for maximum gain; on the other hand larger phase¬ 
shifts produce greater bandwidth, sometimes assist matching, 
and are helpful in the design of miniature beams. 

Simple Phased Arrays 

The + X method of phasing has been applied in a number 
of different ways to quad and dipole elements, including the 
Swiss quad (sec below) which uses loops of slightly different 
sizes. The simplest arrangement is almost identical in 
appearance with the 8JK, Fig 12.105, the resonance require¬ 
ment being met by shortening the elements to 27ft 6in with 
8ft 4in spacing. The shortening of the elements unfortunately 
almost halves the radiation resistance, making it advisable to 
operate with phase-shifts well in excess of those required 
for maximum gain, optimum results being obtained with 
the main feeder displaced from the centre of the system 
by about 4 jin in the required direction-of-fire, corresponding 
to about 135 phasing. A capacitance of 168pF bridged 
across the 6000 line at 2ft from the feedpoint acts as a 
suitable “matching stub" but an swr of at least three must 
be expected at band edges, narrow bandwidth being of course 
a disadvantage of all centre-loaded short-dipole systems. 
If the aerial is not correctly resonated, displacing the feed¬ 
point causes more current to flow to the shortened (capaci¬ 
tive) side if the overall length of the elements and connecting 
feeder is too great, and the longer (inductive)side if the length 
is too short. This can be checked with any suitable current 
meter (eg that of Fig 12.78), thus providing a simple tuning 
indication. 

Other versions use elements of standard length each fed 
with a half-wavelength of resonant feeder, the feeders being 
connected in parallel antiphase. For 14MHz the elements 
may be folded dipoles spaced about 9ft and fed by connecting 
a 500 line (balun essential if using coaxial cable) to points 
about 2ft either side of centre, permitting beam reversal by 
means of a switch or relay. For operation on 21 MHz the 
feeders require shortening by 4ft in the case of 6in spacing 
between the wires of the dipoles, or 3ft 6in with the dipoles 
"opened out" to an average spacing of 3ft. The same feeder 
can be used, connected 14in off-centre. Shortening may be 
carried out electrically by series tuning with two centrally-
located capacitors of 2O-25pF, and in this case it has been 
found possible to obtain points for feeder connection which 
are a reasonable compromise for both bands although the 
beam now fires in the opposite direction on 21 MHz because 
the physically longer side has become electrically shorter. 
Many variations on this theme are possible. 

Phasing-line Systems 

Examples of phasing-line systems include the “ZL 
Special” (Fig 12.109) and arrangements such as the “G8PO” 
in which separate feeders of equal length are brought down 
to a phasing-line and beam-reversing switch as in Fig 12.110. 
If the spacing is A/8 and the matching arrangements at the 
aerial end of the feeder are such that a match is obtained for a 
satisfactory phase angle as indicated by Fig 12.15, then a 
phasing line of the appropriate electrical length will serve to 
establish this operating point. If not, there will, as discussed 
above, be at least some degree of current inequality unless 
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Notes: VF for open wire 0 95. 
VF for 300Q feeder 0-85. 
C dimensions given for 300Q feeder. 

Fig 12.109. The ZL Special. Reversal of direction can be obtained 
either by feeding at the opposite dipole or by physical rotation of 

the aerial about a horizontal axis. 

the line lengths are disposed symmetrically either side of 
resonance, ie unless the feeder plus half the phasing line adds 
up to a resonant length, but so long as this symmetry is 
maintained it is possible to obtain any desired phase-shift 
combined with current equality by adjusting the line length. 
There may now however be a large swr in each feeder, and, 
although the extra loss due to this may be negligible, possi¬ 
bilities of overheating and voltage breakdown could arise 
at high power levels. 

These procedures are strictly valid only for spacings of 
A/8 or just over since the presence of a reactive term in the 
mutual impedance leads to interdependence of phase-shift 
and the effective resonant length of the elements. This does 
not mean that other spacings are unusable, but they may 
involve slightly more trial, error and patience for the achieve¬ 
ment of optimum results. 

Constructional details for one version of the “ZL Special” 
are illustrated in Fig 12.109. The dimensions apply to 300Q 
line but open wire line may also be used. Various sources 
quote widely differing figures for the dimensions and per¬ 
formance, but as the phasing line is inherently mismatched 
and the reactances asymmetrical the behaviour is not readily 
amenable to calculation. 

There seems no doubt that good results can be obtained 
from this system, but comparison of published designs 
suggests that a good deal of trial and error, such as varying 
the lengths of the elements separately, may be involved. 
The usual aim is to obtain a phase-shift of 135° with A/8 
spacing but if achieved, this is likely to give inferior per¬ 
formance to that of a parasitic beam, as will be appreciated 

Fig 12.110. Driven beam with phasing lines. If feeders are perfectly 
matched ab, de can be any length and phase-shift is equal to the 
electrical length of the phasing line. Mismatched feeders, eg open¬ 
wire line, may be used but feeder length is then critical and the 
length of the phasing line may be greatly reduced. Elements are 
connected in antiphase, in-phase operation (which reverses the 

beam direction) being permissible with matched feeders only. 

from the above discussion and Figs 12.15, 12.17, and 12.18. 
On the other hand, it appears that errors in the adjustment 
of driven arrays may be to some extent self-compensating. 

PARASITIC ARRAYS 

The broadside arrays of an earlier section (ppl2.64 
to 12.66) radiate equally fore and aft. In order to make 
them unidirectional, reflectors are often added at a distance 
of A/4 behind each dipole of the array, and this has the further 
advantage of increasing the gain by 3dB. The reflector may 
be driven but, as discussed above in the context of phased 
arrays, there are problems in adjusting arrays with 
driven reflectors so that the currents are equal in amplitude 
but different in phase, because one effect of the reactive 
part of the mutual impedance (p!2.6) is to produce 
unequal reactances and radiation resistances in aerial and 
reflector. This difficulty can be overcome for example by 
using the method, pl2.70, but it is often simpler 
and equally effective (apart from some sacrifice of back-to-
front ratio), to use a parasitic reflector, which picks up some 
of the power of the driven dipole and re-radiates it in the 
required phase. 

From the discussion of phased, driven arrays, ppl2.70 
and 12.71, it might be thought that improved results could 
be obtained by closer spacing but this is not normal practice 
with large arrays, and taking due account of stacking require¬ 
ments (pl2.16) and the more critical design considera¬ 
tions which arise with close-spacing (as also with large 
numbers of elements) this course is not recommended. 

Additional gain and improved front-to-back ratio may be 
obtained by the addition of parasitic directors, but these are 
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not normally used alone since owing to the inductive 
component of the mutual impedance as discussed on 
pl2.6 they are relatively ineffective at wide spacings, and 
close spacing is inadvisable as discussed above. 
Adjustments are made sometimes for best nominal front-

to-back ratio and sometimes for maximum forward gain. 
Referring again to Fig 12.15 the first condition tends to give 
slightly less gain but higher radiation resistance which may 
be desirable to preserve bandwidth. It is however important 
to realize that maximum gain by definition implies minimum 
interference if, as is true for the average case, interference 
is no more likely to be coming from one direction than 
another. This follows from the fact that maximum gain is 
obtainable only by achieving the maximum concentration 
in one direction at the expense of the average of all other 
directions. To select one particular direction which happens 
to be at — 180 ’ and adjust for minimum interference from 
that one direction, neglecting the possibility that this could 
increase the signals picked up from or radiated in other 
unwanted directions is, to say the least, devoid of logic; on 
the other hand it is easier to adjust for a minimum than a 
maximum and it is evident from Figs 12.17 and 12.18 that if 
this course is adopted, the signal chosen should be on a 
bearing in the region of — 120“ to —150°. 

A field strength indicator may help in the adjustment of 
these arrays, but this does not always give the best result, 
because the local field of any aerial is different from the 
distant field, especially near the ground. If a field strength 
meter is used it should be connected to a short dipole, set up 
parallel to the array, as far away as possible and preferably 
at the same height. The greater the gain of the array, the 
greater the distance at which the field strength meter must be 
placed. With small beams (5-6dB gain) field-strength 
indicators at a distance of A and the same height as the beam, 
or at more or less any height if the distance exceeds about 2A, 
have been found to give an indication of optimum perfor¬ 
mance in fair agreement with reports from distant stations. 
Particular sources of error observed in such measurements 
have included the use of too short a dipole for the field 
strength meter, so that the harmonic sensitivity is many times 
greater than the fundamental sensitivity, and pick-up on 
insufficiently-filtered leads used for wiring the meter back to 
the point where the adjustments arc being made. Polarization 
of the field strength measuring aerial must be correct, meters 
with short vertical rod aerials being useless for measurements 
on horizontal aerials. An important point is that the impe¬ 
dance of the driven aerial changes when the parasitic element 
is tuned, so that the power drawn from the transmitter also 
varies with this tuning. Thus, unless a power-flow monitor, 
not an ammeter but a reflectometer, is used the optimum 
aerial gain adjustment may not be obtained. 

Two-Element Arrays 

Two-element aerials with close-spaced elements can be 
constructed in fixed or rotating form for 14MHz and higher 
frequencies, and as suspended wire aerials for 7MHz. 
Rotating arrays are usually made of rigid metal tubing. When 
the array is fixed, for example supported between spreaders, 
good insulation should be used at the ends of the wires as the 
voltages there are relatively high, and serious loss can there¬ 
fore easily occur. Polythene cord is inexpensive and has been 
found excellent for this purpose. In the case of fixed arrays, 
it is convenient to be able to reverse direction, and in 
principle this may be arranged by changing the parasitic 

TABLE 12 8 
Properties of two-element parasitic arrays 

Spacing Reflector Director 

•M 
X 
(Ü) 

Gain 
(dB) 

F B 
(dB) 

Ri 
(íi) 

X 
(O) 

Gain 
(dB) 

F B 
(dB) 

Rd 
(O) 

' 0-05A 

0-1A 

0-15A 

+ 30 
+ 50 
+ 20 
+ 50 

5 
4 
5 
4 

6 
10 
6 

10

16 
26 
35 
50 

-10 
+ 10 

US 

= 

4-4 
52 
5 2 
42 

20 
6 6 
7-8 

17 

13 
4 

14 
43 

Theoretical properties of two-element parasitic arrays, which are largely 
realized in practice. The tuning of the parasitic element is given in terms of 
reactance X (see Fig 12.111 ). Of the two sets of figures given for each spacing, 
one is for maximum gain and the other maximum front/back ratio. 

element from reflector to director, using a U-section or stub 
in the centre which can be shorted out to change from the 
length of reflector to that of director. This stub is sometimes 
extended by one half or one full wavelength using 600 or 
3OOÍ2 twin line, so that the position of the shorting link can be 
changed at ground level without lowering the aerial, but this 
arrangement is very restrictive of bandwidth, the change in 
reactance from tuning over the 14MHz band being more 
than enough to change a director into a reflector. As an 
alternative, any feeder may be loosely coupled into the 
parasitic element so that the tuning can be pulled one way or 
the other by reactances connected to the lower end or by 
altering the feeder length. The coupling should be only just 
sufficient for this purpose and the adjustment should then be 
non-critical, with negligible losses in the auxiliary feeder. 
This method has been tried successfully with 600Q line 
terminated at the aerial by a small delta loop, with its base 
insulated and taped on to the aerial. The optimum size of 
loop depends on the radiation resistance but 3ft by 3ft is 
suggested as a starting point. It should be noted that chang¬ 
ing from director to reflector operation alters the feedpoint 
impedance and it will not be possible to achieve very low 
values of swr in both cases w ithout some foim of compensa¬ 
tion. 
From Table 12.8 it will be seen that 0-1A is a possible value 

of spacing for a combined reflcctor/director system; this 
is 7ft for 14MHz. At this spacing the feed point impedance 
at the centre of the driven clement is between 15 and 3OÍ2 
and the aerial is fairly sharply tuned, but can still elfectively 
cover the 14MHz band. To match this impedance to available 
transmission lines, a transformer is needed at the aerial. 
Suitable devices include the T-match for low impedance twin 
line, the gamma match or Clemens match (p!2.37) for 
coaxial cable, and the delta match for high-impedance twin 
line. The transformers given later for three-element arrays 
may be used, the adjustments being practically the same. 

Tuning the Parasitic Elements 

Formulae for element lengths are frequently quoted, but 
are not useful unless the diameter of the elements is also 
specified. What controls the performance is the reactance of 
the parasitic element; that is, the amount by which the ele¬ 
ment is detuned from resonance, and this, in terms of length, 
depends on the length/diameter ratio. Fig 12.111 shows 
reactance as a function of percentage change of length for 
various relative conductor diameters. The crossover point 
of the curves occurs when the radiator is a true free-space 
half wavelength long, the length in feet being given by 
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Fig 12.111. Tuning and reactance chart for A/2 dipoles, as a function 
of the length'diameter ratio. A radiator exactly A/2 long is “over 
tuned” by 42Í2 and “end-correction”, given as a percentage of the 
length, is necessary to bring it to resonance (zero reactance). The 
chart is useful for the construction of parasitic arrays and vhf 
dipoles. Each one per cent of length corresponds to five units in the 

factor 492/f or 60 in 5,900'f (f is in megahertz). 

492//(MHz). At this length the conductors all have a reac¬ 
tance of about 4- 40Q, and to obtain resonance must be end 
corrected by the percentage which brings the reactance to 
zero. For example, the correction fora relatively "fat" aerial, 
with L/d = 100, is 5-5 per cent so that for 280MHz the full 
half-wave would be 17ft 6in and the end correction 1ft, 
making the resonant length 16ft 6in. 

The best reflector has a positive reactance of about 40Û, 
which brings its length to almost a true half-wave, inde¬ 
pendently of diameter. For 01A spacing, best director action 
occurs at —10 to —4017 reactance with a length some 5 to 10 
per cent shorter than the full half-wavelength. For example, 
at 210MHz, A/2 = Wilf — 23-4ft. A lin diameter half-wave 
radiator would have a Lid ratio of about 300, and an end¬ 
correction of —4-4 per cent, giving a resonant length of 
22ft 4in, while a director of —3017 reactance would be 7-4 
per cent short of true half-wave, or 21ft 7in. 

In practice it is always advisable to find the best adjust¬ 
ment experimentally, using the above theory as a guide, 
because the environment of the aerial has some effect. The 
parasitic elements can be tuned first, independently of the 

driven element, which may then be adjusted for optimum 
tuning and impedance match, as described later. 

The following figures will be found satisfactory for two-
element beams in most locations where the spacing using a 
director is 01 wavelength or where the reflector spacing is 
015 wavelength. 

Reflector length in feet 

Driven element in feet 

Director length in feet 

500 
/(MHz) 

475 
/(MHz) 

455 
/(MHz) 

From this it will be seen that the driven element is a little 
longer than the normal half-wavelength. The spacing of 01 
wavelength, though usable, is somew hat on the narrow side 
for preserving a good swr throughout the 14MHz band, 
when operating in the maximum gain condition as recom¬ 
mended above, and 015 is too wide for efficient operation 
of a director, so that 0125A is a good choice for a reflector/ 
director system. The curves of Fig 12.15 are applicable in 
so far as they indicate the relation between gain and front-to-
back ratio, and the accompanying trend (though not the 
actual value) of radiation resistance; the null in the back 
direction for 135° phasing is however restricted to about 
1 l-5dB due to current inequality and for the same reason 
performance deteriorates, relatively, for phase-differences 
less than 135°. 

Three- and Four-element Parasitic Arrays 

Slightly improved performance can be obtained by a 
combination of reflector and one or more directors, the usual 
arrangement having all the elements in one plane. Theoretic¬ 
ally as mentioned on pl2.12 the gain is proportional 

Vertical 
Pattern 

Horizontal 
Pattern 
at 20° 
Elevation 

Fig 12.112. Vertical and horizontal radiation patterns of a three-
element Yagi array spaced 0 15 + 0 15A, and erected at a height of 
A/2. These patterns, which were obtained from a scale model, do 
not vary much with other spacings of the elements. Note that the 
front/back ratio along the ground may be very different from that 
at 20 elevation. The vertical pattern, of which only the lower lobe 
is shown in the figure, depends on height, which should be as great 

as possible. 
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Fig 12.113. Contour chart showing contours of gain (solid lines) and 
input resistance (broken lines) as a function of the tuning of the 
parasitic elements. This chart is for a spacing of 0 15A between 

elements, but is also typical of arrays using 0 2 + 0 1A spacings. 

to the square of the number of elements, but this requires 
very precise adjustment of all currents and phases together 
with acceptance of very narrow bandwidths and low radia¬ 
tion resistances which lead to severe losses. A four-element 
driven array on these lines has been described [3], but this 
had a gain of only 8-7dB out of a theoretical 10-ldB. The 
interdependence of amplitudes and phases prevent the 
achievement of comparable results with Yagi arrays. There is 
no advantage in using more than one reflector in an in-line 
array, though many directors may be used with advantage if 
they are widely spaced. For hf work one, or at the most, two, 
directors are the limit because of the size of the array, but 
in the vhf bands longer arrays with more than three elements 
may be built, and are described in Chapter 13. 

The characteristics of two-element arrays can be calculated 
quite we 11, but three or more elements lead to such complex¬ 
ity that their analysis requires a computer. A vast amount of 
experimentation by amateurs and others has, however, 
resulted in comprehensive knowledge, and an infinite variety 
of prescriptions for element lengths and spacings. 

The vertical and horizontal radiation patterns of a typical 
three-element Yagi array are given in Fig 12.112. 

The maximum gain theoretically obtainable for parasitic 
arrays with equally-spaced elements is 7-5dB for three 
elements. These patterns have their half-power points at a 
beamwidth of about 55° in the E-plane (the plane of the 
elements) and 65-75° in the /¿-plane (at right angles to the 
elements). These high gains are, unfortunately, associated 
with a feedpoint resistance of only a few ohms, so that in 
practice the loss due to conductor resistance and environ¬ 
ment may be appreciable in proportion. In addition, the 
tuning is very sharp, so the array will only work usefully 
over a small part of, say, the 14MHz band, while the line 
matching for a low vswr is very difficult. 

The power loss due to conductor resistance, or high 
feeder vswr, is such that these high gains are never realized 
in practice. Better general performance is obtainable by 
designing the aerial for less gain, as may be appreciated with 
the aid of Fig 12.113. This is a “contour” map of gain and 
impedance as a function of parasitic tuning, for a Yagi with 
element spacings of 015. The lower right-hand corner of the 
chart is clearly the region to aim for, where the gain is still 
over 6dB while the feed resistance approaches 200. This 
region of the chart corresponds to rather long reflectors 
(+ 40 to + 50Q reactance) and rather shorter than optimum 
directors (— 30 to — 400), and also is found to be the region 
of best front-to-back ratio. 

Although the chart is for aerials with both spacings equal 
to 015A, the resistance and bandwidth are both somewhat 
improved, with the gain remaining over 6dB, if the reflector 
spacing is increased to 0-2A and the director spacing reduced 
to 01 A. Such an array would operate satisfactorily over at 
least half the 28-29MHz band or the whole of any other 
band for which it could be constructed. 

The overall array length of 0-3A is practicable on all bands 
from 14MHz upwards, though the 20ft boom required for a 
14MHz array is rather heavy for a rotary array, and there is a 
temptation to shorten it. Spacings should not be reduced 
below 01A for both reflector and director as the tuning will 
again become too critical and the transmitter load unstable 
as the elements or the feeder move in the wind. It should not 
be overlooked that in general for a given cost, and degree of 
practical difficulty, the lighter the beam the higher it can be 
erected; in terms of practical results this may be worth a lot 
more than additional elements. 

The optimum tuning does not vary appreciably for the 
different spacings, and it is therefore possible to construct 
a practical design chart (Fig 12.114). An array made with its 
element lengths falling in the shaded regions of the diagram 

Fig 12.114. Design chart for Yagi arrays, giving element lengths as a 
function of conductor length-to-diameter ratio. The tuning factor 
L is divided by the frequency in megahertz to give the lengths in 
feet. These curves are for arrays of overall length 0-3A, with reflector 
reactance 4-40 to 4-Ó0Q and director - 30 to -40Q, and give arrays 
of input impedance between 15 and 20Í2. Element lengths which fall 
within the shaded areas will give an array which can be used without 
further adjustment, though the front/back ratio may be improved 

by adjusting the reflector. 
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will give good performance without further adjustment. 
The length of the director may be decided in advance. The 
reflector may then be adjusted experimentally to improve the 
front-to-back ratio. It will be seen that the radiator is some¬ 
what longer than a normal dipole; this is because the 
parasitic elements have a detuning effect on it. The addition 
of a second director also spaced 01 to 0-15A will not materi¬ 
ally affect the above recommendations. 

The adjustment of the array can be carried out as indicated 
for two-element arrays, using in this case the nominal front-
to-back ratio as the criterion. For this purpose the elements 
can be made with sliding tube extensions or, alternatively, a 
short variable stub can be fitted at the centre. The tuning 
can be carried out without reference to impedance matching, 
which is always the last operation. Adjustments should be 
made with the array as high and as clear as possible, since 
tuning alters near the ground, and performance should be 
checked with the array in its final position. It should be 
emphasized that attempts to adjust for maximum gain lead 
inevitably into the top right-hand corner of Fig 12.113 where 
bandwidth is low and matching difficult. 

Impedance Matching of Yagis 

The 15-20Q aerial impedance resulting from the foregoing 
recommendations can conveniently be matched to 800 line 
by a single fold of the driven element. Since the impedance 
rises on either side of the optimum frequency, it is better 
not to match at this frequency, but to bring the impedance 
up to, say, 6012 (vswr = 1-3 with maximum voltage at the 
aerial). The aerial will then hold within a vswr of two over a 
somewhat wider band. 

It is possible to multiple-fold the driven element using, for 
example, a rigid central tube surrounded by a cage of wires 
joined to radial struts a few inches long at the free ends of the 
tubes. In this way the feed-point impedance can be raised to 
300 or 6OOÍ2. When there are several thin wires surrounding a 
tube, the step-up ratio is approximately the square of the 
number of conductors added, so that four wires would bring 
an 18Í2 aerial up to 3OOÍ2. Most of the examples which have 
been published are for maximum-gain Yagis, with a basic 
feed impedance of 6 to 8Í2, and use up to nine wires. To 
some extent this multi-folding improves the bandwidth, but 
this is limited largely by the parasitic elements. 

It will be appreciated that basically two adjustments are 
necessary for matching to the feed line, namely tuning and 
impedance ratio. Most of the known matching arrangements 
provide only one of these, and the operation of adjusting 

Fig 12.115. The basic cubical quad showing the current distribution 
and direction around the driven element. Radiation from the 

vertical sides tends to cancel as the currents are in opposition. 

the length of the radiator at the same time as the impedance 
ratio can be tedious and difficult. If however the dimensions 
are carefully established in accordance with Fig 12.114 it 
should only be necessary to carry out the matching adjust¬ 
ment to obtain reasonable performance, the T and gamma 
transformers of Fig 12.57 being suitable for this purpose. 
Alternatively high impedance feeder may be used with a delta 
match, but this can cause difficulty with disposal of the 
feeder which must be kept well clear of any metal mast. 
Provided insulated wire is used and the main run is well clear 
of the mast, accidental contact with a wooden mast at one or 
two points is not serious with a well-matched open wire line. 
Details of an alternative design for a three-element beam, 
centred around the Clemens match which also provides 
balance-unbalance conversion, will be found on pl2.37. 

The Cubical Quad 

This aerial is very popular with dx operators on the 14, 
21 and 28MHz bands and was originally developed by 
W9LZX in 1942. 

It usually consists of a driven element in the shape of a 
square, each side of which is a quarter-wavelength long. 
Behind this driven element is placed a closed square of wire 
to act as a parasitic reflector. The layout is shown in Fig 
12.115 and in this configuration it is horizontally polarized. 
Feeding in the middle of one of the vertical sides would 
change the polarization to vertical. The loops can alter¬ 
natively be mounted with their diagonals vertical, the feed¬ 
point being at a current loop in both cases and the perfor¬ 
mance identical. 

The currents in the top and bottom wires of any one loop 
are in phase and add to give broadside horizontally polarized 
radiation. Those in the vertical sides are in anti-phase and 
cancel in the broadside direction, giving rise only to a small 
amount of vertically polarized radiation off the side. 

The radiation resistance and other properties of the 
cubical quad vary with the spacing between the driven 
element and the parasitic reflector in the same way as other 
small beams, and Fig 12.15 is applicable subject to use of the 
appropriate scale factors, ie 1-55 for the radiation resistance 
of each element if both are driven or 2-3 for the more usual 
arrangements using a driven element and reflector. These 
figures are derived from those for folded dipoles, dividing by 
two because the end portions of each half-wavelength of 
wire (which account for 30 per cent of the total field-strength 
from a dipole) have been virtually prevented from radiating, 
and reduced by a further 20 per cent to account for the 
slightly increased field-strength due to “stacking gain” which 
occurs because of the slight resemblance to a stacked pair 
of dipoles, the “point source” assumption being invalidated 
to this extent. The usual scale factors S for the required 
phase shift and S2 for the radiation resistance, where S is 
the spacing in eighths of a wavelength, also apply. Element 
currents being nearly equal for spacings of 0-1 to 015A, there 
is no need for further correction on this score as there is with 
dipole arrays. 

The cubical quad presents a good match to 75Í2 cable 
with an element-spacing of 015A and the reflector tuning 
adjusted for = 0-8 but by shortening the reflector it 
should be possible to obtain a match to 500 cable together 
with an increase of 0-6dB in gain. A spacing of 0125 is also 
satisfactory and provides a match to 50D cable assuming 
reversion to the lower gain condition, or alternatively an 
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Fig 12.116. A three-band nest 
of cubical quads maintaining 
typical spacing for each band. 

swr of about 1-5. The reader will appreciate however that 
many variations are possible. 

There should be no difficulty in achieving a gain figure 
of 6dB if, for closer spacings, some restriction of bandwidth 
and either increased swr or more complex matching devices 
are acceptable. There is no justification for claims that the 
quad provides gain figures of lOdB or more, or that it 
achieves enhanced dx signal gain beyond the 6dB figure by 
concentration of energy at lower angles of elevation. The 
latter belief apparently arises from the fact that a quad 
element radiates less energy vertically upwards than a dipole, 
but this is in fact the origin of the IdB superiority of quads 
over dipole arrays and effective gains appreciably in excess 
of 6dB can be achieved only in defiance of the laws of nature; 
practical aerials consist of point sources located above a 
reflecting plane, the distribution of energy in space and 
therefore the gain being determined entirely by the basic 
geometry of the situation. The relative phasesandamplitudes 
of currents are part of this geometry and need to be “right”, 
also the sources themselves have to comply with a few 
obvious rules in the interests of efficiency, but for a given 
geometry, polarization, and number of sources no type of 
aerial can be electrically superior to another. To appreciate 
why a quad loop approximates to a single point source it is 
convenient to imagine the top and bottom horizontal wires 
replaced by separate half-wave dipoles, ie two sources spaced 
by X/4. From Fig 12.9 the mutual resistance between them is 
40ÍÍ so that each dipole has a radiation resistance of 73 + 40 
= 113Q. For equal power radiated therefore the current 
in each is 0-565 times that in a single dipole, the total field 
is increased by 13 per cent or 1-ldB only, and the loop is 
much closer in performance to one than two separate sources 
of radiation. Even this slight advantage is partly eroded when 
two elements are arranged as a beam, since an increase of 
gain increases the optimum stacking distance (pl2.16). 
Despite these reservations the quad has several important 
advantages in addition to the slightly higher gain and 
possibility of feeding it from low-impedance balanced line 
without any kind of transformer. It is particularly easy to 
adjust for good results, the small span of the elements 
simplifies construction of rotary beams, and the near¬ 
equality of currents in the driven element and parasitic 
reflector produces sharp nulls in the radiation pattern which 
can often be used by rotation of the beam to suppress inter¬ 
ference. This last item is a property which it shares with 
driven arrays. Another property of quad loops, deserving 
to be more widely known, is the possibility of using them 
with resonant feeders as multiband radiators, this being 
particularly valuable for the construction of fixed reversible 
beams covering two or three bands. 

There are certain points of importance to note in the 
electrical construction of a cubical quad. Because of the 
variation of Zo round the loop, the wire-length formulae 
used for dipoles are not applicable and the overall length 
is slightly longer than it would be for an aerial in free space. 
For the driven element, each side of the square may be 
248//(MHz) and fed with 75Í1 flat twin, or coaxial with a 
balun. If an unbalanced coaxial cable feed is used there 
will, as with other aerials, be a distortion of the lobes caused 
by the imbalance. However, if suitable tuning stubs are used 
neither the dimensions nor the shape of the loop are in any 
way critical. 

The size of a parasitic reflector element is usually made 
the same as that of the driven element but it is made electric¬ 
ally longer than the driven element by means of a short 
circuited stub which can be adjusted for maximum gain or 
front-to-back ratio. It will be found quite easy to adjust the 
stub for a front-to-back ratio better than 20dB. 
Some amateurs have avoided using stubs to tune the 

reflector by making the overall length of the reflector longer 
than the driven element. This method works quite well in 
practice if a lengthening factor of about 2 or 3 per cent is 
used but if no adjustment is possible it is preferable to err on 
the high side. 

The following table gives approximate dimensions suitable 
for the dx bands. If a stub is used it can be taken as a rough 
guide that 2ft of wire in the loop is equal to 3ft in the stub. 
Band 

14MHz 
21MHz 
28MHz 

Side of 
quad 

17ft 6in 
11ft 8in 
8ft 8in 

Spacing 

8ft 5in 
5ft 7in 
4ft 2in 

Side of quad reflector 
without stub 

18ft Oin 
12ft Oin 
8ft Ilin 

The foregoing description is for a single band quad but a 
two or three band quad can be made up by mounting the 
elements concentrically on a bamboo spider. The dimensions 
will be the same as in the above table if three quads are 
mounted as shown in Fig 12.116. If, however, the driven 
elements are mounted in the same plane and the reflectors 
similarly, there will be a change in the gain and the radiation 
resistance on the higher frequencies due to the increased 
spacing. If the spacing is optimum for 14MHz then the gain 
will be lowered and the radiation resistance will be increased 
for the 21 and 28MHz quads. At 28MHz the gain will drop 
to 5 0dB and the radiation resistance will increase to 14OÍ2. 

A suggested constructional layout for a single band quad 
is shown in Fig 12.117. If a three band quad is to be con¬ 
structed, the length of the horizontal boom should be 
reduced, and the bamboo arms angled outwards, so that the 
correct element-to-element spacing is maintained for each 
band. 

The Swiss Quad 

Quads may of course also use pairs of driven elements and 
the Swiss quad (Fig 12.118) described below provides 
improved mechanical construction without sacrificing per¬ 
formance [12], The elements consist of two parallel squares 
having quarter-wavelength sides and spaced 0-075 to 0-1 
wavelength, and the squares are fixed to the mast by bending 
the centres of the horizontal portions at an angle of 45° 
towards the fixing points, thus avoiding the need for any 
other supports. No insulators are required in the construc¬ 
tion, a good point since the bamboo supports commonly used 
for quad loops can give trouble in wet weather. 
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Fig 12.117. A suggested method of construction for a lightweight 
single band cubical quad. 

The elements are fed in phase using a form of T-match as 
in Fig 12.119. This is readily modified to form a gamma 
match, but if coaxial cable has to be used it would be 
better to retain the T-match and use a balun to minimize 
feeder radiation. Phasing is obtained by the ± X method 
(pl2.70), making one element shorter and the other longer 
than the resonant length. Despite the pinching-in, it has been 
possible to make the elements more or less full size overall; 
the pinch merely fulfils the general requirement for the 
lengthening of loop elements which with quads usually 
takes the alternative form of loading stubs. Fig 12.15 can be 
used as a rough design guide also for the Swiss quad but the 
narrow spacing reduces the radiation resistance so that a 
phase shift of 30° between the elements is likely to be a 
reasonable compromise, giving near-maximum gain. Adjust¬ 
ing the figures for a spacing of 0- IX and the above scale factor 
of 1-6 gives a required phase-shift of 24°, and a radiation 
resistance of 21Q. From the explanation of the 8JK aerial 
(pl2.69) it follows that (R — Rm) must be proportional 
to R and to S2, from which Rn = 1040 and the required 
reactance given by (R + Rm)'t>l2 is equal to 46Q. Assuming 
Zo = 800Í1 for the loop, this requires ± 2 per cent detuning. 
The original article specifies ± 2-5 per cent and quotes 
figures upwards of 300 for the radiation resistance, both 
figures being consistent with working slightly nearer to the 
condition of maximum nominal back-to-front ratio which 

Fig 12.118. General arrangement of the Swiss quad. 

could be helpful in view of the rather low radiation resistance. 
There is clearly considerable latitude in the design of this 
type of aerial but Table 12.9 represents a proven design 
and is the obvious starting point for further experiments, 
being taken from reference [12] which may be consulted 
for general guidance on constructional methods. It should 
be noted that the “X” section in the middle contributes little 
to the wanted radiation because the wires are inclined at 
45° to the direction of propagation and their average 
spacing is only half that of the main wires. The radiation 
from them is a clover-leaf pattern with some radiation at 
right angles, and indeed all four petals would become 
equal with “8JK.” phasing. At 01A spacing the “X” section 
will have negligible effect on the performance or the calcula¬ 
tions, but if the spacing is increased the importance of the 
"X” increases rapidly, not only because of its own greater 
dimensions, but also because the width of the loops will 

Fig 12.119. Balanced feed and matching system. 
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TABLE 12 9 
A Swiss quad 

Band and 
Frequency 

Wave¬ 
length 
(m) 

Aerial 
height 
(in) 

Reflec¬ 
tor 

width 
(in) 

Direc¬ 
tor 

width 
(in) 

Spacing 
(in) 

0U 0 075 A 

10m 
28,500kHz 10-52 116 121-5 110 41 3 31 

15m 
21,200kHz 14 14 156 164 148 55*5 42 

20m 
14,150kHz 21-20 234 246 222 83 5 62 5 

40m 
7,050kHz 42-60 470 493 443 168 126 I 

shrink. This tends to reduce the radiation resistance as 
the inverse square of the width, thus offsetting and ulti¬ 
mately reversing the usual trend whereby an increase of 
spacing increases the radiation resistance. In the case of 
driven arrays using the reactance method of phase-shifting 
it is important to distinguish between the radiation resistances 
and the feedpoint impedance, since the reactances form a 
tuned circuit which acts as a transformer. But for this and 
the T-match, “looking” into the aerial from the feeder one 
would “see” the two radiation resistances in parallel, ie 10Q, 
but this will be transformed by the reactances to 40 or 5OÍ2 
and the T-match provides further adjustment. 

The Delta Loop 

It has been mentioned that the shape of a quad loop is 
not critical, and it can in fact be distorted into a wide 
variety of shapes (even squashed flat so that it turns into 
a folded dipole), with little or no change in performance. 
One popular variation of the quad aerial is the delta loop, 
and experiments have been described [11] using a pair of 
triangular loops with 50ft of wire per loop asa triband beam 
for 14, 21 and 28MHz. Despite the incorporation of a rather 
complex and frequency-sensitive matching network, there 
was no noticeable change in tuning or matching on any of 
the bands when the shape of the loops was altered from in¬ 
verted triangular (delta) to square. Designs have been worked 
out for 21 and 28MHz [13, 141 based on 2in diameter boom 
with lin diameter side-members of aluminium tubing, the 
top ends being joined with wire as shown in Fig 12.120. 
The total length in feet is given by 1005//(MHz) for the 
driven element and 1030//for the reflector. Directors if used 
should be 3 per cent shorter than the driven element but 
add very little to the gain. A spacing of 0-2A is satisfactory. 
The wire at the top is in tension so that the sides of the 
triangle are bowed, the angle at the apexes, ie at the boom 
ends, being 75°. The gamma match could obviously be 
replaced by a T match with twin feeder, or a balun employed, 
as a precaution against feeder radiation. 

Switchable Arrays 

As an alternative to rotary beams, two or preferably 
three fixed reversible beams may be used to provide all-round 
coverage. Advantages include instant switching of beam 
direction and the ability to use a number of multiband 
systems which are difficult to adapt mechanically to rotary 
beam constructions; these are discussed in a later section. 
If only two horizontal beams are used, mutually at right 
angles, performance will be within about IdB of maximum 

Fig 12.120. HRH delta-loop beam. Main dimensions shown for 
21M Hz, using 9ft spacing and 3ft gamma rod. For 28M Hz the driven 
element has 12ft sides, 11 ft top and a 7S angle; the boom spacing is 
then 6ft 6in and the reflector has 12ft sides and an 11ft 10in top. 

gain over four 60° segments but in between these it will fall 
off roughly to equality with a dipole. Two beams may be 
mounted on the same pole with a small vertical separation 
for mechanical clearance, provided the one not in use is 
detuned. This is achieved most easily with the aid of resonant 
feeders, the ends of which are accessible from ground level, 
and such an arrangement also facilitates multiband opera¬ 
tion. 

Beam reversal may be achieved in various ways. Switching 
a director to act as a reflector as described on p!2.73 is 
one possibility but may have considerable effect on the swr. 
This may be overcome in the case of a three-clement beam by 
using a switch or relay to shorten one or the other of the 
parasitic elements, an arrangement particularly recom¬ 
mended with loop or folded dipole elements having A/2 
resonant feeders which may enable both tuning and switch¬ 
ing to be carried out at or near ground level. Any type of 
two-element beam can be made reversible by attaching 
feeders to both elements so that either can be used as a 
driven element, the other being tuned via the feeder as a 
parasitic element; alternatively both elements may be driven 
as described on ppl2.ll and 12.72. 

Multiple Arrays 

It has been shown that unless considerable space or 
height is available, the effective gain of high-frequency beams 
cannot exceed (though it should equal) a total of 5 or 6dB. 
On the other hand, if enough height is available it may pay to 
stack two beams vertically, and assuming a large garden, 
farm or access to neighbouring fields a number of other 
possibilities arise; it is quite likely that due for example to 
uneven ground contours or local obstructions different 
aerial positions will favour different directions, and by using 
a number of switched beams it may be possible to obtain 
considerable advantage in certain directions. If for example 
the ground slopes steeply in one direction, the ground 
reflection reinforces the direct wave in that direction even for 
angles which are low relative to the horizon, so that optimum 
performance may be achieved with a height as low as 3A/8 
and closely approached with a height of only A/4. To take 
full advantage of such slopes it is best to locate the aerial in a 
position some way below the top, as the ground area from 

12.79 



RSGB—RADIO COMMUNICATION HANDBOOK 

Fig 12.121. Development of the 9M2CP Z-beam: (a) conventional quad; (b) double quad—difficult to tune and little apparent advantage over 
(a); (c) open-ended double quad developed to eliminate possibility of double currents in centre element—it gave improved results over 
(b); (d) A/2 dipoles spaced about A/2 apart vertically; (e) as (d) but with ends bent inwards to permit joining diagonals with A/2 wire; (f) 

the 9M2CP Z-beam as now evolved. 

which reflection takes place extends for some distance behind 
the aerial when the height is low and the angle of radiation 
relative to the ground is large. For other directions, unless 
slopes are available for these also it will usually be best to 
mount the aerial as high as possible and preferably at the 
top of the slope. 

If two rotary beams can be spaced apart by at least A/2, 
a gain of about 3dB may be obtained by driving them both, 
with a phase difference such that the fields add up in phase 
in the required direction. This does not involve critical 
adjustments, as the gain drops by only IdB for a power 
inequality of 10 times or a phase error of nearly 60°, 
assuming that the two aerials are equally good. If one aerial 
is xdB worse than the other it should be given xdB less 
power, the benefits obtained from addition of the inferior 
aerial, for performance differences of 3dB and 6dB, then 
being l-8dBand 1 IdB respectively. Phasing may be achieved 
by switching additional short lengths of feeder in series with 
the feed to one or other of the aerials, which will produce a 
2 : 1 mismatch if both aerials are perfectly matched initially; 
this can be corrected, eg by a A/4 transformer (pl2.25), 
if it is outside the range of adjustment provided on the atu. 
In principle the ± X method of phasing can also be used but, 
unless corrected, the matching will then vary with the amount 
of phase-shift. With balanced feeder a single A/6 section of 
phasing line can be switched in as required to give either 
aerial a 60° lag compared with the other, and this with 
reversals gives six phases spaced 60°. The maximum phasing 
error is therefore 30° or, translating this into performance, 
0-3dB. A 6-pole 6-way switch is required. With coaxial cable 
the arrangement shown in Fig 12.124 on pl2.84 is 
suitable. 

Z-Beam 

An example of vertical stacking is provided by the 
9M2CP Z-beam [15], This is derived from the quad as 
illustrated in Fig 12.121 and can incorporate a double delta 
21 MHz beam using the same supports, as illustrated by 
Fig 12.122. 

On 21 MHz there is a standard delta loop, with a similar 
delta pair mounted below the boom, as a mirror image of the 
upper pair. A common gamma tuning capacitor is used and 
is better and easier to adjust than separate capacitors. The 
gamma arms are of equal length and matching is similar to 
that found with a single delta loop beam. 

For 14MHz, 5ft (or longer) wooden extensions are placed 
in the ends of the delta loop Vs to provide at least half-wave-
length vertical spacing between upper and lower horizontals. 
The whole is laced round with nylon line, to form a frame¬ 
work for the 14MHz beam and also act as support for the 
lower Vs which otherwise tend to collapse inwards under 
their own weight. The radiator is made up of HA of wire 
laced as shown in Fig 12.122, and fed with a gamma match 
at the centre. The length of wire is slightly shorter than 1 JA 
to account for two end effects only. A sliding loose noose of 

T Nylon and 
Wooden dowel approx 5 feet long 

21 MHz delta wir«-
Hose damp 

10-6 long 
Nylon framing 
ail round 

Phasing 
dipole 

6'-6‘ 
approx 

Approx -

depending 
on actual 
construction 

anchored 
at corners 

End of upper 
dipole 
beginning 
of phasing 
dipole 
Leave some 
slack to 
avoid 
distortion 

Nylon for 
pulling m 
slack 

Gamma arms 
for deltas 

Aluminium tube for 2'MHz 
delta 

Approx 21 feet 

/ Beam (and Double Delta). Individual section lengths are not 
£—' critical as long as total length is 

resonant 11/2 Ä long 

Fig 12.122. Constructional details of the 9M2CP 21MHz double delta 
and 14MHz Z-beam. 

12.80 



HF AERIALS 

nylon is run round the vertical nylon and includes the radia¬ 
tor so that it can be adjusted to take up slack when in posi¬ 
tion. The reflector is cut to just under the full theoretical 1 JA 
and a tuning stub is put in the centre. This can readily be 
adjusted for maximum gain or best back-to-front ratio. The 
tuning is quite marked for best back-to-front ratio and 
this also provides what appears to be the best gain. 

VERTICAL HF AERIALS 

Vertical aerials have already been discussed in the context 
of the low frequency bands and in principle any of the low 
frequency arrangements may also be used on the higher 
frequency bands. In general, at 14M Hz and higher frequencies 
reasonably good horizontal aerials can be erected so that the 
possibility of getting a small (though by no means useless) 
amount of low-angle radiation by using a poor but simple 
and cheap vertical aerial, loses much of its interest. To 
summarize a rather complex situation, vertical aerials tend 
to give a relatively poor account of themselves at these 
frequencies unless erected over sea water, or close to the sea 
and high enough to ensure that the reflected wave is ac¬ 
counted for mainly by sea reflection, in which cases they may 
afford a simple means of achieving efficient low-angle 
radiation [2]. If height or space are very restricted a vertical 
aerial may be superior in dx performance to a horizontal 
aerial and, assuming identical mean heights of A/2 or greater 
with freedom from obstructions, both polarizations will give 
rather similar low-angle performance, although the vertical 
aerial is then usually more difficult to erect and feed. 
In the case of the higher frequency bands it is rarely neces¬ 
sary to use an earth connection and usually difficult in any 
case to achieve an electrically-short earth lead. Alternatives 
include conventional methods of centre feeding, possibly 
with some form of capacitive end loading to reduce the 
vertical dimensions (eg Fig 12.102), a counterpoise, eg on 
the lines of Fig 12.87, or a “ground plane”, Fig 12.123(a) 
or (b). If however for some reason use of an earth is unavoid¬ 
able, the aerial should if possible be folded as in Fig 12.123(c). 
A high-voltage capacitor of the order of 2,000pF should be 
connected in the earth lead as a precaution against fault 
conditions involving the supply mains and its earth systems. 

The Ground Plane 

Problems of earth resistance could in principle be elimi¬ 
nated by erecting the vertical over a perfectly-conducting 
surface, such as a large sheet of copper. Moreover, if such a 
sheet were of infinite extent, the image-reversal property of 
vertical aerials could be fully exploited and efficient radiation 
achieved at angles down to zero elevation. Practical aerials 
have in fact been constructed using buried earth systems 
containing many miles of wire and achieving a dx perfor¬ 
mance difficult to achieve in any other way, but such systems 
are clearly beyond amateur resources and the ground-plane 
aerial, Fig 12.123, does not incorporate a ground plane in 
this sense. On the other hand a system of three or four 
radials as illustrated does provide a very low impedance 
path to earth, and is more efficient in this respect than a 
simple counterpoise as there is negligible loss of energy by 
radiation from it in unwanted directions; this follows from 
the fact that the fields produced at any point in space by the 
individual radials tend to add up to zero. The radials act 

n 

Fig 12.123. A/4 vertical aerials, (a) Ground plane, (b) Ground plane 
with sloping wires which may be used as guy wires, (c) Folded wire 
with transformer (see text on impedance matching), (d) Folded 

ground plane. The cable size is exaggerated for clarity. 

therefore as a zero-resistance earth connection, not as a 
substitute for a reflecting ground plane, and the radiator 
itself approximates to a point source of vertically-polarized 
radiation. As compared with a half-wave dipole the advan¬ 
tages are mechanical arising from a shorter vertical portion 
and an easier method of attaching the feeder. Being in effect 
one half of a dipole, twice the current is required to produce a 
given field and the radiation resistance remote from earth 
should therefore be 73/4 = 18-250, but measured values are 
usually a little higher. At very low height the aerial with its 
image forms a single dipole but there is nevertheless a gain of 
3dB relative to a dipole in free space since the radiated energy 
is confined to a single hemisphere; this brings the radiation 
resistance up to about 360, ie it is the same as that of an 
efficiently grounded A/4 vertical, pl2.54. For comparison, 
the lowest possible mean height of a full-length vertical dipole 
is A/4 and its gain from ground reflection over perfectly con¬ 
ducting ground would be 6dB, as would also be that of a 
ground-plane aerial at the same effective height which, for this 
purpose, should be measured to the “centre of gravity” 
of the current distribution. 

Matching the impedance of a ground plane to the widely 
used 50 or 75Í2 cables presents a problem which is considered 
more fully in the section on impedance matching. Whereas 
the feed-point impedance of an earthed quarter-wave aerial 
may lie between 35 and 500, that of a true ground plane 
may, as we have seen, be 20Í2 or less, and feeder cables of this 
impedance are not available. One solution to this problem 
can be found by tilting the radials downwards as illustrated 
in Fig 12.123(b) since this raises the feed-point impedance 
towards that of the dipole, which the aerials would become 
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if the radials were considered to be “tilted” directly down¬ 
wards at 90°. Four guy-wires may be used, fitted with insu¬ 
lators at a quarter-wavelength from the base of the radiator, 
and spaced as nearly as possible at 90° from each other. If 
the angle of tilt is 45° the system will be a good match to 50Í1 
cable. Standing waves along the feeder can be measured as 
described later, the angle of tilt being adjusted slightly to 
arrive at a minimum swr. It is possible by the use of still 
steeper angles to match into 75Û cables, but such an aerial 
becomes very nearly a vertical dipole and demands con¬ 
siderable height, since the radials will extend downwards 
for nearly a quarter-wavelength. If 750 cable is to be used, 
it is better practice to employ a horizontal ground plane 
and fold the radiator as in Fig 12.123(d), or to use some 
form of matching network. 

In the arrangement of Fig 12.123(b) the radials become 
tightly coupled to the outside of the feeder and there will 
almost certainly be some radiation from it. This may be 
reduced by taking care to avoid resonant lengths of feeder, 
and if trouble is experienced, it may be necessary to coil up a 
few feet of the cable to act as a form of choke effective on the 
outer surface only. 

The Extended Ground Plane 

The aerials so far described are assumed to be very close 
to a quarter-wavelength long, and as has been stated, the 
feed-point impedance is invariably low. As the aerial is 
lengthened however, the feed-point impedance increases, and 
can be expressed in the form R + jX where A is a pure 
resistance and X an inductive reactance which would repre¬ 
sent a mismatch. Increasing the aerial length from a quarter 
to approximately one-third wavelength raises the resistive 
component to 75Q, while the reactance X rises at the same 
time to between 300 and 400Q. It is thus possible to obtain a 
good match directly into any feeder of impedance between 
50 and 75ÍÍ by lengthening the aerial by a suitable amount, 
while at the same time tuning out the additional inductive 
reactance thus introduced by means of an adjustable series 
capacitor. The adjustment will, of course, only be correct 
for one frequency band, where it provides a simple and 
effective alternative to the more sophisticated methods of 
impedance matching set out in the following section. 

Arriving at the best length for the extended ground-plane 
aerial cannot be done reliably by calculation, since it is 
related to the form of earthing, the number and length of 
radials, etc, in actual use, and is dependent to a lesser extent 
upon the height of the system above ground, and the effect 
of surrounding objects. 0-375 wavelength is frequently 
regarded as a good compromise or starting point. However, 
if an swr meter is available the optimum length can be simply 
arrived at by trial and error. The standing-wave ratio is 
measured with the capacitor adjusted to give minimum 
reading. A small adjustment to aerial length is then made, 
and the ratio checked to see if it is better or worse; preferably 
the aerial should initially be too long, and the reduction 
should lead to a reduced swr. It is then only necessary to 
reduce further the length until by adjusting the capacitor the 
swr approaches unity. If sloping or movable radials are in 
use, the final adjustment can be made even more easily by 
repositioning these, or even shortening one of them slightly. 
Increasing the radial angle from the horizontal, or even 
reducing the length of one radial wire, is equivalent to 
slightly lengthening the aerial itself. 

Multi-band Ground Plane 

The principle of the all-band dipole, Fig 12.97, may be 
extended to the ground plane by using a set of verticals, one 
for each band joined in parallel at the base, and a separate 
set of radials for each band. Alternatively it may be found 
simpler to use traps (p!2.84) in the vertical portion, in 
conjunction either with separate sets of radials or trapped 
radials. 

The Loaded Vertical 

Vertical or ground-plane aerials present little problem 
at the higher frequency bands where a self-supporting 
radiator up to 0-375 wavelength long or a wire supported 
by a mast can be erected. Not infrequently a metal mast 
or lattice tower insulated from earth at its base can be used 
effectively, as is common practice at broadcast frequencies. 
The loading of vertical aerials to permit the use of rela¬ 
tively short radiators has been discussed on pl2.52 and 
aerials designed for the higher frequencies can often be 
pressed into service on the lower frequencies by the use of 
one or other of the loading devices described. Loading is 
common practice in mobile installations where the length of 
whip aerial is strictly limited by practical considerations. 

Base loading is clearly the most convenient since the 
loading coils are accessible for changing bands, and can also 
be used as a coupling transformer on the lines shown in 
Fig 12.79. Because of relatively large coil losses, base loading 
is generally confined to adapting an aerial for use on the 
next lowest frequency band, because the inductance will not 
then be large enough to upset the current distribution seri¬ 
ously, or to introduce excessive losses. Thus a vertical 
aerial designed for f or | wavelength on 28 or 21 MHz can 
be simply adapted for use on 14MHz; and more commonly 
a 14MHz vertical may be loaded for use on the 7MHz band. 
A 32ft vertical resonant at 7MHz is not unduly difficult to 
erect, and may be base-loaded effectively for 3-5MHz. The 
exact size of a base-loading inductance coil cannot be 
precisely stated, since in effect it is tuned by the self-capaci¬ 
tance of the aerial above it to earth, and this capacitance 
is dependent upon local conditions. As a guide however, it 
can be stated that a coil containing an equal length of wire 
to the aerial itself will prove rather too large for resonance 
in the next lowest band, but the aerial can be tapped down 
such a coil until resonance is achieved, and the unused por¬ 
tion then discarded. A roller-coaster coil is popular for base 
loading purposes. Whatever type is used, the coil should be 
of low-loss construction, and protected against the weather 
by a suitable waterproof housing. 

The marked increase in mobile activity in recent years 
has led to the increase of numerous loaded whip aerials 
having demountable coils specially suitable for this work. 
Such coils are ideal as a basis for more permanent loaded 
vertical aerials for the hf bands. Mobile aerials are in many 
instances centre-loaded, which implies that the coil will be 
located part-way up the mobile system, and may be designed 
for mounting upon a section of lin diameter aluminium 
tubing. The section of whip above this coil determines its 
resonance, and often takes the form of a 4ft to 5ft section of 
§in diameter tubing. Coils are available in interchangeable 
form for the various amateur bands. 

Since in a mobile system of this kind maximum current is 
carried in the section below the loading-coil, the., will be a 
very large reduction in loss resistance if this section is 

12.82 



HF AERIALS 

greatly lengthened. Making this change however has only a 
slight effect upon the resonant frequency, which tends to 
rise as the capacitance of the top section to earth is reduced, 
but is simultaneously lowered by the added inductance of the 
lengthened lower section. Excellent loaded verticals can 
therefore be constructed by mounting a standard coil and 
top whip section for the band required upon a mast of lin 
diameter tubing, which may itself be of resonant length for a 
higher amateur band. The mast must be insulated at its base, 
either by the aid of a mounting insulator, or a short section 
of wood or bakelite rod or tube, and will be fed as already 
described. There is no objection to a small trimming-induc¬ 
tance at the base, since the frequency in the loaded-mode is 
likely to be a little high; should it be otherwise, the top 
section must be shortened with caution, as this length is 
very critical. An aerial of this kind will require to be guyed 
at a point just below the loading-coil, and at other points 
according to the actual construction and overall height 
chosen. 

The aerial described is effectively top-loaded for the 
lowest frequency band, and will give useful low-angle 
radiation. Bearing in mind that a vertical radiator need not 
necessarily be quarter-wave, it is possible to excite such a 
system on several bands by altering the feeder termination. 
Where space is very limited, the feeder line reasonably short, 
and the base of the aerial accessible for adjustment, a vertical 
system on these lines can be a useful compromise providing a 
dx capability on several bands. 

As a practical example, the vertical aerial may consist 
of from 32ft to 40ft of lin diameter tubing, terminating at 
the base in a coil similar to that described in the context of 
Fig 12.79(b) with provision for tapping the feeder up or down 
the inductance, but without the series capacitor shown in 
that illustration. At the top this lin tubing carries a loading¬ 
coil of the type used in I -9MHz mobile installations, and 
carrying above it the usual whip section which will resonate 
towards the hf end of the 1-8 to 20MHz band. To operate 
on this band, the feeder is taken very nearly to the top of the 
base loading-coil, the remaining few turns of which resonate 
the system to the required part of the band while the larger 
portion of the coil forms a high-inductance shunt across the 
feeder termination. 

For operation as a vertical dipole on the 3-5 MHz band, 
the feed-point is moved down the coil until the electrical 
length of the whole aerial becomes three-quarter wavelength 
at the working frequency, when the system will be voltage-fed 
at the bottom of the vertical section. The inductance of the 
base loading-coil must be sufficient to ensure this condition. 
Where this is not so it will be of assistance to add a lOOpF 
variable tank capacitor across the whole of this coil, and to 
tune it to resonance as indicated by maximum brightness 
from a neon lamp placed adjacent to the top of the loading 
coil. Maximum current will then occur at the top of the 
vertical section, immediately below the top-loading coil, 
and in a favourable position for effective radiation. 

Operation on the 7MHz band makes use of the vertical 
section only as an extended ground plane, the top loading 
coil serving as a choke. The feedpoint will be very high on the 
base-loading coil, much as for l-9MHz operation. The 
system can be made to resonate in the 14MHz band as a 
vertical half-wave by bringing down the feed-point as before 
until the electrical length to this point is three-quarter wave¬ 
length, the portion of the base loading coil above the feed¬ 
point resonating at 14MHz with its own self-capacitance. 

Somewhat more advanced designs based on this conception 
have been described in which the optimum feed-point is 
selected by switching. It is recommended that the feeder 
line be taken underground in order to minimize stray 
radiation which may disrupt the low-angle pattern. In 
setting up such a system it is very advantageous to make use 
of an swr meter so that the best matching can be quickly 
found, but providing the feeder length is not excessive and 
that the transmitter loading is satisfactory, results are likely 
to prove reasonably acceptable. 

Vertical Beam Aerials 
Most of the horizontal beam aerials described earlier 

can in principle be used in a vertical position. Other things 
being equal, the pattern of a vertical beam is narrower in 
elevation but broader in azimuth than a horizontal beam 
so that all-round coverage may be obtained with a smaller 
number of fixed beams, and it is even possible to use for 
example a single driven element surrounded by parasitic 
elements suitably switched to give omnidirectional coverage. 

Despite these attractive features, vertical beams have not 
achieved much popularity. It is usually easier mechanically to 
erect a horizontal beam than a vertical beam at the same 
mean height which would of course be a greater maximum 
height, and serious inefficiency may result from the proximity 
of vertical elements to vertical metal masts, or even wooden 
masts unless close proximity and high rf voltages can be 
avoided. There is also the obvious difficulty of bringing the 
feeder away at right angles, though some compromise may 
be acceptable if all possible precautions are taken to prevent 
feeder radiation. The most obvious line of attack on the 
feeder problem is of course to use lower-end Zepp feed but 
this usually leads to very poor results unless a balancing stub 
is used, Fig 12.94. Lack of general awareness on this last 
point may account for some of the unpopularity of vertical 
beams. Even with the balancing stub however, one problem 
remains, ie narrow bandwidth. From Fig 12.6 the impedance 
at the centre of a full wave dipole is typically 5.000Q and 
but for the mutual impedance between the two halves. 
Fig 12.9, this would rise to 8,5OOÍ2. The Zepp feed “sees" in 
effect one half of this across one half of the feeder, equivalent 
to 17,00012 across the whole feeder, and this is multiplied 
by about 2-4 times in the case of a close-spaced beam aerial 
with likely values of spacing and phasing, so that the 
effective Q will be typically of the order of 80 and the band¬ 
width much less than the width of, say, the 14MHz band. 

If the maximum height is severely restricted centre feed is 
less of a problem, the height of the feedpoint being probably 
comparable with the height of an upstairs window, allowing 
the feeder to be brought away at right angles all the way to 
the shack or at least for a considerable distance. Assuming 
sufficient ground area is available a vertical beam can in 
these circumstances be attractive and the 7MHz beam of 
Fig 12.102 scaled down to 14MHz has given useful results 
despite the very low height. Performance was however 
markedly inferior to that of horizontal beams at 50ft. 

A very simple vertical array using two ground-plane 
radiators and providing all-round coverage with a gain of 
3dB is illustrated in Fig 12.124 overleaf. With A,2 spacing 
and in-phase feed, the beam is bidirectional at right angles 
to the line joining the aerials whereas with antiphase feed 
the pattern is rotated through 90° and the array becomes 
end-fire with a broader radiation pattern. This arrangement 
is suitable for use also on the low frequency bands. There 
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are of course many possible ways of combining the radiation 
from as many vertical radiators as space permits and in 
general a gain of n times can be realized from n radiators 
spaced upwards of half a wavelength. A particularly interest¬ 
ing arrangement suggested by GW3NJY [16] uses two pairs 
of grounded quarter-wave verticals located around a common 
centre, ie at the corners of a half-wavelength square. By 
feeding one diagonally-opposite pair in-phase and the other 
out-of-phase so that the two patterns coincide, then com¬ 
bining the two pairs with a phase shift of 90°, a unidirectional 
pattern is obtained which may be switched to provide all-
round coverage. This idea should be equally applicable to 
dipole or ground-plane elements thereby avoiding earth 
losses. 

It is difficult to give any definite rules governing the choice 
of horizontal or vertical polarization, because of wide 
variations in ground constants as well as individual circum¬ 
stances, but some guidance [2] is provided by Fig 12.23 from 
which it may be inferred that a low vertical aerial over poor 
ground should be about equal to a horizontal aerial at a 
height of A/2 for radiation angles of 2-8°, typical of those 
required for long distance communication. Over good 
ground the vertical may be appreciably better. It should be 
noted that whereas a horizontal aerial benefits from fore¬ 
ground reflections from a steep ground slope the vertical 
does not, because the image is tilted back into the ground. 
Fresh water or marshy ground is likely to be “good”, but it 
is not an alternative to sea-water which owes its excellence 
to a conductivity which is greater, by orders of magnitude, 
than that of any likely alternative. 

MULTIBAND AERIALS 

In the average location, an amateur will not have space for 
many aerials, and thus the problem of making one array 
work usefully on more than one amateur band is an impor¬ 
tant one. Throughout this chapter, care has been taken to 
indicate the multiband possibilities and limitations of the 
various types of aerial. This section presents a number of 
techniques specifically directed towards the solution of 
multibanding problems and includes examples of their use. 
The multiband properties of the simpler aerials, such as 
dipoles, or long wires fed in various ways, have already been 
discussed but there are always disadvantages—the radiation 
pattern changes, and usually there is a high swr on the feeder 
which can cause inconvenience and sometimes losses. 

Multiband Dipoles and Ground Planes 

The first approach to a multiband dipole is shown in 
Fig 12.125(a). Dipoles are cut for the various bands and 
supported about one foot apart in the same plane, and then 
joined to a single 80D twin line. The theory is that the aerial 
which is in tune at half-wave resonance takes all the power; 
just as the coupling between resonant circuits is relatively 
small when they are tuned to widely different frequencies so 
the coupling between the dipoles can be ignored as a first 
approximation and the power radiated from the “wrong” 
dipoles will be a small fraction of the total, except in the 
case of a 7MHz dipole which will tend to produce a long-
wire type of radiation pattern when the system is driven on 
21 MHz. One version of this, in which the 7MHz acts as the 
21MHz radiator has already been described on pl2.62. 
An exact theory taking account of all interactions is very 

Fig 12.124. Special arrangement of two ground-plane aerials pro¬ 
viding electrical steering of the patterns given in Fig 12.12. This 
gives a gain of 3dB and is often a great help for interference reduc¬ 
tion in a receiver as the nulls in the radiation pattern are steerable 
and the vertical polarization tends to reject high-angle noise and 

interference. 

complicated and some adjustment of lengths may be 
necessary to achieve an acceptable swr. 

Another approach is to connect reactances into the aerial 
with one of two objects—(a) to cut off the aerial progressively 
for each frequency band, so that it is a dipole for each band, 
or (b) to use the reactance as a phase changer, so that at the 
higher frequencies the extensions behave like a collinear 
array. Method (a) will be described but method (b) is 
difficult to apply, and has only had limited use so far. 
Fig 12.125(b) shows the first method, using resonant LC 
units (traps). Starting from the feeder, the radiator is cut to 
length for the highest frequency, say /3. Parallel circuits 
resonant at/3 are then inserted, one for a ground-plane aerial, 
two for a dipole, and the aerial is then extended till it reso¬ 
nates at /2, the next lower frequency. The procedure is 
repeated for a third frequency if required. Finally the lengths 
of the sections are re-trimmed for each band in the same 
order. For a dipole working on 7 and 14MHz, L and C 
values of 2/zH and 50pF respectively are claimed to be 

Fig 12.125. Multiband arrangements, (a) Parallel dipoles, (b) Multi* 
band dipole, (c) Ground plane equivalent of (b). (d, e) Two “fre¬ 
quency switch” filters for feeding two aerials over one transmission 

line. 
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suitable for the 14MHz traps. Taking just-acceptable losses 
as the criterion, these values should be more or less propor¬ 
tional to wavelength and to the characteristic impedance 
Za of the aerial, assuming the basic element to be a half-wave 
dipole. Table 12.10 gives examples of Za and the effective 
impedance Re viewed between the ends of the dipole, this 

^2 

being equal of course to -r—. Assuming a coil Q of 200 the Kr 
two traps in series will have an impedance at 14MHz of 
2 X 200 X 177 = 70,8000 and 2Æe for 1 Jin tubing is 5,8500 
so that only 7-6 per cent of power (ie O-35dB) is lost in the 
traps. At band edges the traps present a reactive shunt of 
14,0000 and the swr can be expected to rise to about T5 
which is quite acceptable. In the case of a typical beam aerial 
however 2Re is increased to about 24,0000 and with the 
same traps the swr would rise to about six, causing consider¬ 
able inconvenience even if the feeder cable and atu are able 
to cope with the situation. Sometimes damping is added 
to the traps to improve the swr but, for the above example, 
this would cause a loss of about 4dB for an swr of two at 
band edges. It is obvious therefore that coil Q must be kept 
high and the L/C ratio increased until the swr is acceptable. 
At lower frequencies than their resonance, the traps provide 
an inductive reactance which operates like the coil in Fig 
12.79(b) to reduce the length of conductor required for 
resonance and, for the above example, the overall length 
required to obtain resonance on 7MHz will be about 52ft. 
This example may be adapted for other frequencies along 
the lines indicated, bearing in mind that the increased L/C 
ratios needed for beams will require additional shortening 
of the elements. In view of the complex electrical and 
mechanical requirements, the design of trapped beam aerials 
is not a task to be undertaken lightly and, if traps are 
purchased, it is important that their design should be related 
to the particular application and their suitability verified 
along the lines indicated above. 

Replacing the tubing assumed for the above dipole 
example by thick wire will roughly double the losses, but 
these still remain quite small. A suitable coil would comprise 
eight turns of 16swg wire 2in diameter and 2in long supported 
by polystyrene strips cemented in position. The coil should 
be mounted over a long insulator and the capacitor may be 
mounted along the insulator. The whole assembly should be 
tuned to resonance by adjusting the coil with a grid dip 
oscillator, and then sealed into a polythene bag. The aerial 
described above will also work quite well on 21 MHz. 
The required voltage rating of the capacitor can be obtained 
from the anticipated power level and the anti-resonant 
impedance which in turn depends of course on the aerial wire 
gauge. For this example a rating of 1,000V should cover 
all eventualities up to the “legal limit” of power. 

The theory of operation described is approximate, and 
does not allow for the coupling which exists between aerial 
sections. It is therefore advisable to adjust the aerial during 
construction. 

When the process is applied to a ground-plane aerial, 
Fig 12.125(c), the physical construction is simpler, because 
the aerial can be made of self-supporting tube. The tube can 
be broken and supported by rod insulators over which the 
coil is wound; the trap circuits can then be well protected 
by tape, or even encased in Fibreglass. A “whip” can be 
used for the top section. Separate ground-plane radials 
may be provided for each band. 

TABLE 12.10 
Characteristic and anti-resonant dipole impedances 

Ratio 
L/D 

Char. 
imp. Za 

End 
Re (A/2) 

Centre Typical aerial 
Rc (A) 

16,600 
2,500 
320 

1,130 
920 
655 

8,750 
5,750 
2,925 

13,500 
8,900 
4,530 

66ft of 1Sswg 
16ft cf 1 4swg 
33ft cf 1 jin dia tubing 

This table gives the A/4 characteristic impedance, Za, the end-impedance 
Re of A/2 dipoles and the centre impedance Rc of A aerials, in terms of con¬ 
ductor length/diameter (L/D) ratio. Re is based on a radiation resistance of 
73i2, and the full wave Rc on 95q per half-wave. Values may vary by 20 per 
cent in practice due to environment. 

When it is required to use two aerials on different bands 
with a common feeder, this can be done by inserting a low 
pass filter immediately after the high frequency aerial (Fig 
12.125(d)). The filter has a cut-off midway between the two 
frequencies: at this cut-off frequency the reactance of the 
capacitor is equal to the impedance (Zo) of the line, while 
each inductor has half this reactance. An alternative form of 
filter (Fig 12.125(c)) uses stubs connected a distance ¡A from 
the first (/2) aerial. One stub is P2 (ie 2 X A2/4) and is open¬ 
circuit; this therefore presents a short-circuit on to the line 
at /2 and thus the second stub has no effect on the first. The 
short circuit becomes a high impedance at the second aerial 
(/i) by transformation. The second (shorted) stub tunes out 
the first at /j, when the total length of the two stubs is A/4. 
The length of line from the second stub to the first aerial is 
not important. 

Fig 12.126 illustrates the use of tuned circuits as frequency 
switches. In Fig 12.126(a) a half-wave 14MHz dipole is fed 
with open-wire line, and a matching stub for this band is 
adjusted in the usual way, after which 21 MHz traps are 
inserted as shown. The stub will then require to be shortened 
slightly. The process is repeated for 21 MHz, the stub for 
this band requiring to be lengthened slightly when the 
14MHz traps are in place. The process may be extended 
to achieve a matched line on any three bands but thereafter 
the method gets too cumbersome to be recommended. 
Because the traps are bridged across 600Û line instead of the 
high impedance of the previous example, losses in them tend 
to be negligible and their design is greatly simplified. At 
21 MHz the length of the dipole is of course 3A/4 and it has a 
slight gain, about IdB. 

The GSRV 102ft Dipole 

The 102ft dipole has been found an excellent compromise 
suitable for all hf bands and can be fed in either of the ways 
illustrated in Fig 12.127. In the upper diagram, tuned feeders 
(300 to 6000) are used all the way: in the lower version the 
high impedance feeder is 34ft long and is connected into 
a 72Í2 twin or coaxial cable. At this junction, the aerial impe¬ 
dance is low on most bands, as can be checked with the aid 
of Fig 12.73 for a length of 34 + 51 = 85ft. 

It has previously been suggested that there is an optimum 
height for this aerial ie a half or full wavelength above 
ground but, although in some cases these heights may provide 
better matching, the G5RV is no exception to the general 
rule that aerials should normally be erected as high as 
possible. 

On 1 -8MHz the two feeder wires at the transmitter end are 
connected together or the inner and outer of the coaxial 
cable joined and the top plus “feeder” used as a Marconi 
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Fig 12.125. Examples of tuned circuits as frequency switches, (a) Illustration of principle enabling a dipole to be matched into an open-wire line 
on several wavelengths, (b) Shortened dipole which is resonant and matched on 14 and 21MHz. Component values depend on Za. being 
roughly correct for tubing of 0-7in diameter, (c) Driven elementand reflector terminations for loops as Fig 12.128(a), 16ft 8in square, L=70ft. 
This avoids the need for adjustment of stubs when changing bands, (d) Use of 28M Hz trap in top corners allows a 14MHz quad to operate 

as a bi-square at 28MHz. 

(a) 

Suitable feeder taps 
selected for optimum 

Convenient length of open¬ 
wire feeder (preferably an 
even or odd multiple of 
quarter wavelength at 
14MHz) 

72H coaxial to 
_y transmitter 

— 51 ft-

(b) 

To transmitter via 
aerial tuning unit 

Matching stub 
34'-0*open wire feeder 
or 29'-6’of 3000 ribbon 

Any length of 75Í1 twin 
lead (up to maximum of 
approx 100ft) 
or 800 coaxial 

Fig 12.127. Two versions of a simple but effective multiband aerial 
for 1-8-30MHz. L1 is the coupling coil and C1 L2 form a resonant 

circuit at the operating frequency. 

aerial with a series-tuned coupling circuit and a good earth 
connection. 

On the 3-5MHz band, the electrical centre of the aerial 
commences about 15ft down the open line (in other words, 
the middle 30ft of the dipole is folded up). The aerial func¬ 
tions as two half-waves in phase on 7MHz with a portion 
“folded” at the centre. On these bands the termination is 
highly reactive and the atu must of course be able to take 
care of this if the aerial is to load satisfactorily and radiate 
effectively. 

At 14MHz the aerial functions as a three half-wavelength 
aerial. Since the impedance at the centre is about 100Q, a 
satisfactory match to the 720 feeder is obtained via the 
34ft of half-wave stub. By making the height a half-wave or 
a full-wave above ground at 14MHz and then raising and 
lowering the aerial slightly while observing the standing wave 
ratio on the 720 twin-lead or coaxial feeder by means of an 
swr bridge, an excellent impedance match may be obtained 
on this band. If however low-angle radiation is required, 
height is all important and as most cables will withstand 
an swr of 2 or greater any temptation to improve the swr 
by lowering the aerial should be resisted. 

On 21 MHz, the aerial works as a slightly extended two¬ 
wavelength system or two full-waves in phase and is capable 
of very good results especially if open-wire feeders are used to 
reduce loss. On 28MHz it consists of two one-and-a-half 
wavelength in-line aerials fed in phase. Here again, results 
are better with a tuned feeder to minimize losses although 
satisfactory results have been claimed for the 34ft stub and 
72Í1 feeder. 

When using tuned feeders, it is recommended that the 
feeder taps should be adjusted experimentally to obtain 
optimum loading on each band using separate plug-in or 
switched coils. Connection from the atu to the transmitter 
should be made with 720 coaxial cable in which a tvi 
suppression (low pass) filter may be inserted. 

When using tuned feeders there is of course no particular 
merit in the length of 102ft. It should also be noted that the 
radiation pattern is of the general long wire type and the 
position of lobes and nulls will vary with length and fre¬ 
quency. 
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Multiband Parasitic Arrays: Frequency Switches 

The principle of a stub or network used as a frequency 
switch, as in Fig 12.126(a), can be applied to parasitic arrays 
to enable them to work on more than one band. The range of 
frequency is limited to about 2 : I because, in terms of 
wavelength, the spacing will change, and at only one fre¬ 
quency can the optimum spacing be employed. For example 
a spacing of O-25A at 28MHz, which is rather higher than 
optimum, becomes O-125A at 14MHz, a spacing which gives 
good performance but rather more critical tuning. 

Fig 12.126(b) shows an example of a tuned circuit acting 
as a frequency switch for a two-band dipole or beam¬ 
element. The tuned circuit resonates at 17-2MHz which is 
the geometric mean of 14 and 21 MHz. It presents the correct 
value of loading inductance at 14MHz and acts as scries 
capacitance of the appropriate value for tuning out the excess 
inductance of the dipole on 21 MHz. The required value of 
inductance is proportional to the characteristic impedance 
of the aerial (Table 12.10), the indicated values being correct 
for tubing of 0-7in diameter approximately. Inevitably there 
is a large circulating current in the coil and therefore losses, 
the coil current being three times the dipole current on 
14MHz and twice on 21MHz; in the first case, for a coil Q 
of 200, 4-50 of loss resistance appears in series with a radia¬ 
tion resistance of 500 and at 21 MHz there are 30 of loss in 
series with 110O. These loss figures are acceptable for dipoles 
but not really good enough for a close-spaced 14MHz beam; 
however by tuning the switch a little higher and making the 
element a little longer, the loss can be reduced say to 30, 
and the Q may be increased to about 600 by using some 2ft 
of shorted line as the inductance. This reduces the loss 
resistance to 10 in series with perhaps 150 of radiation 
resistance for a 14MHz beam, and on 21MHz there is less 
of a problem in view of the greater relative spacing and higher 
initial value of radiation resistance. The frequency switch 
may also be used as a matching transformer as indicated, 
and it should be possible by adjustment of mutual coupling 
to obtain better than 2 : 1 swr on both bands. 

Fig 12.128 shows two simple ways of obtaining a multiband 
resonance. If the length is equal to two half-wavelengths 
on 14MHz it will be three on 21 MHz, four on 28MHz and 
one on 7MHz, ie nominally resonant in every case, though 
slight adjustments are needed for the reasons given on 
pl2.36. Of the two alternatives, the closed loop (a) is more 
generally useful, because the lower end is a point of current 
maximum on each band, and therefore in many cases 
accessible for tuning and matching into any non-resonant 
line. This is true in principle of the open loop; the end of the 
resonant feeder can be coupled loosely through a very small 
capacitance (eg by proximity) so that it presents a match 
into open wire line, but practical difficulties of adjustment 
are considerable. The open loop can be replaced by a dipole. 

In the case of a 14MHz quad loop used on 21 MHz or a 
21 MHz loop used on 28MHz, the current node slides up the 
side to a point about 11 ft from the top centre, and vertically 
polarized radiation off the ends is less fully cancelled, but it 
has been estimated that loss from this cause is more than 
offset by higher intrinsic gain arising from the "oversize" 
elements, and as observed on skywave signals the radiation 
patterns obtained from a driven-element plus reflector are 
roughly comparable on the two frequencies. For two-band 
operation the loops should preferably be mounted with the 
diagonals vertical [11]. The loop length needs reducing 

Fig 12.128. Examples of multiband resonators. If L = A/2 at 7MHz, 
resonance occurs also at 14, 21 and 28MHz approximately, but small 

adjustments of L are needed. This applies to any size of loop. 

slightly on 21 MHz and this may be done for a reflector by 
connecting a quarter-wave open-ended stub about 2ft from 
the end; this has negligible effect on 14MHz. Alternatively, 
frequency switches may be used on the lines of Fig 12.126(c). 
In this case the traps have to effect only a small adjustment 
of line length and the values are not critical. The 14MHz 
quad also works, but not as a beam, on 7MHz and 28MHz 
but for lower frequencies it is probably better to excite one or 
more of the loops as a vertical, eg Zepp-fed (Fig 12.94) at the 
lower end as a A/2 vertical on 7MHz or fed with coaxial 
cable against a ground-plane as a A/4 vertical aerial on 
3-5MHz. An example of a 14MHz quad used very success¬ 
fully on 3-5 and 7MHz for long-haul dx has been described 
by G8PO [17] and, in general, any vertical bunch of wires 
provided it is not “nailed to the mast” is likely to be a useful 
candidate for consideration as a low-frequency aerial. On 
its second harmonic frequency a conventional quad or delta 
loop can be resolved into two end-fire two-element arrays, 
one of which fires vertically upwards so that half the energy 
is wasted, thereby reducing the gain approximately to that 
of a dipole. A single 14MHz quad loop can therefore be 
expected to work more or less equally well on 28MHz except 
that the direction of propagation and the polarization are 
both switched through 90° so that radiation is vertically 
polarized and “off-the-end”. Very little gain is obtainable on 
28MHz by exciting both elements of a close-spaced 14MHz 
quad, though a bidirectional pattern with 4dB gain can be 
obtained from feeding wide-spaced (A/4 on 14MHz) elements 
in phase. A more efficient triband beam can be achieved by 
open-circuiting the top of the loop so that it turns into a bi¬ 
square (Fig 12.101) on the higher frequency, and this may 
be done by means of a frequency switch (Fig 12.126(d)) if 
narrow band operation is acceptable. If the loop is required 
to work on 14,21 and 28MHz the L/C ratio must be kept low 
in order not to upset the 21 MHz radiation pattern, values of 
0-5mH and 62pF being suitable if the loop size is reduced to 
16ft square. Identical treatment can be applied to a 14MHz 
folded dipole to obtain triband operation. Yet another 
alternative arises from the fact that a 21 MHz loop retains a 
reasonable amount of radiation resistance, about 360 for a 
12ft 6in square loop, when driven on 14MHz; this is coupled 
with the advantage of increased effective height since most 
of the radiation comes from the top half of the loop. 

With all these arrangements the simplest method of feeding 
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Fig 12.129. Radiation resistance of short dipoles with alternative 
methods of loading. For beams designed on the guide lines of Fig 
12.15, the radiation resistance varies with length of element in the 

same ratio as that of single dipoles. 

is to use resonant feeders on the lines of Fig 12.128, this being 
much easier with loops in view of the higher radiation 
resistances and the near-coincidence of resonances if the 
length is suitably chosen. It is possible even without the use 
of tuned feeders to devise elements with simultaneous 
resonances on two or three bands by using a variety of stubs 
and other loading devices [11, 18]. Triple resonance however, 
combined with efficient matching to an untuned line on all 
bands, is difficult to achieve without compromises of one 
sort or another, and the only systems currently enjoying 
much popularity employ trapped elements. 

Many triband beams have been described using shortened 
elements for the lowest frequency, and Fig 12.129 shows the 
radiation resistance of short elements for different types of 
loading. Typical elements are about 23ft in length with their 
natural resonances in or near the 21 MHz band. These 
usually employ frequency switch techniques, on the lines of 
Fig 12.126(b), for resonating parasitic elements on two or 
more bands and either frequency switches or tuned feeders 
for the driven element. Making use of Figs 12.15 and 12.129 
with appropriate scale factors and aiming for a gain of 
at least 4dB on 14MHz a radiation resistance (referred to a 
current loop, not the actual feed point) of 80 can be expected. 
From Fig 12.5, assuming 12swg and a feeder length of 50ft, 
the loss resistance referred to the same point is 2-50 and the 
powerlostinthedriven element is l-2dB. Referring back tothe 
discussion of Fig 12.126(b), a further loss of at least 0-5dB 
can be expected in the frequency-switching circuit of the 
reflector, leaving a nett gain of only 2-3dB. This calculation 
is of course extremely rough but serves to illustrate the basic 
principles and the extreme difficulty of obtaining effective 
gain on the lowest frequency, particularly as no account has 
been taken of the possibility of increased dielectric losses. 
In the case of a 21 MHz quad loop, as described above, the 
situation is a little better, the radiation resistance being at 
least double. 
The near-coincidence of resonances allows much more 

efficient frequency switching of the reflector, and a nett gain 
of 3 0 to 4 0dB with possibly an extra dB from the increased 
effective height for a given mean height can be expected. 
Alternatively resonant feeders to both elements can be used 

and both can be driven if desired. In all these cases tuning will 
be critical on I4MHz where full band coverage cannot be 
expected without retuning or accepting some loss, but the 
double feeder arrangement has the advantage of allowing 
all tuning to be carried out at or near ground level. 

The most efficient method of feeding such beams is to tune 
both elements (dipole or loop) to resonance using the shortest 
possible stubs and match into these in the usual way with 
open-wire lines at 14MHz. In this case losses are negligible 
and bandwidth greatly improved but the adjustment must 
be correct prior to erection. At 21 MHz the stub can be open-
circuited by a frequency switch and at 28MHz it is harmless, 
allowing the feeders to be used as tuned lines in both cases. 

Because of the relatively low radiation resistances of small 
beam aerials particular care must be taken to minimize 
losses in any tuned feeders by using the heaviest practicable 
wire gauge, good insulation, and avoidance of proximity 
of lossy objects other than in the vicinity of voltage nodes. 
The feeders must be as short as possible, except that it 
may be convenient to end them at a current loop for matching 
into a non-resonant line. In general, tuned feeders are more 
suitable for fixed than for rotary beams, although a two-
feeder reversible beam may be arranged as sketched in 
Fig 12.130 and has been found to allow sufficient rota¬ 
tion without harmful effects. A single-feeder veision with, 
for example, separate parasitic elements for each band, 
presents no major problem but the feeder should be pre¬ 
vented from actual contact with the mast or metal guys. 
Joints, particularly those between copper and aluminium, 
should be suspect and one advantage of loop or folded 
elements lies in the possibility of making a de resistance 
measurement which usually reveals the presence of any 
corrosion. If a resonant feeder is matched into a non-
resonant open-wire line in the usual way, the sum of radiation 
resistance and loss resistance may be deduced approximately 
from the required length of matching stub; the reactance Xs 

of a short-circuited open-wire stub made of 6000 line is 
quite close to 4/7 Q where/ is the frequency in MHz and 7 is 
the length in feet, provided 7 is less than about 5ft at 14MHz 
and pro rata. The resistance is then given by Xs2/600 and 
if this greatly exceeds the likely value of radiation resistance 
which may usually be inferred from Fig 12.15 or discussion 
in this chapter under the appropriate headings, the explana¬ 
tion must be excessive loss resistance or, possibly, incorrect 

Fig 12.130. Arrangement to permit rotation of reversible beam with 
open-wire feeders. The top guy wires should be attached at or 
below the anchorage point of feeders. About 120° to 140 of rotation 

is sufficient in most cases. 
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phasing of beam-elements. Too low a resistance also indi¬ 
cates incorrect phasing but. if this is the cause, it will usually 
be obvious from the directional properties of the aerial. 
Although this procedure provides only very rough guidance 
it is capable of revealing major faults in design or mainte¬ 
nance, or alternatively inspiring confidence in the system. 

Stacking 

For coverage of more than two wavebands it is usually 
preferable to use two or more beams even if these have to 
be mounted on the same supporting structure. One example 
of this, the multiband quad, pl2.77, has already been 
given and it is common practice also to use stacked dipole 
arrays. There is in general very little effective mutual coupling 
between parasitic elements having widely different resonant 
frequencies and separated by a foot or so but this is not 
necessarily true of driven elements which, if left with a ran¬ 
dom length of feeder attached to them, will usually resonate 
at some frequency other than the nominal resonance and 
possible coinciding with one of the other bands. This obvi¬ 
ously spells trouble, and since the point has apparently not 
been widely appreciated, may well account for occasional 
failures to get satisfactory performance with stacked beams. 
It is a simple matter to test for interaction by short-circuiting 
any unused feeder and, if there is any change in performance, 
it can be assumed that the worst condition involves some 
interaction and the best almost certainly no interaction, 
though multiple resonances can occur, and a check with an 
additional termination such as an eighth wavelength of 
feeder should also be made. A 14MHz parasitic element will 
of course resonate on 28MHz but this is a full wave resonance 
and, assuming symmetry, any coupling to the 28MHz 
elements will be neutralized. On the other hand, depending 
on feeder length and termination, the 14MHz driven element 
can look like a pair of 28MHz half-wave dipoles in phase 
and the above termination test should be applied. 

LIGHTNING PROTECTION 

In order to achieve the most efficient radiation from an 
aerial, it should in general be erected in the clear and as high 
as possible. Its potential as a lightning hazard is thereby 
increased and serious consideration should be given to this 
problem which unfortunately is one of considerable com¬ 
plexity, so that no one set of simple rules can be devised to 
suit all situations. Some understanding of the general prin¬ 
ciples involved and, incidentally, the weakness of many 
common practices, is therefore desirable. 

The object of lightning protection systems is achieved by 
providing a safe conducting path between ground and the 
atmosphere above the structure to be protected [24]. Radio 
aerial installations usually embody the main ingredients of a 
protective system but may tend to increase the hazard instead 
of reducing it, because of failure to meet certain minimum 
specifications for such systems. The majority of lightning 
strikes involve currents in the region of 2,000A to 100,000A, 
with an absolute maximum in the region of 220.000A. These 
are of short duration, eg a rise time of a few microseconds 
and decay time of a millisecond or less, though a complete 
lightning discharge may comprise a sequence of such strokes 
following the same path and lasting up to one second or 
more. Despite the short duration these currents cause intense 
heating if they pass through a bad joint in a metal conductor 

or poor insulators such as trees or brickwork where they may 
cause sudden generation of steam; in each of these cases the 
effect may be explosive, fires may be started, and there is 
danger to any individual near the path of the discharge. The 
current can pass safely to ground only if the following condi¬ 
tions are satisfied: 

( 1 ) The current path is of adequate conductivity and cross¬ 
section. 

(2) The earth resistance is low enough. 
(3) Other conductors in the vicinity of the lightning 

conductor are adequately isolated oi bonded to it. 
(4) There are no people or animals in the vicinity of the 

earth termination, where large potential gradients 
exist at the ground surface during a lightning strike. 

The most frequent cause of damage to equipment is not 
a direct strike but voltage or current induced in aerials and 
mains wiring by lightning strikes in the vicinity, at distances 
up to several hundred yards. Static charges due to an 
accentuation of normal atmospheric stresses also come into 
this category. Protection against these effects may be obtained 
even with a high-resistance earth-connection but the presence 
of an hf aerial, despite adequate protection against static 
electricity, could in some cases increase the likelihood of a 
direct strike without providing the means for dissipating it. 

Lightning danger varies enormously between different 
areas of the world and this must obviously enter into the 
assessment of what precautions should be taken. The BSf 
Code of Practice [25] puts forward a “points system” for 
deciding whether a building needs protection and the 
majority of private dwelling houses in the British Isles 
would appear to be exempt though many of them might be 
put at risk by erection of an hf beam or ground-plane aerial 
on the roof. Many aerials mounted on towers or tall masts 
would also appear to be in need of protection; on the other 
hand some aerials can be designed so that they themselves 
act as efficient protective systems. Short of full lightning 
protection it is recommended [26] that television aerials, 
etc, should be protected against atmospheric electricity by 
earthing with a conductor of not less than b5mm2 cross¬ 
section, the outer conductor of a coaxial cable being regarded 
as suitable. An hf transmitting aerial should obviously receive 
at least this degree of protection. Aerials and masts may be 
earthed for this purpose by connection to an existing system 
of earthed metal work, eg suitable water pipes, the point of 
connection being as high as possible in the system. In the 
case of vhf or uhf aerials parasitic elements need not be 
earthed, but this may be advisable with the much larger 
elements used for hf beams. 

Whether or not full protection is provided, the earth 
resistance should be as low as possible. For full protection 
the BSI Code of Practice [25] recommends a value not exceed¬ 
ing 10Q and conductor cross-sections of the order of 60mm 2 

though opinions differ on the latter figure; the official 
standards of some countries run as low as 28mm2, and values 
as low as 5mm2 have been described as adequate despite a 
small number of instances of damage to 60mm2 conductors 
[24]. An earth resistance as low as 10Q is often difficult to 
achieve but in such cases an annual dose of a solution of rock 
salt can be very effective. Low earth resistances are some¬ 
times obtained by laying conductors in trenches near the 
surface, but it seems reasonable to suppose that this might 
tend, for a given resistance, to create dangerous potential 
gradients over a much larger area in the event of a strike. 
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Fig 12.131. A/4 lightning protection. The balanced line is approxi¬ 
mately A/4 in free space: the coaxial line is A/4V where V is the 

velocity factor of the cable employed to make the stub. 

The bonding of other conductors to the lightning protec¬ 
tive system can raise complex problems and if it appears 
necessary, the references should be consulted. Isolation is the 
alternative, and for full protection requires separations of 
1ft per ohm of earth resistance, plus 1ft for every 15ft of 
structure height to allow for the inductive voltage drop in the 
down conductor; however, for a slight increase in risk these 
distances may be halved. A rough idea of the zone of pro¬ 
tection of a lightning conductor system is obtained by 
imagining a cone with a 90° apex angle extending down from 
the tip of the conductor and this may be extended by the 
efficient bonding to the conductor of, say, a “plumbers 
delight" hf beam erected over the roof. Most hf transmitting 
aerials however lie wholly or partly outside the protected 
zone and, because of inadequate conductor sizes, are unsuit¬ 
able for its extension. In such cases the feeder (eg outer of 
coaxial cable), metal masts and parasitic elements should be 
connected to the highest convenient point on the lightning 
conductor. If there is no lightning protection system they 
should be earthed outside the building. 

In the case of an aerial mounted on a tower or tall metal 
mast, all components including parasitic elements should be 
adequately earthed and unless a separate lightning conductor 
is fitted the tower must be free from high resistance joints 
(eg fully welded). Even if resistance is initially low, possi¬ 
bilities of corrosion following exposure to the weather must 
not be overlooked. Otherwise, if the lightning current is 
allowed to pass to earth via the tower, explosive disintegra¬ 
tion and collapse could occur. The earth resistance must be 
as low as possible and a single 3ft earth spike as illustrated 
in earlier editions of this handbook, though adequate for the 
discharge of static electricity, is insufficient for lightning 
protection. Balanced feeders cannot be directly earthed 
except via resonant stubs as illustrated in Fig 12.131. 
Various spark-gap type lightning-arresters are suitable as an 
alternative [27]. 

The usual change-over switch for earthing an aerial and 
worse still other “executive” arrangements likely to require 
the handling of a feeder during a thunderstorm, such as 
removing it from the rig and plugging it into an earth con¬ 
nection, are not merely useless for lightning protection 

but could prove highly dangerous. Even in the event that 
an operator remembers to “switch to earth” before the 
outset of a storm, “any idea that they provide safety is 
illusory” [24]. This is because the switch is not capable of 
carrying lightning currents, nor is the gap sufficient for pro¬ 
viding the required isolation which needs to be several feet as 
already indicated. It should be remembered that in the event 
of a lightning strike, even if the earth resistance is as low as 
10Q, voltages as high as two million could be lying around 
in the shack! 
The BSI Code of Practice recommends where possible a 

common earth electrode for lightning protection and all 
other services, the lightning conductor being of course 
routed outside the building, and the installation must comply 
with regulations for the other services. It should be noted 
that an earth resistance of 10Q is not low enough to provide 
in itself the fault protection required by wiring regulations 
and. if this is the best figure available, an earth-leakage trip 
will be fitted. Some older types are voltage-operated with 
a coil connected between true earth and the "earth connec¬ 
tion" of the wiring system. If an earthed coaxial feeder is 
plugged into a transmitter or receiver to which the usual 
three-pin plug is fitted, the trip coil will be wholly or partly 
short-circuited and a dangerous situation involving the 
whole of the house wiring could be created. 

CONSTRUCTING AERIALS 

All the aerials described in this chapter can be constructed 
at home without much difficulty provided that suitable 
materials are selected. They fall approximately into two 
groups, those which are formed from wires under tension 
between fixed anchoring points and those which employ 
rigid or semi-rigid conductors or light frames which act as 
supports for flexible radiators. All rotatable beam aerials 
come in the second group. 

Wire Aerials 

The cardinal points of design of a fixed wire type aerial are: 

(a) choice of conductor type and gauge, 
(b) insulators, 
(c) end anchorages for tensioning, and 
id) method of support. 
The size of conductor to be employed depends upon the 

working tensions involved. The longer the span and the 
heavier the insulators, the greater will be the tension for a 
given amount of sag. Single copper conductors are cheapest, 
the choice of wire gauge being determined by the need to 
keep the loss resistance small compared with the radiation 
resistance and also by mechanical considerations. In general 
for "short dipoles”, or for dipole beam elements, 14swg or 
thicker should be used in order to reduce losses and maintain 
bandwidth. Stranded wire, eg 7/029, is however slightly 
easier to handle. Thinner wires may be used for loops and 
folded dipoles even when these are part of a beam and, given 
a rough idea of the likely radiation resistance, Fig 12.5 
provides the necessary guidance for meeting the electrical 
requirements. Wire should always be tensioned to avoid 
breakage due to flexing, but if anything more than light 
tension is required it is essential to employ hard-drawn 
copper to prevent stretch. For a 14MHz dipole the wire 
size can be as low as 30swg for a loss of only 0-5dB, and 
though liable to mechanical breakage such an aerial has the 

12.90 



HF AERIALS 

Fig 12.132. Halyard connections to poles and trees. The weight W is 
equal to the tension T required in the aerial wire. In both cases an 

endless loop is employed. 

advantage of being much less conspicuous in areas where 
bye-laws or aesthetic requirements call for an invisible aerial. 
Wire aerials may be suspended between any available 
supports, using polythene line without additional insulation, 
lightly tensioned as in Fig 12.132. If only one support is 
available, or if a few feet of extra height can be obtained in 
this way, the dipole may be erected as an inverted-V. 

A solid insulator is likely to be required in the centre of 
the dipole to provide mechanical anchorage for the feed 
line, and in the case of half-wave dipoles almost any insu¬ 
lating material is suitable. Losses at this point can however 
have a serious effect on the performance of full-wave 
dipoles or “short dipoles”. Insulators can be obtained 
as proprietary items in glazed china or glass, or can be 
manufactured at home from polythene rod. It is possible to 
cast individual tension and centre feed-point insulators in 
Iraldite resin, which has an acceptable power factor and low 
dielectric loss up to 30MHz. In all cases where a rigid 
insulator is not required for mechanical reasons, polythene 
cord will be found satisfactory. 

The correct method of attachment of halyards and con¬ 
ductor wires to a thimble or insulator is shown in Fig 
12.133(a). To form the PO splice in the stranded conductor, 
one strand of the free end of wire is untwisted back to the 
insulator, and then wrapped tightly around both wires to 
bind them together. A second strand is then untwisted back 
to the end of the first wrapping, and wrapped to continue 
the binding action. The process is repeated until all the 
strands of the free end have been used. This neat splice may 
also be used on galvanized stay wires for masts, and is very 
strong. It is aesthetically better and inherently safer as a 
permanent splice than the familiar Bulldog wire rope grips 
sometimes employed. 
One method of securing the feed-point insulator for 

coaxial and for open-wire line is shown in Figs 12.133 (b) 
and (c). It is important to ensure that the weight of low 
impedance line is supported firmly by the insulator and not 
by the connections made to the aerial conductor. The latter 
should be wrapped to form a sound mechanical joint before 
soldering. 

Aerial halyards should be of polythene, nylon, or other 
plastic material since conventional rope or cord tends to 
rot and in the meantime is much affected by weather condi¬ 
tions. They should always be reeved as an endless loop to 
avoid a climb to the top of the pole if an aerial or halyard 

Fig 12.133. (a) The PO splice for securing stranded wire around a 
thimble or insulator, (b, c) Methods of supporting feeders from 
dipole centre insulators. The exposed end of the coaxial cable in (b) 
must be taped to exclude moisture. The “tee” insulator is described 

in the text. 

connection fails: Fig 12.132(a). Some plastic cords are rein¬ 
forced by a fine strand of wire and these must be avoided 
in view of possible effects on the aerial radiation pattern, 
apart from the fatal consequences likely to ensue if .they 
come into accidental contact with overhead electric cables. 

Wooden or metal poles, towers, or the walls or eaves of 
buildings are all suitable tension anchorages. In the latter 
case a long free end to the halyard is preferable to keep the 
aerial away from lossy brickwork and metal guttering. The 
branches or trunks of trees have disadvantages as halyard 
anchors as they move excessively in the wind and cause large 
variations of sag in aerial wires, and possibly failure under 
extreme tension. If they must be used, then some form of 
counterbalance on the lower end of the halyard is essential : 
Fig 12.132(b). The weight should be free to move up and 
down, and is equal to the tension in the aerial wire. 

Beam Aerials 

Various forms of rotary beam aerials can be constructed 
either from wires tensioned on a framework or from self-
supporting tubes, remembering that wires should be of the 
heaviest convenient gauge, though 18 or 20swg is electrically 
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satisfactory for quad or delta loops of normal size and at 
least A/8 spacing. The framework can be made up from suit¬ 
able timber which can be screwed together, or from bamboo 
poles clamped to end fixing plates. When timber is used, 
particularly for rotary Yagi type aerials, a hardwood is to be 
preferred. Softwoods should always be primed and painted 
for normal outdoor protection, or given a thorough creosote 
or polyurethane treatment. It is advisable, particularly if 
short elements are used, to keep any wood or bamboo 
supports well away from wires to ensure satisfactory per¬ 
formance in wet weather. 

The most elegant form of Yagi aerial construction is the 
“plumber’s delight’’, so called because all the elements and 
the supporting boom are made from tube sections. Since all 
elements in a Yagi are at zero rf potential at their centres, 
they may be joined to and supported by a metallic boom. 
This form of construction is usual in commercially available 
aerials, but often presents problems for the home constructor 
who may like to consider the alternative of using two or 
more fixed but reversible wire beams to provide all-round 
coverage. Apart from the important operational advantage 
of instantaneous switching between directions such arrays 
can often use lighter supports and are relatively cheap. 
Sometimes they can even be concealed among tree branches 
without incurring appreciable losses. Wire beams using 
inverted-V dipole elements may be supported from a single 
mast and spreader. 

Many ideas for the construction of quad aerials will be 
found in reference [21]. 

Vertical Aerials 

Vertical aerials should as far as possible be kept well clear 
of supporting structures. They may be suspended from a 
catenary which can also provide end-loading, eg as in Fig 
12.102, or may be self-supporting. If stay wires are required 
polythene cord is suitable in view of its excellent insulating 
properties. Sometimes a metal mast is used in conjunction 
with a base insulator as a single-band radiator. The base 
insulator can be made from a soft drink or wine bottle, 
clamped around the lower part of the outside, and with the 
bottom end of the vertical tubing either inside or over the 
neck of the bottle. A hock bottle is probably the most suitable 
shape for this purpose. In all such cases it is essential to 
prevent the bottle filling up with rainwater. 

Masts and Rigging 

Although traditionally aerials have been supported by 
stayed or self-supporting wooden poles, usually painted or 
creosoted for weather protection, there is an increasing 
tendency to use steel or aluminium tubing with suitable 
coupling and stay attachment fittings. A most convenient 
mast kit can be built using nominal 2in diameter alu¬ 
minium scaffold poles as the basis, and selecting fittings from 
a range manufactured by Gascoignes Ltd, Reading, Berks, 
under the trade name “Kee Klamps”. A typical arrangement 
for a rotating lightweight tubular mast suitable for carrying 
light hf or vhf beams is shown in Fig 12.134. A simpler form 
using the same principle can be employed for fixed poles. 

Alternative sources of tubes and clamp fittings include 
firms specializing in tv aerial installations, particularly in 
fringe areas of reception. 

Metal guy wires if used should be broken up by insulators 
into non-resonant sections. It should be noted that metal 

Fig 12.134. A light rotating mast using Kee-Klamp scaffold fittings. 
The clamping screws at F should be left slack and grease forced into 
the fitting at those positions. For extra security the stub pole can be 
drilled |in clearance at points D and Jin BSW bolt substituted for 
the Allen screw, to penetrate the walï of the tube and form a lock 
against possible pull out. A simpler form of construction can be 

used for fixed poles. 

masts, unlike guy wires, cannot be split up in this way and 
may have unpredictable resonances which can be excited by 
any asymmetry in the aerial system, so that the measures 
recommended (pl2.32) for the prevention of feeder 
radiation may assume added importance; they should not 
be used to support vertical aerials with the possible exception 
of ground planes mounted at the top, although in this case 
the radials, if allowed to droop, could couple tightly into the 
mast. Asymmetry also exists in principle if the mast is 
used to support one end of a horizontal aerial which should 
preferably be several feet from the mast, though usually no 
serious difficulty is experienced. 

Many tilt-over and telescopic towers are available as 
proprietary articles and the telescopic variety can be motor-
operated. On the other hand wooden masts can be con¬ 
structed from timber at low cost as in Fig 12.135 and lend 
themselves readily to tilt-over methods of erection for easy 
replacement or maintenance of aerials. 

Excellent articles on aerial masts and rigging have appeared 
in Radio Communication [22, 23] and will help the reader 
wishing to adopt a “professional” approach to aerial erec¬ 
tion, or to benefit from the experience of others in evolving 
cheap and simple designs of aerial support while avoiding 
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some of the more serious pitfalls. Every installation presents 
a different set of problems, and solutions have few features 
in common. Careful consideration must be given to any 
dangers to persons or property which could result from the 
collapse of a mast and beam during severe weather conditions 
and it is essential to err on the side of safety, even though 
this usually leads towards rather massive construction. On 
the other hand there are cases where collapse would be of 
minor consequence and repairs easily effected, for example 
where a light support is used for an inverted-V dipole or 
ground plane, and materials such as the pvc tubing available 
from builders merchants have been used successfully in 
these cases. 

Guys are usually required, but the stranded galvanized 
clothes line often used has only limited life, particularly 
when the galvanizing has been damaged with pliers. Poly¬ 
propylene rope (monofilament) is an excellent general-
purpose material for guys and halyards, Terylene being 
slightly better but considerably more expensive. Nylon and 
polythene have been used successfully but stretch under 
tension and this can be disastrous when they are used as 
guys. Guy anchorages for light masts may consist of 2ft 
lengths of 2in angle-iron driven into the ground approxi¬ 
mately at right angles to the line of pull of the guys. Par¬ 
ticular attention should be paid to safety during the erection 
of masts, avoiding any danger of contact with power wires. 
Pairs of guy wires, carefully measured and attached to points 
at right angles to the line of erection will prevent the mast 
falling sideways. The “gin-pole” method permits the single-
handed erection of masts up to 40ft or more in length. The 
gin-pole, which may conveniently be a ladder, is held 
vertically at the foot of the mast which is on the ground, and 
the free guy or guys from the top of the mast are passed over 
the top of the ladder and extended to a lower position where 

Planning Consent 

In the UK all aerial supports erected at a height exceeding 
10ft above ground level are subject to the provisions of the 
Town and Country Planning Acts. Before embarking upon 
any major aerial erection, it is advisable to consult with the 
Surveyor to the local Council and if necessary make formal 
application for planning consent. Failure to comply with the 
Town and Country Planning Acts could possibly lead to an 
injunction to dismantle the entire erection at a later date. 

In other countries various zoning laws also apply in built-
up areas, and the appropriate procedure should be ascer¬ 
tained. When purchasing or renting property, it is important 
to ascertain whether there are any covenants in the title 
deeds prohibiting the erection of outdoor aerials. This is 
particularly important in municipally owned estates and in 
areas where piped television is in use. 

AERIAL MEASUREMENTS 

The most important property of hf aerials is usually the 
effective dx performance which is difficult to measure directly 
as it involves not only the aerial but its entire surroundings 
and particularly the ground contours which may have 
markedly different effects even for aerials at say, opposite 
ends of a typical suburban garden. Even if the area is flat, 
power lines and trees can have marked effects in the case of 
horizontally and vertically polarized aerials respectively. 
Data on these effects are few, but in one case vertical aerials 
suspended from, on either side of and barely clear of a row of 
trees were found to be ineffective when “looking through” 
the trees. Local measurements of impedances and polar 
diagrams can be used to establish that an aerial is wot king 
approximately in the correct manner but when evaluating 
a new aerial it is advisable to obtain a considerable number 

comparative signal reports before and after the change. of 

Hole 

bolt 'X' 

Mid section Base 

4ft 

Guy 

4ft 2,t

Top of mast 2’x 2" 

Stiffening blocks 1ft long 
tapered to fit natural 
divergence of top section 
members — nailed in 
position 

' , We 11 rammed 
i masonry or 
cemented 

Top section 16 to 20ft long 
tapered from 3’wide at base 
to 2’wide at the top 
(two pieces T thick) 

Ÿ2 dia raising 
rope secured 
with nails or 
staples to 
prevent slipping 
from end of 
raising lever 

1 
5ft 
min 

Raising lever 4’x 4'- same length as base section. 
A rope lashing at the base whilst bolt 'X' is inserted in 
position will be helpful. 
After bolt 'X' has been well secured both the lashing 
and raising lever are removed 

Fig 12.135. Constructional and 
raising details of the 55ft 
wooden mast. (ARRL Antenna 

Book). 

16 to 20ft 
long 

3ft long 
stiffening block 

inserted & secured 
after top of mast has 
been erected in pos'n 

Use of small split 
bolts at obvious 
locations will prevent 
splitting at timber 
ends 

6'x 6* square or. 
circular timber 
cut to width of 
4’x 4* as shown 

they can be easily secured. For single-handed erection a 
tackle may be rigged between the top of the mast and a 
suitable anchorage. A temporary crossbar should be clamped 
to the base of the ladder so that the mast sits on it during 
erection, being afterwards lifted off into a suitable socket [22]. 
In working out the required strength of guy-wires, it is 
convenient to estimate the effective surface area presented 
to the wind by the aerial, and add on the area of the top one-
third of the mast. The wind drag is then given by v2/400 
where v is the wind velocity in mph. Depending on the loca¬ 
tion and other factors, v is usually taken as 80-I00mph, and 
a factor of safety of six should be allowed for the breaking 
strain of the guys. Typical wind drag (lOOmph) is 5-8lb per 
foot length for 2in tubing, 017lb per foot for 14swg wire, 
1351b for a three-element 14MHz Yagi and 2601b for a 
cubical quad, Fig 12.117 [23]. 

16-20ft 
ij z“"9
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Fig 12.136. Adjustment of aerial impedance using a reflectometer. 
The output of the transmitter is set to maintain a constant indicated 
forward power. The aerial is then adjusted for minimum reflected 

power to match its impedance to the cable employed. 

The yardstick for such comparisons may be provided by 
another amateur whose operating conditions are maintained 
constant, or another aerial (eg a dipole) at least JA away 
from the aerial under test and end-on to it, although these 
requirements may be relaxed if the aerial not in use including 
any parasitic elements can be completely detuned, eg by the 
open-circuiting of resonant feeders. It will be difficult to get 
consistent results unless both aerials have similar vertical 
plane radiation patterns which for horizontal aerials and low 
angles are a function only of height and ground contours. 
More consistent results have been obtained over long 
transequatorial paths such as G/VK or G/ZS, probably due 
to the prevalence of single modes of propagation (eg chordal 
hop) whereas transatlantic paths can sustain many different 
multihop modes, some of which may involve quite high 
angles of radiation. The "yardstick" station need not be 
particularly close, geographical separation up to 100 miles 
or more being usually less significant than a difference of 
say 2 : 1 in aerial height, though correlation may break down 
completely at times particularly if band conditions are chang¬ 
ing. This “rule” also breaks down for near antipodal paths 
since places which are close together geographically may be 
on completely different great circle bearings, as will be 
obvious from looking at New Zealand on a great circle map 
centred on the UK. 

Local measurement of aerial performance usually involves 
three particular properties of the aerial: 

(a) Impedance, 
(b) Polar diagram (in both planes), and 
(c) Gain relative to a reference standard. 

These will now be discussed in turn; sec Chapter 18 for 
details of suitable test equipment. 

Impedance 

It is desirable to know the approximate value of input 
impedance of an aerial for two reasons: 

(a) to determine a suitable form of matching transformer 
at the aerial, 

(b) to verify as discussed below that the radiation resist¬ 
ance is of the right order since if too low this indicates 
faulty design or tuning, and if too high suggests the 
presence of excessive losses. 

In the case of an aerial fed with open-wire line the position 
and length of matching stubs after following normal adjust¬ 
ment procedures should give the information required 
(Figs 12.59 and 12.60). With low impedance feeder and 
correct tuning of the aerial, swr should be a minimum around 
the middle of the band and, if the aerial is fed without a 
transformer, or with a transformer of known ratio, radiation 
resistance may be deduced from the minimum swr. An swr of 

2 0 in 50(2 cable could result from an aerial impedance of 
25 or 100Q, but such ambiguities may be resolved by 
connecting say a 100Q resistance across the aerial terminals. 
This would have little effect in the first case, but would 
improve the swr to unity in the second case. 
Matching may be checked with an impedance bridge, 

noise bridge or reflectometer which should if possible in the 
first instance be connected close to the aerial, otherwise what 
is interpreted as a good match may in fact represent only a 
high value of feeder loss. Even if the feeder loss is low, as 
measured into a resistive load, additional loss and measure¬ 
ment errors may be caused by line imbalance or currents 
flowing on the outer surface of a coaxial feeder. To illustrate 
this by a practical example, a two-element beam fed with 
120ft of coaxial feeder, without a balun, had an swr of 1-4 
measured at the transmitter, and the feeder loss into a 
matched load was I-5dB. Despite this the performance was 
very badly down and an improvement of about 6dB, as 
estimated from dx signal reports, was obtained by changing 
over to open-wire feeder with a matching section. Investiga¬ 
tion revealed an swr in the first case of 4 0 at the aerial. This 
gave [19] a predicted swr at the transmitter, allowing for 
line-losses, of 2 0. Further reduction of swr and at least half 
the total loss was attributed to loss by radiation from the 
feeder. 

After the performance of an aerial has been established, 
the reflectometer may be installed in the shack for permanent 
monitoring, but it should not be regarded as giving an 
infallible indication of correct operation and losses due for 
example to moisture getting into the feeder will improve 
rather than degrade the swr. Fig 12.136 illustrates a typical 
test set-up using a reflectometer to indicate correct adjust¬ 
ment of the aerial for minimum reflected power in the line. 
When carrying out such adjustments it is important to 
maintain a constant forward power from the test oscillator, 
and this too can be verified by means of the reflectometer. 

Adjustment of aerial impedance should ideally be carried 
out with the aerial in its operating position, since it is 
influenced by height above ground. Often this is not feasible 
and it may be necessary for reasons of accessibility to make 
adjustments at a height of 10ft or so with a final performance 
check at full height. 

It is permissible, and usual, to leave the reflectometer 
connected in the transmission line during normal operation 
(with a reduction of sensitivity appropriate to the transmitter 
power employed). It is then possible to maintain a continuous 
check on the swr and detect aerial faults as they arise. 

When aerials using tuned feeders are employed, the adjust¬ 
ment of impedance is transferred to the aerial coupler (see 
P12.48). Again a reflectometer may be used in a short 
piece of line of correct impedance for the transmitter output 
load, and the aerial coupler adjusted to give maximum swr 
on this piece of line (see Fig 12.74). 

Polar Diagram 

The horizontal polar diagram of an aerial can be measured 
to a reasonable degree of accuracy without having to raise 
the aerial to an excessive height above ground. A figure 
of O-2-O-3 wavelength may be considered adequate, with a 
minimum of 8ft, to ensure adequate general clearance. 
The horizontal polar diagram of small beam aerials 

depends on the number of elements and the relative phase 
and amplitudes of currents. In the case of two-loop or dipole 
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Fig 12.137. Test site for measurement of aerial radiation patterns. 
The site must be as free as possible from obstructions. The reflecto¬ 
meter is used in the forward position to monitor the transmitter 
output which must remain constant. The S-meter should first be 

calibrated using a signal generator into the receiver input. 

elements a good idea what to expect can be gleaned from 
Figs 12.15, 12.17 and 12.18. With more elements the pattern 
is less predictable but a slightly narrower main lobe and 
reduction of other lobes can be expected. In both cases 
measurement of polar diagrams is useful for providing a 
rough check that the beam is operating correctly but it is 
important to realize that these diagrams are only rather 
loosely related to sky-wave performance. In particular, 
discrimination against short and medium range sky-wave 
signals “off the end’’ is quite poor because at an angle of 
incidence of 30°, for example, the vertical polar diagram 
is only 6dB down. Also, for directions “off the back” the 
effective element spacing for high-angle signals is different 
from what it is in the horizontal plane so that nulls will occur, 
if at all, in directions slightly different from those observed 
in the horizontal plane. 

The test aerial must have the same polarization as the one 
being tested or, in some cases, it may be useful to make a 
measurement of both vertical and horizontal fields. This may 
reveal, for example, the presence of feeder radiation, but 
great care is needed in interpreting results if both polariza¬ 
tions are present; an inverted-V dipole for example radiates 
a very small amount of power in a vertically-polai ized 
“8JK” mode, enough to produce a relatively strong ground¬ 
signal “off the end” although this has little effect on sky-wave 
performance. 

Fig 12.137 illustrates a suitable test set-up for measuring 
horizontal polar diagrams. The distance between aerials 
should be as great as possible, otherwise the signal from one 
element travels significantly further than that from another 
and is thus subject to greater attenuation. A null which would 
be observable at greater distances is therefore partly filled in, 
and at the low heights usually favoured for such measure¬ 
ments the inverse distance-squared law tends to apply, so 
that if one element produced a field of IV at a distance of 
A an identical element spaced A/8 behind it produces a field of 
64/81V, and a null will be filled in to the extent of being only 
14dB down. Observations under these conditions, though not 

useless, are not accurate either, and need careful interpreta¬ 
tion. The greater the gain of the aerial being tested, the 
greater is the separation needed. At short distances accuracy 
is also affected by the presence of capacitive and inductive 
fields in addition to the radiation field. In the context of 
Fig 12.137 height is not critical but should be considerably 
greater than the spacing between the elements; even so there 
could be a significant change of tuning and radiation pattern 
when the aerial is raised to its full height. Depending on 
sensitivity the field-strength meter may be linear or square¬ 
law, and this can be checked against transmitter output as 
observed on an oscilloscope or other linear voltage indicator. 
The possibility of harmonic resonances which greatly 
increase the sensitivity of the test meter to harmonics should 
not be overlooked, and harmonic radiation from the trans¬ 
mitter must be prevented. This is particularly important 
if a short aerial is used for the test set. 

Gain 

Due to the complex role played by ground reflections it 
is not possible using ground-wave signals to make accurate 
measurements of effective dx gain of hf aerials. Although 
for many purposes flat ground can be regarded as a nearly 
perfect mirror with reflection taking place at a point as in 
Fig 12.21 the “point” is in fact a Fresnel zone of considerable 
extent depending on aerial height and the angle of reflection. 
For the reflection to be fully effective both aerials must 
“see” the whole of the relevant zone, which extends in the 
case of short ranges and low angles (as for ground-wave 
propagation) from the vicinity of the transmitting aerial to a 
long way beyond the measuring aerial. The allowance to be 
made for ground reflection must therefore depend on the 
polar diagram of the aerial under test and will be different 
for a beam and for the reference aerial. Errors will also occur 
because the mutual impedance between the aerial and its 
image will exert a different influence in the two cases and 
there will probably also be absorption or field distortion by 
nearby objects which will also be different for different aerials. 
These problems are all much less acute in the case of 
measurements on vhf and uhf aerials. 

Even if ground-reflection can be regarded as taking place 
at a point there is no limit to the possible error of measure¬ 
ment, as the following example illustrates. A lazy-H with a 
vertical separation between elements of 0-7A is mounted at a 
fairly large mean height nA and a test aerial is placed at a 
distance 2nA so that ground reflection takes place at an angle 
of 45°. Radiation from the two elements cancels at the point 
of reflection so that the test aerial experiences the true free-
space gain of the lazy-H. If the lazy-H is replaced by a 
reference dipole, the ground reflection may (depending on 
the height) add or subtract from the direct signal giving a 
resultant field anywhere between zero and 6dB greater than 
the free space value, so that the lazy-H with its true free-
space or dx signal gain of 4dB may have in this case an 
apparent gain anywhere between “plus infinity” and —2dB 
with respect to a dipole! Effects of this nature seem to be the 
most likely explanation of the large but impossible gain 
figures so often claimed and conversely perhaps the prema¬ 
ture demise of some promising new ideas! At the very least 
this example emphasizes the need for extreme caution when 
interpreting the meaning of gain figures both measured and 
claimed. With this proviso gain measurements may be 
attempted with the arrangement of Fig 12.137 by replacing 
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the aerial under test with a reference dipole and comparing 
the signal levels for the same value of radiated power. In the 
case of beams with tuned feeders it is a simple matter to 
open circuit all but one element which can then be used as 
the reference dipole. 

Tested in this way close-spaced beams can be expected 
to show a gain of at least 3dB and sometimes as much as 
6dB, but usually rather less than the theoretical value; if, 
however the radiation resistance and polar diagram of a two-
element beam are correct, the gain must also be correct and 
any measurements which indicate otherwise should be 
ignored. 
Comparisons between aerials based on the average of a 

sufficient number of signal reports must also be interpreted 
carefully, remembering that the comparison is not merely 
between a quad and a Yagi (or whatever the aerials may be) 
but between two different combinations of aerial plus 
environment. If, as usual, these “environments” include the 
other aerial, it becomes important to ensure that one aerial 
is not in the “line of fire” of the other, as the following 
example illustrates. A 14MHz fixed reversible beam for the 
north-south directions, which appeared to be working well, 
was swung round through 90° for comparison with another 
beam fixed on the long path to VK and found to be down by 
two S-units, the second beam being 80ft in front and having 
a good front-to-back ratio so that interaction was at first 
considered unlikely; it was suspected initially as a result of 
gain measurement on the lines indicated above, then con¬ 
firmed by signal reports with the second aerial lowered to the 
ground, and finally substantiated on theoretical grounds. 
Any nearly-resonant element in the line of fire tends to 
generate an antiphase field, and the relative magnitude of 
this as a function of separation distance can be inferred from 
the mutual impedance or from the maxima of the mutual 
resistance curves, Fig 12.9, with due allowance for ground 
images. In this “parasitic” role a beam does not operate as 
such and has no front-to-back ratio, which exists only in 
respect of signals applied to (or taken from) its proper 
terminals. For an accuracy of ±ldB in comparisons based 
on average dx signal reports a separation of about 2 0 or 
3 0A appears to be required, but for aerials end-on to each 
other useful though not highly accurate comparisons can 
usually be made with quite small separations, eg 0-6A 
between centres. The difficulties may however be aggravated, 
or eased, by environmental differences. 

CHOOSING AERIALS 
This chapter has attempted to explain aerials and the 

principles underlying their design: a large number of aerials 
have been illustrated together with many accessory devices. 
The beginner may well be confused by the range of informa¬ 
tion, and therefore need advice on the best way to start. 

In particular he may well be discouraged by the complex 
and expensive installations often considered to be necessary 
for good results, and if he attempts without previous experi¬ 
ence to build, say, one of the more exotic varieties of multi¬ 
band rotary beam this is likely to breed further discourage¬ 
ment. It is likely that most pleasure will be obtained and 
more will be learnt by starting with a simple aerial which is 
bound to work, such as a one-band inverted-V dipole which 
can be “hitched up” in the centre to the highest point avail¬ 
able and the ends allowed to droop (with an apex angle which 
should not be less than 90°) towards lower anchoring points. 

Alternatively if two high points are available the dipole may 
be suspended between them, or two inverted-V dipoles may 
be mounted at right angles with separate feed lines to provide 
switched coverage in all directions. If sloping ground is 
available this should be exploited, good results being obtain¬ 
able “down the slope” with aerials at comparatively low 
heights [2]. If space is too limited for a dipole, a ground 
plane may be tried but results can be very disappointing on 
the higher frequencies and it is important that the base 
should be as high as possible, eg mounted on a chimney or 
rooftop. 

Simple aerials such as these are often capable of providing 
daily ssb contacts with all continents and, in favourable 
cases, performance may be within one or two S-units of the 
best obtainable. For multiband operation the use of dipoles 
with resonant feeders should present no serious problems, 
but note should be taken of the particular advantages of 
quad or delta loops as described on ppl2.76 and 12.79 
and many beginners might find these to be an ideal starting 
point. 

The next step could be the construction of fixed reversible 
beams using close-spaced pairs of any preferred type of 
simple radiator. If because of environmental constraints 
of one sort or another it has not been possible to erect an 
efficient single radiator, the possible gain from using a close¬ 
spaced pair may be as little as zero dB [20] but even if there 
is no increase of signal the important advantages of less 
interference received and caused can be fully realized pro¬ 
vided both elements are driven. This requirement arises 
because if a parasitic element is lossy the current induced 
in it will be small compared with that in the driven element 
so that it is unable to exert much influence on the radiation 
pattern [20]. 

The next step may be the erection of a good triband 
rotary beam, and of the types in common use the easiest to 
construct and adjust correctly is probably the “triband quad” 
using three beams on a common support, eg Fig 12.116. 
There appears however to be no reason why equally good 
results should not be obtainable with other arrangements 
such as a pair of driven multiband dipoles (eg the F7FE 
type, Fig 12.97) or even reversible beams with resonant 
feeder systems using some arrangement (such as Fig 12.131) 
to permit at least 120° radiation. For single band operation 
Figs 12.109, 12.117 and Table 12.8 indicate suitable arrange¬ 
ments and if it is possible to erect several beams the choice 
includes fixed beams with directional switching and separate 
monoband rotary beams. 

There are of course excellent multiband beams available 
from commercial sources, as well as some that are less good, 
and the beginner who thinks he may eventually want to 
purchase one of these would be well advised to take note of 
the ones which seem most consistently to produce the 
biggest signals from long distances. 

Low frequency aerials have not been included in the above 
discussion owing to the complex variety of individual prob¬ 
lems and solutions but the reader will have appreciated that 
many of the hf aerial systems can also be energized in 
various ways as If radiators, as discussed on ppi2.82 and 
12.87. 

Those fortunate enough to be able to choose a site, should 
pick one with plenty of clear space, preferably on a hilltop. 
With such a site, success comes more easily. Aerials designed 
for low angle propagation will increase the hours per day 
during which stations in, say, USA or Australia can be 
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worked. It should be borne in mind that if the ground is 
sloping, particularly if it is a steep slope, very good results 
will be obtained very easily down the slope but it may be 
difficult or impossible to work against the slope. With more 
than one aerial, or even for multiband work, preset aerial 
couplers will be found a great advantage. 

RECEIVING AERIALS 

At the beginning of this chapter it was stated that the 
receiving problem is not quite the same as the transmitting 
one. The reciprocity theorem as applied to aerials is true in a 
limited sense but assumes that interference is isotropic, 
ie equally likely from all directions, whereas atmospheric 
noise arrives mainly at low angles, galactic noise from high 
angles, and man-made noise occurs in local concentration. 
Prevailing galactic noise levels ensure that useful sensitivity 
in the hf band is normally limited by external noise so that 
losses in aerials or feeder systems, up to a point, attenuate 
noise and signal equally and are much more likely to be 
acceptable for reception than transmission. The rule con¬ 
cerning the use of the transmitting aerial for reception is a 
good one; beam arrays, especially the unidirectional ones, 
can be a great help for reducing interference from directions 
not in the beam of the aerial. Long wire types are not so 
good in this respect, and often bring in more cosmic or 
atmospheric noise than other types: vertical aerials normally 
reduce the galactic background noise level, and help to 
discriminate against short-range interference—say from 500 
to 1,000 miles, because of their sele:tive vertical patterns. 
A properly constructed aerial with a good transmission 
line always helps to minimize man-made interference radiated 
by house wiring etc. 

INTERFERENCE 

Communication receivers often show signs of overloading 
when supplied with the full output of a very large array, 
such as a V or a rhombic. The effect is a large increase in 
background noise of a type which is clearly the interaction 
between high power stations in or near the working fre¬ 
quency; often a pair of stations will beat together to give an 
i.f. signal which does not respond to the rf tuning of the 
receiver. This is most likely to occur on the 7, 14 and 21 MHz 
bands, and is recognized because it disappears more rapidly 
than the tunable signals if attenuation is introduced into 
the aerial lead and usually also if the rf gain is reduced. 
It may originate from powerful broadcasting stations in 
bands adjacent to the amateur bands which cause overload¬ 
ing of rf stages or, due to the presence of rf stages, over¬ 
loading of the mixer. 

It is difficult in a commercial receiver to scrap the rf stage 
but an attenuator can be readily inserted in the aerial lead 
and adjusted so that useful sensitivity is only just limited 
by external noise. This attenuator may take the form of a 
tunable filter, with considerable advantage if the source 
of the interference is not too close to the wanted frequency 
to be rejected by rf selectivity. Advice sometimes given to use 
a “smaller aerial” should be resisted because this sacrifices 
the normal interference-reducing properties of the big aerial. 
Also, due to differences in pattern between the transmitting 
and receiving aerials it could result in an “occupied” channel 
being inadvertently selected for transmission, or in failure to 
hear replies. For these reasons the importance of using the 

same aerial for transmission and reception cannot be over¬ 
emphasized. 

In order to prevent interference with broadcasting, special 
steps are taken in the transmitter to prevent over-modulation, 
key clicks and harmonic output. Loose connections in and 
around the aerial system can undo this work and rectify 
the transmitter output, causing serious interference of a 
harmonic type. Corroded or oxidized metal contacts make 
rectifiers, and can act as if a diode were connected in the 
aerial. Offending items include poor or broken solder joints, 
lead-through terminals, dirty rf connectors in the cable 
system, corroded earth connections, and loose metal joints 
such as those in gutters or rusty wire fences. Joints in the 
aerial should be carefully cleaned, made tight before solder¬ 
ing, and arranged so that the strain on the wire does not 
pull on a sharp bend. A solder joint may fracture in time 
through vibration, and should not therefore take strain: 
it should also be protected with tape, so that it is less likely 
to corrode. Regular inspection of the aerial system and its 
surroundings is necessary. 
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CHAPTER 13 

VHF AND UHF AERIALS 

THE range of frequencies considered in this chapter 
extends from 30MHz to 3,000MHz. In accordance with 

the accepted terminology a distinction ought strictly to be 
made between the range 3O-3OOMHz which is described as 
very high frequency (v/t/)and the range 300-3,000MHz which 
is described as ultra high frequency (uhf). Over these two 
ranges, however, the problems of aerial design are often 
quite similar in character and to avoid unnecessary repetition 
the term vhf is used here to cover both of them. Some atten¬ 
tion is given to aerials for super high frequency (shf), the 
range 3-30GHz, but this subject is largely beyond the scope 
of this chapter. Above 30MHz the wavelength of the radia¬ 
tion becomes short enough to allow efficient aerials of com¬ 
paratively small dimensions to be constructed, since the 
effectiveness of an aerial system generally improves when 
its size becomes comparable with the wavelength that is being 
used. A special feature of vhf aerial design is the possibility 
of focusing the radiated energy into a beam, thereby obtain¬ 
ing a large effective gain in comparison with a half-wave 
dipole, which is the standard by which most vhf aerials are 
judged. 

Power Gain and Beamwidth 

A simple way to appreciate the meaning of aerial gain is 
to imagine the radiator to be totally enclosed in a hollow 
sphere, as shown in Fig 13.1. If the radiation is distributed 
uniformly over the interior surface of this sphere the radiator 
is said to be isotropic. An aerial which causes the radiation to 
be concentrated into any particular area of the inside surface 
of the sphere, and which thereby produces a greater intensity 
than that produced by an isotropic radiator fed with equal 
power, is said to exhibit gain relative to an isotropic radiator. 
This gain is inversely proportional to the fraction of the 
total interior surface area which received the concentrated 
radiation. 
The term gain of any particular aerial system always 

applies in the direction of maximum radiation. 
The gain of an aerial is usually expressed as a power ratio, 

either as a multiple of so many “times” or in decibel units. 
For example, a power gain of 20 times could be represented 
as 13dB (ie 10 log ln 20). 

The truly isotropic radiator is a purely theoretical concept, 
and in practice the gain of beam aerials is usually compared 
with the radiation from a single half-wave dipole fed with an 
equal amount of power. The radiation pattern of even a 
single half-wave dipole is markedly non-uniform, and in 
consequence the power gain of such an aerial compared with 
the hypothetical isotropic radiator is about 64 per cent (ie 
5/3 times or 2-15dB), but since the half-wave dipole is the 

simplest practical form of radiator it is generally acceptable 
as a basis of comparison. 

The area of “illumination” is not sharply defined as 
shown by the shaded region in Fig 13.1 but falls away 
gradually from the centre of the area. The boundaries of the 
illuminated area are determined by joining together all 
points where the radiation intensity has fallen by half (ie 
3dB): these are known as the half-power points. The gain 
of the aerial can then be determined by dividing the total 
surface area of the sphere by the illuminated area: eg if the 
total surface area were 100 sq cm, and the illuminated area 
bounded by the half-power points were 20 sq cm, the gain 
of the aerial would be five times or 7dB. The radiation in 
any particular plane can be plotted graphically, usually in 
polar co-ordinates; such a plot is called a polar diagram. A 
typical polar diagram is shown in Fig 13.2. The region of 
maximum radiation is called the major lobe. Unwanted 
radiation is occurring in other directions, and these regions, 
when small compared with the major lobe, are called minor 
lobes. All practical aerials exhibit such lobes and the aerial 
designer frequently has to compromise to obtain the opti¬ 
mum performance for any particular application. For 
example, an aerial may be designed for maximum front-to-
back ratio; ie for minimum radiation in the direction oppo¬ 
site to the major lobe. To achieve such a condition it may be 

POWER 
_ SURFACE AREA OF SPHERE_ 

SURFACE AREA OF "ILLUMINATED” REGION 

Fig 13.1. Radiation from an aerial. An isotropic radiator at the point 
O will give uniform “illumination” over the inner surface of the 
sphere. A directional radiator will concentrate the energy into a 
beam which will illuminate only a portion of the sphere as shown 

shaded. 
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Fig 13.2. Polar diagram of a vhf beam aerial. The front-to-back ratio 
is represented by F/B. 

necessary to sacrifice some gain in the major lobe (or forward 
radiation) with a possible increase in other minor lobes (or 
side lobes) and thus the designer will need to consider all the 
implications before finalizing any particular design. 

In practice the radiation from an aerial is measured in 
a horizontal and a vertical plane. The beamwidth is the 
angle between the two half-power points in the plane under 
consideration.The vertical polar diagram is greatly influenced 
by the height of the aerial above ground; the higher the aerial 
the lower will be the angle of maximum radiation, and at the 
same time the effects of neighbouring objects such as houses 
and trees will be minimized. The important requirement is 
to place the aerial well clear of such objects and this frequently 
means as high as can be safely achieved. Any aerial which 
has the property of concentrating radiation into any particu¬ 
lar direction is said to possess directivity. 

Bandwidth 
The performance of an aerial array generally depends upon 

the resonant properties of tuned radiators such as dipoles 
or other elements, and therefore any statement regarding 
its power gain or beamwidth will be valid only over a 
restricted frequency band. Beyond the limits of this band the 
properties of an aerial system may be entirely different. 
Hence it is useful to define bandwidth as that range of 
frequencies over which the power gain of the aerial array 
does not fall by more than a certain percentage as compared 
with the frequency at which maximum gain is obtained (eg a 
bandwidth of 15MHz for a 50 per cent reduction in power 
gain). Alternatively the bandwidth may be defined as the 
frequency band over which the standing wave ratio of the 
aerial feeder does not exceed a prescribed limit (eg bandwidth 
of 10MHz for a standing wave ratio not exceeding 2 : 1). The 
latter convention is the one generally used. It should be 
noted that these examples are not related to one another. 

Capture Area or Aperture 
Besides examining the action of a transmitting aerial array 

in concentrating the radiated power into a beam it is also 
helpful to examine the way in which the same aerial structure 
will effect the reception of an incoming signal. In this study 
it is convenient to introduce the concept of capture area or 
aperture of the aerial. This concept is frequently misunder¬ 
stood, probably because it may appear to relate to the cross-
sectional area of the radiated beam (as represented by A in 
Fig 13.1): it is in fact related to the inverse of the cross-
sectional area of the beam inasmuch as an aerial which has a 
high gain usually has a sharply focused beam (ie one of small 
cross-sectional area) but at the same time the capture area 
of the aerial is large. The larger the capture area, the more 
effective is the aerial. 

The actual size of the aerial system does not always give a 

reliable indication of the capture area. A high-gain array 
may have a capture area considerably greater than its frontal 
area determined by its physical dimensions. 

The fundamental relationship between the capture area and 
the power gain of an aerial system is: 

A G ,A2
A 4tt 

where A is the capture area and A is the wavelength (measured 
in the same units as A) and Gi is the power gain (arith¬ 
metically, not dB) relative to an isotropic radiator. 

A half-wave dipole has a gain of § relative to an isotropic 
radiator, and therefore this formula can be modified to give 
the capture area in terms of the gain of a half-wave dipole 
Gd instead of Gi simply by introducing the factor J, thus— 

5 GnA2 5GnA2 
A =3 X ^T= — 

This formula shows that if the wavelength is kept 
constant the capture area of an aerial is proportional to its 
gain, and therefore if an increase in gain results in a narrower 
beamwidth it must follow that a narrower beamwidth corre¬ 
sponds to a greater capture area (the term beamwidth being 
used here to signify both horizontal and vertical dimensions, 
ie in effect the cross-sectional area). 

The formula also shows that for any given power gain the 
capture area is proportional to the square of the wavelength. 
For example, an aerial having a power gain of, say, 10 times 
relative to a dipole at 600MHz (0-5m) would have a capture 
area one-sixteenth of that of an aerial having a similar power 
gain at 150MHz (2m); to achieve equal capture area the gain 
of the 600MHz aerial would have to be 16 times greater than 
that of the 150MHz signal, ie 160 times relative to a dipole. 
This is unfortunate because it is the capture area of the aerial 
that determines its effectiveness in absorbing the incoming 
radiation: it means that as the wavelength is reduced it 
becomes increasingly important to design the aerial to have 
a higher gain in order to produce the same voltage at the 
receiver terminals and thus the same basic signal-to-noise 
ratio. 

A very useful rule of thumb method of calculating the gain 
of a multiple array aerial system is that each time the 
aperture is doubled the gain is increased by approximately 
3dB, although in practice the increase is usually a little 
less. For example, if two 5-element Yagi arrays are stacked, 
provided they are spaced so that their apertures just touch, 
then the overall gain will be increased from about 8 to 1 IdB. 
It is useful to remember this point when considering stacking 
later in the chapter. 

These observations apply only to signals being received 
or transmitted in the direction of maximum gain. For 
directions other than the optimum the relationships become 
more complex. 

Multi-radiator Arrays 
High-gain aerial arrays can be built up from a number of 

individual radiators such as half-wave dipoles. To achieve 
the maximum gain, the spacing of these radiators should be 
such that their respective capture areas just touch. Where 
the individual radiators are themselves high-gain systems, 
such as Yagi arrays, the centre-to-centre spacing of each 
radiating system needs to be larger, since the individual 
capture areas are greater. 
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Reciprocity Theorem 
The theorem of reciprocity states that any particular 

aerial gives the same performance either as a transmitting 
or as a receiving system. Practical aerial designs are therefore 
worked out in terms of transmission because the charac¬ 
teristics are more easily determined in this way, and the 
resulting aerials are assumed to have similar reception 
properties. 

Angle of Radiation 
The characteristics of propagation in the vhf ranges are 

determined principally by the influence of the troposphere, 
ie the part of the atmosphere extending from ground level up 
to a few thousand feet. There is rarely ionospheric propaga¬ 
tion on frequencies higher than about 100MHz and thus any 
energy which is radiated at more than a few degrees above the 
horizontal is wasted. Similarly to transmit to a particular 
point it is unnecessary to radiate a broad beam in the 
horizontal plane. Generally, therefore, the aerial designer 
tries firstly to reduce the vertical beamwidth to avoid 
wastage of power into space and secondly to reduce the 
horizontal beamwidth according to the required ground 
coverage. A narrow horizontal beamwidth can however be a 
disadvantage because stations situated off the beam may be 
missed, when searching. Under conditions of high activity, 
on the other hand, a narrow bandwidth can be helpful in 
rejecting interference from unwanted stations in other 
directions. A compromise between gain and beamwidth 
must be made. 

Height of the Aerial above Ground 
Several considerations apply when deciding the height of 

the aerial above the ground for optimum performance: 

(a) the aerial should be well above local screening from 
buildings and other obstacles; 

(b) even if there is no screening, the earth will act as a plane 
reflector and will tend to direct the radiated energy into 
space rather than along the horizontal as is required at 
vhf. To minimize this effect, the aerial should be as high 
as possible (and the height should be judged in terms of 
wavelengths rather than feet); 

(c) the higher the aerial the greater the feeder length and 
the more difficult and costly is its erection, especially 
in confined spaces. Thus, again, a compromise has to be 
made. 

It is well to remember that even in an ideal location from 
the vhf point of view, such as a hilltop with no local screen¬ 
ing, it is still necessary to erect the aerial as high as can be 
achieved within the resources available. This consideration 
is also very important when aerials are stacked as the 
effective height of the aerial is the height of the physical 
centre or electrical centre of gravity above ground. In general, 
the improvement to be obtained from increasing aerial height 
outweighs the increase in feeder loss. At an average amateur 
location the height/gain relationship is often better than 6dB 
for doubling of height. Only in the case of well-sited stations 
on high ground is such a rate of height gain not achieved. 

Polarization 

Radio waves are constituted from electric and magnetic 
fields mutually at right angles and also at right angles to the 
direction of propagation. The ratio of the electric component 

E to the magnetic component H in free space (E/H = Z) is 
known as the impedance of free space and has a value of 
about 377Q. When the electric component is horizontal, 
the wave is said to be horizontally polarized. Such a wave is 
radiated from a horizontal dipole. If the electric component 
is vertical, as in a vertical dipole, the wave is said to be 
vertically polarized. 

Sometimes the polarization is not exclusively horizontal 
or vertical and the radiation is then said to be elliptically 
polarized or, in the special case where the horizontal and 
vertical components are equal, circularly polarized. The 
effect of the addition of two components of the same kind (ie 
electric or magnetic) at right angles is to create a rotating 
field, the direction of rotation of which depends on the 
relative phase of the two components. Thus the polarization 
of the wave will appear to have either clockwise or counter¬ 
clockwise rotation, a feature which is important in the use of 
helical aerials. A dipole will receive an equal pick-up from a 
circularly polarized wave irrespective of whether it is 
mounted horizontally, vertically or in an intermediate 
position, but the strength will be 3dB less than if an aerial 
designed for circular polarization is used. This means that 
the full gain of a helix will only be realized when received by 
a helix. Horizontally or vertically polarized waves (or any 
other wave from linear sources) are known as plane polarized 
waves. 

It has been found by some experimenters that in the vhf 
range horizontally polarized waves suffer less attenuation 
over long distances than vertically polarized waves, and this 
system is therefore often preferred. It has in fact been uni¬ 
versally adopted for vhf dx communication in the British 
Isles and many other countries. Vertically polarized waves 
may be more suitable for other purposes su:h as short¬ 
distance or mobile communication and a simple ground¬ 
plane or similar aerial can then be used, as described in 
Chapter 14 (Mobile and Portable Equipment). 

Tests have been conducted at frequencies of the order 
of 70MHz between fixed stations employing horizontally 
polarized beam aerials and mobile stations employing 
vertically polarized ground plane aerials which show that the 
loss in signal strength due to cross polarization is much less 
than might be expected due to the multiple reflections that 
occur from the objects that surround mobile radiators. The 
vertically polarized wave is transformed into one of random 
polarization an J hence there is no difference in performance 
if either a horizontally or vertically polarized aerial is used 
at the fixed station. Further work needs to be don.- in this 
field in the uhf band to see whether the same results occur, 
although tests by the BBC on television Bands IV and V 
(47O-582MHz and 606-960MHz) show less multi-path 
propagation from horizontally polarized aerials and hence 
less fading. 

AERIAL FEEDERS 

Before discussing vhf aerial design it will be helpful to 
review the methods of conveying power from the transmitter 
to the aerial. The feeder length should always be considered 
in terms of wavelengths rather than the actual length of 
the conductors. If the feeder length is short compared with 
the wavelength, the loss caused by its ohmic resistance and 
by the dielectric conductance is unimportant as also is the 
effect of incorrect impedance matching. For vhf operation, 
however, the aerial feeder is usually many wavelengths long, 
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TABLE 13.1 
Characteristics of typical radio frequency feeder cables 

Type of cable 
Nominal 
imped¬ 
ance 
Zo (£2) 

Dimensions (in) 

Velocity 
factor 

Approximate attenuation 
(dB per 100ft) Remarks Centre 

con¬ 
ductor 

Over 
outer 
sheath 

Over 
twin 
cores 70MHz 145MHz 433MHz 1,296MHz 

Standard tv feeder 75 7/ 0076 0 202 — 0 67 3 5 5 1 9 3 17 — 

Low-loss tv feeder (semi¬ 
air-spaced) Super Aeraxial 

75 0 048 0 290 — 0 86 
approx. 

20 3 0 55 10 Semi-air-spaced or 
cellular. 

Flat twin 150 7/012 — 0 18 X 
009 

071 21 31 57* 11* *Theoretical fig¬ 
ures, likely to be 
considerably wor¬ 
sened by radiation. Flat twin 300 7/012 — 0 405 X 

0 09 
0 85 1 2 1 8 3 4* 6 6* 

Tubular twin 300 7/012 — 0 446 0 85 1 2 1 8 3 4* 6 6* 

All the above cables have solid dielectric with a velocity factor of 0 66 with the exception of those marked with an asterisk which are helical membrane and 
have a velocity factor of 0 96. This table is compiled from information kindly supplied by Aerialite Ltd and BICC Ltd, and includes data extracted from Defence 
Specification DEF-14-A (HMSO). 

UR No 
Nominal 
impedance 
Zo (£2) 

Overall 
diameter 

(in) 

Inner 
conductor 

(in) 

Capaci¬ 
tance 
(pF/ft) 

Maximum 
operating 
voltage 
(rms) 

Approximate attenuation (dB per 100ft) Approx 
RG 

equivalent 10MHz 100MHz 300MHz 1.000MHz 

43 
57 
63* 
67 
74 
76 
77 
79* 
83* 
85* 
90 

52 
75 
75 
50 
51 
51 
75 
50 
50 
75 
75 

0195 
0 405 
0 853 
0 405 
0 870 
0 195 
0 870 
0855 
0 555 
0 555 
0 242 

0 032 
0 044 
0175 
7/0029 
0188 
19/0 0066 
0 104 
0 265 
0 168 
0 109 
0 022 

29 
20 6 
14 
30 
307 
29 
20 5 
21 
21 
14 
0 

2,750 
5,000 
4,400 
4,800 

15,000 
1,800 

12,500 
6,000 
2,600 
2,600 
2,500 

1 3 4 3 8 7 181 
06 19 35 71 
015 0 5 0 9 1 7 
06 20 37 75 
03 10 19 42 
1 6 5 3 9 6 22 0 
03 10 19 42 
016 0 5 0 9 1 8 
0 25 0 8 1 5 2 8 
02 07 13 25 
1 1 3 5 6 3 12 3 

58/U 
11A/U 

213/U 
218/U 
58C/U 
164/U 

59B/U 

and th reforc both the loss introduced and the matching of 
the load to the feeder are of the utmost importance. 

Two types of feeder, or transmission line, are in common 
use, the unbalanced or coaxial feeder and the balanced pair: 
the latter may be either of open construction or enclosed in 
polythene ribbon or tubular moulding. Each type has its 
own particular advantages and disadvantages. 

In a coaxial cable, the radio frequency fields are contained 
entirely within the outer conductor and hence there should be 
no rf currents on the outside. This enables the cable to be 
carried in close proximity to other cables and metal objects 
without interaction or serious change of its cable properties 
which might cause reflections and thereby introduce appreci¬ 
able loss. There is no loss by external radiation. 

The open-wire or balanced feeder has a radiation loss 
which is dependent upon the ratio of the spacing of the wires 
to the wavelength and becomes more serious as the frequency 
is raised. However, if this spacing is less than 0 01 A the 
radiation loss is negligible. The properties can also be severely 
changed by the close proximity of metal objects and the 
accumulation of ice or water on the separating insulation, 
and therefore much greater care must be taken in the routing 
of the feeder. Difficulties are often experienced when attempt¬ 
ing to use this type of feeder with rotatable aerial arrays. 
It is, for instance, quite unsatisfactory to bind a ribbon 
feeder directly against a metal mast. When the feeder is kept 
well clear of metal objects, however, the loss tends to be less 
than that of coaxial cable unless the frequency is so high 
that the radiation loss is serious (ie 450MHz and above). 
Generally speaking, the use of open-wire feeders is 

restricted to bands of 144MHz and below; coaxial cable is 
used for all frequencies up to about 3,000MHz. Above about 

1,000MHz the loss in conventional types of flexible coaxial 
cable becomes prohibitive and rigid semi-air-spaced types 
of cable are then used. Above 3,000MHz waveguides are 
usually necessary for feeder runs of more than a few inches. 

A list of typical aerial feeder cables obtainable in Great 
Britain is shown in Table 13.1. Further information can be 
obtained from the various manufacturers. 

In the semi-air-spaced type of coaxial cable, the centre 
conductor is supported either on beads or on a helical 
thread: in some forms a continuous filling of cellular poly¬ 
thene is used as the insulator. This type of cable has a lower 
capacitance per unit length than the solid type and hence the 
velocity factor (ie the ratio of the wave velocity in the cable 
compared with that in free space) is higher, being about 
0-88-0-98 for helical and bead typesand about 0-8 for cellular 
polythene types compared with 0-66 for solid cable. The use 
of semi-air-spaced conductors allows cables to be designed 
with less attenuation for a given size, or with the same 
attenuation for a smaller size, but unfortunately the bead and 
helical types suffer from the disadvantage that moisture can 
easily enter the cable; special precautions must therefore be 
taken to ensure a good watertight seal at the aerial end if 
such cable is used. Suitable material for this purpose is 
Telecompound (a softened polyethylene compound manu¬ 
factured by the Telecon division of BICC) or Bostik sealing 
strip. 

Cellular polythene cables do, however, suffer from another 
disadvantage; the effective dielectric constant of the cellular 
polythene varies according to the number and volume of the 
air cells per unit length which unfortunately cannot be 
controlled with precision during manufacture. Thus the 
characteristic impedance may tend to vary along a length of 
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Fig 13.3. Open-wire line with disc insulators. The centre portions 
of the insulators are removed to minimize dielectric losses. 

feeder and although this may not matter at the lower end 
of the vhf spectrum such cable is not recommended for 
frequencies above about 500MHz. 

It is also important to exclude water even from the outer 
braiding of any coaxial cable. If water has once entered it 
is very difficult to dry it out, and the loss in the feeder 
becomes progressively higher as the copper braiding 
corrodes. 

Open-wire Feeders 
To obtain very low losses open-wire feeder line can 

conveniently be made from hard-drawn 16swg copper wire 
with separating insulators placed at intervals. The insulators 
should be made from polythene and be shaped in the form of 
a disc with the centre removed, as shown in Fig 13.3. This 
ensures that in places where the maximum electric stress 
occurs, ie between the conductors, the dielectric is air and 
not the solid insulating material, thus minimizing losses. To 
prevent excessive radiation loss the characteristic impedance 
should not exceed about 300Q. Care must be taken to 
avoid sharp bends and also the close proximity of surround¬ 
ing objects as stated earlier. The characteristic impedance 
of an open-twin line is given by— 

Fig 13.4. Quarter-wave closed stubs are often used for supporting 
open-wire feeders. When used in this way they are known as "metal 
insulators". The inductance of the short-circuiting conductors is 
minimized by making them in the form of large metal plates. 

Zo = 276 log10 (2D/d) 
where D is the centre-to-centre spacing and d is the diameter 
of the wire (measured in the same units). A chart of charac¬ 
teristic impedance in relation to the conductor size and 
spacing is given in Chapter 12—HF Aerials. 

Metal Insulators 

A quarter-wave short-circuited transmission line presents 
a very high impedance at the open end and hence may be 
connected across an open-wire line without affecting the 
power flow in any way; such a device is called a quarter-wave 
stub. The stub so formed may conveniently be used as a 
support or termination for an open-wire line as shown in 
Fig 13.4. Since the stub must be resonant in order to behave 
as an insulator it can function only over a narrow range of 
frequency. Note that the characteristic impedance of the 
stub does not have to be the same as that of the line. 

Fig 13.5. Surface-wave transmission line. The outer sheathing of each 
length of coaxial cable is terminated by an open cone. The feeder 
itself should be of 10-16swg copper wire, preferably enamelled; its 
length may be several hundred feet. The cone diameter D must be 

0 6L, but L itself may be of any length greater than 3A. 

Surface-wave Transmission Lines 

A type of feeder which becomes useful above about 
400MHz is the surface-wave transmission line. The wave is 
directed on to a single conductor by means of a horn: see 
Fig 13.5. The dimensions of the horn are not critical but the 
angle should be correct, and for the best performance the 
side should be several wavelengths long. The single conductor 
wire should be covered with a thin dielectric, preferably 
polythene, although enamel or even an oxidized covering is 
usually sufficient. This covering layer minimizes radiation 
loss by reducing the effective diameter of the field surround¬ 
ing the wire. Typical losses measured at a frequency of 
3,300MHz (9cm) using horns 21 in long and 13in in diameter 
and a 14swg wire feeder (bare but oxidized) are about 
T35dB per hundred feet plus about 0-4dB per horn, making 
a total of just over 2dB per hundred feet. 

At 430MHz the attenuation of the field 8in away from 
the feeder is about 20dB. The feeder can therefore be run 
reasonably near to walls and other objects for short distances. 
If the feeder is a fairly long one, however, it would be desir¬ 
able to maintain a spacing of several feet over most of its 
length. The radius of any bends should be kept greater than 
about one wavelength in order to avoid losses due to the 
tendency of the energy to be radiated into space whenever 
there is a sudden change in the direction of the feeder. 

Balance-to-unbalance (Balun) Transformers 

In most cases the aerial requires a balanced feed with 
respect to ground, and it is therefore necessary to use a device 
which converts the unbalanced output of a coaxial cable to 
the balanced output required by the aerial. This device also 

13.5 



RSGB—RADIO COMMUNICATION HANDBOOK 

COAXIAL 
INPUT 

QUARTER-WAVE SECTION 

BALANCED 
OUTPUT 

Fig 13.6. Quarter-wave open balun or Pawsey stub. 

prevents the wave which has been contained within the cable 
from tending to “spill over” the extreme end and travel back 
over the surface of the cable. Whenever this occurs there are 
two important undesired effects; first the re-radiated wave 
modifies the polar diagram of the attached aerial, and 
secondly the outer surface of the cable is bound to have a 
radio frequency on it. 

To prevent this, a balance-to-unbalance transformer 
(abbreviated to balun) is connected between the feeder 
cable and the aerial. The most simple balun consists of a 
short-circuited quarter-wave section of transmission line 
attached to the outer-braiding of the cable, as shown in 
Fig 13.6. 

This is often known as a Pawsey stub. At the point A, the 
quarter-wave section presents a very high impedance which 
prevents the wave from travelling over the surface. Note 
that the A/4 dimension given is in air and not in the cable. 

COAXIAL 
INPUT 

BALANCED 
OUTPUT 

Fig 13.7(a). Coaxial-sleeve balun. 

Several modifications to the simple balun are possible: 
for example, the single quarter-wave element may be 
replaced by a quarter-wave coaxial sleeve, thus reducing 
radiation loss: see Fig 13.7(a). To prevent the ingress of 
water and to improve the mechanical arrangement, the 
centre conductor may itself be connected to a short-circuited 
quarter-wave line acting as a "metallic insulator” as shown in 
Fig 13.7(b). The distance d should be kept small, and yet the 
capacitance between the sections should also be kept small 
otherwise the quarter-wave section will not be resonant at the 
desired frequency. A satisfactory compromise is to taper the 
end of the quarter-wave line, although this is by no means 
essential. In practice, at a frequency of 435MHz about Jin 
is a suitable spacing. The whole balun is totally enclosed, 
the output being taken through two insulators mounted in 
the wall. 

A useful variation is that shown in Fig 13.8, which gives 
a 4 : 1 step-up of impedance. The half-wave loop is usually 

Fig 13.7(b). Totally enclosed-coaxial balun. The right-hand section 
acts as a “metal insulator”. 

Fig 13.8. Coaxial balun giving 
a 4 : 1 impedance step-up. The 
length Lshould beA/2,allowing 
for the velocity factor of the 
cable. The outer braiding may 
be joined at the points indi¬ 

cated. 

therefore be made for the velocity factor of the cable when 
calculating a half-wavelength. 

At frequencies above about 2,000MHz it may be incon¬ 
venient to mount the coaxial-sleeve balun close to a dipole 
radiator. In this case the sleeve can be mounted a short 
distance back from the end of the line. The characteristic 
impedance of the balun element is not critical. 

A Pawsey stub may be constructed by attaching a piece of 
coaxial cable one physical quarter-wave long (the centre 
conductor being unused) to the braiding of the feeder cable. 
The two sections should be spaced sufficiently to ensure an 
air dielectric between them. If the two pieces lie closely 
alongside one another the resonant length must be reduced 
and an inferior dielectric introduced. It is important to note 
that since it is the electrical characteristics of the outer 
surface that are being used, there is no need to allow for the 
velocity factor of the cable. Coaxial-sleeve baluns should 
have an outer-to-inner diameter ratio of between 2 : 1 and 
4 : 1. 

The performance of these baluns will be frequency depen¬ 
dant as they rely for their operation upon the properties of 
resonant transmission lines. In all cases, however, these 
lines are effectively terminated in a low impedance and the 
bandwidth is comparatively large. All are quite suitable for 
use in the vhf/uhf amateur bands. 

IMPEDANCE MATCHING 

For an aerial feeder to deliver power to the aerial with 
minimum loss, it is necessary for the load to behave as a pure 
resistance equal in value to the characteristic impedance 
of the line. Under these conditions no energy is reflected 
from the point where the feeder is joined to the aerial, and in 
consequence no standing waves appear on the line. 

When the correct terminating resistance is connected to 
any feeder, the voltage and current distribution along the 
line will be uniform. This may be checked by using a device 
to explore cither the magnetic field (H) or the electric field 
(E) along the line. One such device, suitable for use with a 
coaxial feeder, is a section of coaxial line with a longitudinal 
slot cut in the wall parallel to the line. A movable probe 
connected to a crystal voltmeter is inserted through the 
slotted wall. This samples the electric field at any point, and 
the standing wave ratio may be determined by moving the 
probe along the line and noting the maximum and minimum 
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Fig 13.9. Stub matching applied to a full-wave dipole. 

readings. The distance between adjacent maxima or between 
adjacent minima is one half-wavelength. 

The fields surrounding an open line may be explored by 
means of an rf voltmeter, but it is much more difficult to 
obtain precise readings than with a coaxial line because of 
hand-proximity effects and similar disturbances. 
Another device which measures forward and reflected 

waves is the reflectometer (see Chapter 18). 
The term matching is used to describe the procedure of 

suitably modifying the effective load impedance to make it 
behave as a resistance and to ensure that this resistance has 
a value equal to the characteristic impedance of the feeder 
used. To make a complex load (ie a load possessing both 
resistance and reactance) behave as a resistance, it is neces¬ 
sary to introduce across the load a reactance of equal value 
and opposite sign to that of the load, ie the reactance is 
“tuned out”. A convenient device which can theoretically 
give reactance values from minus infinity to plus infinity 
(ie large capacitance to large inductance) is a section of 
transmission line, either of length variable between zero and 
one half-wavelength having an open-circuited end, or alter¬ 
natively of length a little greater than one half-wavelength 
having a movable short-circuit capable of being adjusted 
over a full half-wavelength. 

Although there is no need to make the characteristic 
impedance of a stub equal to that of the transmission line, 
it may be desirable to do so for practical reasons. 

In addition to tuning out the reactance, a match still has 
to be made to the transmission line. The impedance at any 
point along the length of a quarter-wave resonant stub varies 
from zero at the short-circuit to a very high impedance at the 
open end. If a load is connected to the open end and the 
power is fed into the stub at some point along its length the 
stub may be used as an auto-transformer to give various 
values of impedance, according to the position of the feed 
point. This is shown in Fig 13.9. The distance L is adjusted 
to tunc the aerial to resonance and will be one quarter-wave 
long if the aerial is already resonant. The distance I is 
adjusted to obtain a match to the line. However, it is usually 
more convenient to have a stub with an adjustable short-
circuit which can slide along the transmission line: see 
Fig 13.10. 

In practice matching can be achieved entirely by the “cut 
and try” method of adjusting the stub length and position 
until no standing waves can be detected. The feeder line 
is then said to be flat. However, the frequency range over 
which any single-stub matching device is effective is quite 

small, and where wideband matching is required some other 
matching system must be used. 

Stub-matching 

When it is possible to measure the swr with good accuracy 
and to locate the exact position on the feeder at which the 
minimum current occurs, the length of the stub required to 
match the line and the correct point at which to connect it 
may be predicted and much of the time required by cut-and-
try methods saved. The predictions may be read off from 
Fig 13.11. The application of the method is best suited to 
balanced feeders; adjustments are somewhat easier with 
open-wire lines. 

The measurement of swr may be made when transmitting 
on low power: 

(a) by inserting in series with the feeder an swr indicating 
or measuring device, near the point at which the stub is to be 
connected. For wide bandwidth this stub should be very 
near the aerial. 

(6) by running along the feeder a calibrated probe which 
has arrangements to keep its coupling to the feeder constant 
while its position is moved along the line. It is helpful to have 
the feeder well tensioned. Either voltage- or current-probes 
can be used, having a thermocouple or crystal diode con¬ 
nected to a sensitive milliammeter. The probe must be 
loosely coupled to the line. 

The position of a minimum is sharply defined, a maximum 
is flat. Even so, a minimum position is best found by 
“bracketing” it. The positions at which equal readings of 
current or voltage are obtained on either side of the minimum 
are found: the minimum position is taken to be midway 
between them. A voltage minimum can be assumed to be a 
quarter-wave distant from a current minimum. With the 
bracketing method even a torch bulb coupled to the line can 
be used to locate the Zmin position with fair accuracy. Its 
coupling to the line must be the same in each position. The 
two positions at which the filament just begins to glow are 
noted. 

It is very important that harmonic currents are not flowing 
in the line during measurements, and as filters do not work 
well unmatched, the probe should be sharply tuned to the 

Fig 13.10. Stub matching with a movable short-circuited stub. 
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Fig 13.11. Chart giving details of 
stubjengths. 

operating frequency. A field strength meter with suitable 
constant-coupling arrangements can be used as a probe. It 
may be calibrated by connecting a short circuit on the line to 
set up an infinite swr. The theoretical sinusoidal current 
pattern along the line is used to set the probe in positions of 
known current (ie current of known ratio relative to the 
maximum current). 
eg (a) Set the probe at the /max position and reduce the 

probe coupling, and adjust transmitter power or 
transmitter loading to get a full scale meter deflection. 

(b) Locate the /mtn position accurately by bracketing. 
(c) Set the probe A/l 2 from /min. Note the meter reading. 

The actual current here is 0-5 /max 
(A/12 = 30° phase. Sin 30° = 0-5). 

(d) Set the probe A/8 from /min. Here the actual current 
is 0'707 /max. 

(e) Set the probe at other positions and calibrate 
similarly 

Any error due to a slightly incorrect position of /mtn may 
be eliminated by repeating the readings on the opposite side 
of /min and taking an average meter reading. Any appreciable 
asymmetry may indicate excessive probe coupling, variation 
in probe coupling, or harmonic currents. 

If the predicted stub does not produce a perfect match 
immediately, note whether the point of attachment of the 
stub is now a position of /min or /max of the new standing 
wave on the “matched” line. If neither, then the stub is not 
tuning the aerial system to resonance. The first adjustment 
is therefore made to the length of the stub so that the point 
of attachment is resistive. Correct adjustment is when the 
position of /min or /max is coincident with the point of 
attachment. If this is now a point of /max, the resistance is 
too low for a perfect match. If a closed stub is being used, 
lengthen it and simultaneously move its point of attachment 
nearer the aerial by the same amount. (These adjustments are 
equal only when the stub Zn is the same as that of the feeder.) 
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Fig 13.12. Two-stub coaxial tuner. The graph shows the lower limit 
of the matching range: the upper limit is determined by the Q of 
the stubs (ie it is dependem: on the losses in the stubs). Zo is the 

characteristic impedance of the feeder. 

If the correct position is passed, the “matched” line will now 
have an Zmin at the point of attachment, and the adjustment 
is to shorten the closed stub and simultaneously move it 
further from the aerial by the same amount. The total 
distance from the short circuit of the stub to the aerial 
remains the same to keep the system resonant. For an open¬ 
circuit stub the adjustments are in the opposite sense. 

Stub Tuners 
On a coaxial line it is impracticable to construct a stub 

having an adjustable position. However, two fixed stubs 
spaced by a certain fraction of a wavelength can be used for 
matching purposes: see Fig 13.12. The spacing usually 
employed is A/8 or odd multiples thereof. With this spacing 
independent adjustment of the short-circuit plungers gives 
a matching range from 0-5 times the characteristic impedance 

Fig 13.13. Two-stub open-wire tuner. With an open-wire line stubs 
should be mounted on opposite sides of the line as shown so as to 
avoid mutual coupling. The matching range can be seen from the 

graph in Fig 13.12. 

Fig 13.14. Three-stub tuner. This provides a greater matching range 
than a two-stub tuner. Zo is the characteristic impedance of the 

feeder. 

of the transmission line (Zo) upwards. As the spacing is 
increased towards A/2 or decreased towards zero, the 
matching range increases, but the adjustments then become 
extremely critical and the bandwidth very narrow. The 
theoretical limit of matching range cannot be achieved owing 
to the resistance of the conductors and the dielectric loss; 
ie the Q is limited. To obtain the highest Q the ratio of 
outer-to-inner conductor diameters should be in the range 
2 : 1 to 4 : 1 (as for coaxial baluns). An important mechanical 
detail is the provision of reliable short-circuiting plungers 
which will have negligible inductance and also ensure low-
resistance contact. They can be constructed of short lengths 
of thin-walled brass tubing, their diameters being chosen 
so that when they are slotted and sprung they make a smooth 
sliding contact with both inner and outer conductors. 

The two-stub tuner may be applied to open transmission 
lines if it is inconvenient to have a movable stub. In this case 
the stubs must be mounted laterally opposite to each other 
to prevent mutual coupling: see Fig 13.13. 

This type of tuner may, of course, be used for other 
purposes than to feed an aerial. For example, it will serve 
to match an aerial feeder into a receiver, or a dummy load to 
a transmitter. A greater matching range can be obtained by 
using a three-stub tuner, the stubs being spaced at intervals 
of one quarter-wavelength apart, as shown in Fig 13.14. The 
first and third stubs are usually ganged together to avoid 
the long and tedious matching operation which becomes 
necessary when adjustments are made to three infinitely 
variable stubs. 

Quarter-wave Lines 
An impedance transformation can be effected by using a 

certain length of transmission line of a different character¬ 
istic impedance from the feeder. This may be used to match 
a load to a transmission line. A special condition occurs when 
the length of the section of line is an odd number of quarter¬ 
wavelengths and the following formula then applies: 

Z, = VZ„ • Z1

where Z, is the characteristic impedance of the section of 
quarter-wave line and Zo and Z, are the feeder and load 
impedance respectively. For example, if Zo is 80ÍÍ and Z, is 
6000: 

Z, = V80 X 600 = 2510 

This matching section is useful for transforming impedance 
and is called a quarter-wave transformer: see Fig 13.15. A 
wider bandwidth match can be obtained by reducing the 
transformation ratio and using a number of quarter-wave 
sections of progressively changing impedance in cascade. 

13.9 



RS G B RADIO COMMUNICATION HANDBOOK 

Fig 13.15. Quarter-wave transformers, (a) shows a construction 
suitable for open-wire lines, and (b) is the corresponding method for 
coaxial cables. Whereasolid-dielectricsection is used,due allowance 

must be made for the velocity factor. 

It is often convenient to incorporate a quarter-wave 
transformer into a coaxial sleeve balun of the type shown in 
Fig 13.7(a). The length of the quarter-wave section will only 
be a physical quarter-wavelength if the inner coaxial trans¬ 
former is air spaced, but as a quarter-wave transformer 
usually has an impedance different from that of standard 
coaxial cable it has to be fabricated anyway and thus this 
is no disadvantage. If a transformer is built into the balun 
shown in Fig 13.7(b), the characteristic impedance of the 
right hand quarter-wave section need not be changed since 
it is acting as a “metal insulator”. 
A section of tapered line can also be used to effect an 

impedance transformation, and an application of the prin¬ 
ciple is described later in this chapter. Again a quarter¬ 
wavelength section is only a special case, and to achieve a 
match in a particular installation the line lengths and the 
angle of taper should be varied until a perfect match is 
achieved. This form of matching device is often called a 
delta match. 

Fig 13.16. Transmission line transformer technique used to provide 
simple means of matching 50-75Q coaxial cable. 

Transmission Line Transformers 

Other than the quarter-wave transformer described above, 
there is another arrangement that is very convenient as it 
allows any two cables of different impedance to be matched 
together simply by using matching lengths made up of the 
two cables concerned: see Fig 13.16. A simplified relation¬ 
ship for this type of transformer is 

ZI Z2 
cot2 Ö = — 4- — 4- 1 Z2 Z1 

For a 5O/75Í2 transformer this works out to an electrical 
length of 29-3° (0079 A) for each section of cable; the physical 
length must, as explained previously, take into account the 
velocity factor of the cable (typically 0-66 for solid polythene 
dielectric coaxial cable—physical length therefore is O O53A). 

Fig 13.17. Arrangements for feeding two identical aerial arrays in 
phase using coaxial cables. Links between the braiding of the cables 
should be as short and of as low an impedance as possible. Braid can 

be used for this purpose. 

Multiple Feed Arrangements 
It is often required to feed two or more aerial arrays, 

such as stacked Yagis, in phase and there are a number of 
convenient ways of doing this using standard impedance 
coaxial cables. Details of one possible arrangement are 
shown in Fig 13.17. Others can be developed using similar 
principles. 

AERIAL ARRAYS 

The basic elements of vhf aerial arrays are usually half¬ 
wave or full-wave dipoles, depending upon the circumstances. 
The characteristics of such dipoles are described in Chapter 
12—HF Aerials. 
When elements are arranged together to form a beam 

aerial, the radiation pattern most interesting to amateurs is 
one having a large forward gain. However, by the study of 
beam-aerial polar diagrams it becomes apparent that in the 
course of building up a major lobe, other minor or sub¬ 
sidiary lobes may be created. No purpose would be served 
here by discussing these minor lobes further but it is well to 
remember that they exist and do not necessarily imply an 
inferior aerial array, although they do represent a loss of 
power from the main lobe. 

Parasitic Arrays: The Yagi Array 
By placing a reflector, usually a resonant element one 

half-wavelength long behind a half-wave dipole, the radia¬ 
tion can be concentrated within a narrower angle. By adding 
further elements somewhat shorter than one half-wavelength, 
called directors, at certain spacings in the forward direction, a 
further gain can be achieved. Any aerial array which employs 
elements not directly connected to the feed line, ie parasitic 
elements, is known as a parasitic array. If the arrangement 
consists of a dipole with a reflector and two or more directors 
it is known as a Yagi array, see Fig 13.18. 

When compared with other aerial systems of similar size 
the Yagi array is found to have the highest forward gain, 
and it can be constructed in a very robust form. The effect of 
adding the reflector and director(s) is to cause the feed 
impedance of the dipole to fall considerably, often to a value 
of about 10Í2, and the matching is then critical and difficult 
to obtain. This, however, may be overcome by the use of a 
folded-dipole radiator. If the folded dipole has two elements 
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Fig 13.18. Yagi array (three elements). See Table 13.3 for typical 
dimensions. . 

of equal diameter, a 4 : 1 impedance step-up is obtained. By 
varying the ratio of the diameters, different impedance 
step-up ratios become available. 

The length of the dipole or folded dipole required for 
resonance depends not only on the frequency but also to a 
lesser extent on the ratio of the diameter of the element to the 
wavelength and the distance between the arms of the fold, 
the length required for resonance diminishing as the wave-
length/diameter ratio is decreased: see Table 13.2. The 
overall length of conductor in the folded dipole remains 
approximately constant: as spacing is increased, the length 
of the radiating part is shortened accordingly. 

The forward gain is not appreciably affected by a variation 
of reflector spacing over a range of A/8 to A/4: under these 
conditions the forward gain is approximately at its maximum 
value. A considerable change in feed impedance takes place 
when this spacing is varied and this may be used as a con¬ 
venient form of adjustment. The reflector is usually 0-5A 
long although this should be reduced to about 0-475 A for 
the closer spacing. 

The length of the directors is usually made about 0-43 A 
and the spacing approximately 0-25 A, but experiments have 
shown that where several directors are used, the bandwidth 
can be broadened by making them progressively shorter in 
the direction of radiation. The greater the number of direc¬ 
tors, the higher the gain and the narrower the beamwidth. 
There is no advantage to be derived from using more 
reflectors spaced behind the first, but the front-to-back ratio 
may be improved somewhat by the use of additional reflec¬ 
tors as shown in Fig 13.19. These additional reflector 
elements should subtend a fairly wide angle at the farthest 
director to be effective. In practice, a trigonal reflector 
element/element spacing of about a quarter-wavelength is 
sufficient. 

The gain obtainable from a Yagi array compared with a 

TABLE 13.2 
Resonant lengths of half*wave dipoles 

/WavelengthN 

\ Diameter 

Value of 
✓ dipole lengthN 

k Wavelength / 
for resonance 

Feed 
impedance 

(«) 

50 
100 
200 
400 

1,000 
4,000 

10,000 
100,000 

0-458 
0465 
0 471 
0-475 
0 479 
0 484 
0-486 
0-489 

60 -5 
61 0 
61 6 
63 6 
65 -3 
67 2 
68-1 
69 2 

The dimensions used in calculating the ratios must be in similar units (eg 
both in metres or both in centimetres). 

From Aerials for Metre and Decimetre Wavelengths by R. A. Smith. 

Fig 13.19. Yagi array with trigonal reflectors. 

half-wave dipole is shown approximately by the curve in 
Fig 13.20. 

The bandwidth for a standing-wave ratio iess than 2 : 1 
is about 2 per cent for close-spaced beams and about 3 per 
cent for wider spacing. Element lengths, particularly those of 
the directors, are very critical (ie within fractions of an inch), 
and ideally telescopic rods should be used to enable fine 
adjustments to be made. Each change of element length 
necessitates a readjustment of the matching either by moving 
the reflector or in the matching device itself. 

Typical element lengths for spot frequencies in the 4m, 
2m and 70cm bands are given in Table 13.3. The lengths are 
based on the assumption that the element diameter lies 
within the stated limits for the respective bands. Any 
departures from these diameter ranges will necessitate a 
change in the lengths of the elements; for a larger diameter 
the length will need to be decreased, and vice versa. Provision 
has been made for simple dipole, folded dipole or skeleton 
slot radiating elements. The latter radiator, which is des¬ 
cribed later in the chapter, is the feed system in a stacked 
pair of Yagi arrays, the dimensions of which are the same as 
for a single Yagi array given in Table 13.3. 

Stacked and Bayed Yagi Arrays 
To obtain a greater gain several Yagi arrays can be 

disposed horizontally or vertically or in both directions, the 
radiating elements being fed in phase. Normally, stacking 
refers to vertical addition and baying to horizontal. It is 
important to remember that with stacking the effective height 
of the aerial above the ground is half way between the lowest 

Fig 13.20. Design information for Yagi aerials. Curve A shows the 
optimum boom length in wavelengths for any number of elements. 
Curve B shows the maximum gain that can be expected when the 
design information of Curve A is used. With acknowledgements to the 

ARRL. 
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TABLE 13.3 
Typical dimensions of Yagi arrays—parasitic elements 

Element Length of element (in) 

70 3MHz 145MHz 433MHz 

Reflector 
Director D1 
Director D2 
Director D3 
Succeeding directors 
Final director 
One wavelength (for reference) 
Diameter range for length given 

851 
74 
73 
72 

1 in less 
2in less 
168 
i-l 

40 
35j 
351 
35 

jin less 
1 in less 

811 

13* 
11* 
11* 
11 

*in less 
*in less 

27* 
*-* 

Spacing between elements (in) 

Reflector to radiator 
Radiator to director 1 
Directori to director 2 
Director 2 to director 3, etc. 

221 
29 
29 
29 

17* 
17* 
17* 
17* 

51 
51 
7 
7 

The above figures are based on a number of proved Yagi array designs. 
If the slot is used two sets of reflectors/directors are required, one mounted 
above the other thus forming a stacked array—see Fig 13.26. Match to the 
feeder can be effected by moving the radiator relative to the first director 

and the reflector relative to the radiator. 

Typical dimensions of Yagi arrays—driven elements 

Dipole (for use with gamma match) 
Diameter range for length given 

Folded dipole (70Q feed) 

I length centre/centre 
d spacing centre/centre 
Diameter 

and highest individual arrays and thus the advantage of 
increased gain may be reduced—see Height of Aerial above 
Ground on page 13.3. Typical optimum stacking distances 
are shown in Table 13.4. The optimum stacking distance will 
depend on the gain of the individual Yagi arrays and is the 
distance at which the apertures of each array just touch. 
Where the vertical and horizontal beamwidths of an indi¬ 
vidual array are approximately the same, ie with five or more 
elements, the optimum stacking distance varies from about 
O-75A for an array of 4-element Yagis to about 20A or more 
for 8-element Yagis. For practical reasons the spacing is 

TABLE 13.1 
Optimum stacking distance for Yagi arrays 

With acknowledgements to Jaybeam Ltd. 

Yagi array 
Centre-to-centre stacking distance (in) 

70 3MHz 145MHz 433MHz 

3 element 
4 element 
8 element 
10element 
14 element 
24 element 
4-over-4 slot fed 
6-over-6 slot fed 
8-over-8slot fed 

84 
108 82 

120 
132 

120 
147 
160 uJ

èo
 I
 I

 I
 I

 

usually less than optimum and there is a consequent reduction 
in the total gain. It was stated earlier that the increase in 
gain obtainable by stacking two identical arrays in such a 
way that their capture areas do not overlap is simply two 
times (ie 3dB), but in practice this can sometimes be exceeded 
if there is a suitably favourable degree of coupling between 
the two arrays: for example, a pair of three-element Yagi 
arrays could be made to yield an increase of 4-2dB. However, 
the increase usually proves to be less than the theoretical 
3dB and a figure of 2-2-2-5dB is all that can ordinarily be 
expected. 

Theoretically the feed impedance of a stacked array is the 
feed impedance of an individual Yagi array divided by the 
total number of Yagis employed; in practice the feed 
impedance of stacked Yagis is slightly less than this because 
of interaction between each Yagi array, although this reduc¬ 
tion is not so marked at the greater spacings. 

Disadvantages of Conventional Yagi Arrays 

Perhaps the most important disadvantage is that the 
variation of the element lengths and spacings causes inter¬ 
related changes in the feed impedance of a Yagi array. To 
obtain the maximum possible forward gain experimentally is 
extremely difficult because for each change of element length 
it is necessary to readjust the matching either by moving the 
reflector or by resetting a matching device. A method has 
been devised, however, for overcoming these practical dis¬ 
advantages by the use of a radiating element in the form of 
a skeleton slot, this being far less susceptible to the changes 
in impedance caused by changes in the parasitic-element 
lengths. This development is due to B. Sykes, G2HCG. 

A true slot would be a slot cut in an infinite sheet of metal, 
and such a slot when approximately one half-wavelength 
long would behave in a similar way to a dipole radiator. 
In contrast with a dipole, however, the polarization pro¬ 
duced by a vertical slot is horizontal (ie the electric field is 
horizontal). 

The skeleton slot was developed in the course of experi¬ 
ments to determine to what extent the infinite sheet of metal 
could be reduced before the slot aerial lost its radiating 
property. The limit of the reduction for satisfactory per¬ 
formance was found to occur when there remained approxi¬ 
mately one half-wavelength of metal beyond the slot edges. 
Further experiments showed that a thin rod bent to form 
a “skeleton slot” of dimension approximately 5A/8 X 5A/24 
exhibited similar properties to those of a true slot. The 
manner in which a skeleton slot functions can be understood 
by referring to the diagrams in Fig 13.21. Consider two half¬ 
wave dipoles spaced vertically by 5A/8. Since the greater 
part of the radiation from each dipole takes place at the 
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(a) 

A 

,ri. 

(b) 

Fig 13.21. Development of a skeleton-slot radiator from two half¬ 
wave dipoles spaced p apart. 

current anti-node, ie the centre, the ends of the dipoles may 
be bent without serious effect. These ends may now be 
joined together with a high-impedance feeder, so that end¬ 
feeding can be applied to the bent dipoles. To radiate in 
phase, the power should be fed midway between the two 
dipoles. The high impedance at this point may be trans¬ 
formed down to one suitable for the type of feeder in use by 
means of a tapered matching-section transmission line (ie a 
delta match). Practical dimensions of a skeleton-slot radiator 
are given in Fig 13.22. 

It is important to note that two sets of parasitic elements 
are required with a skeleton-slot radiator and not one set as 
required with a true slot. One further property of the skeleton 
slot is that its bandwidth is somewhat greater than a pair of 
stacked dipoles. A disadvantage of the basic slot-fed beam 
is that the spacing between upper and lower sets of parasitic 
elements is not optimum and thus the gain increase is less 
than 3dB compared with the equivalent single Yagi. This is 
increasingly so with slot-fed beams arrays having a greater 
number of parasitic elements. 

S 

w 

FREQUENCY IN MHzJ [f-
Zo 276 log ,o — 

d 

2250 ¡nchas

6740 K —-— inches 
f 

Fig 13.22. Dimensional relationships of a skeleton-slot radiator. 
Both S and W may be varied experimentally from the values indi¬ 
cated by these formulae. For small variations the radiation charac¬ 
teristics of the slot will not change greatly, but the feed impedance 
will undergo appreciable change and therefore the length of the 
delta matching section should always be adjusted to give a perfect 

match to the transmission line. 

Fig 13.23. (a) The Parabeam 14-element Yagi for the 144MHz bard. 
Gain is 15dB and the horizontal beamwidth between half-power 
points is 24 .(b) The Parabeam 18-element Yagi for the432M Hz band. 
Gain is 17dB and the horizontal beamwidth between half-power 
points is 28°. Note that the reflector is a pair of parasitic^/2 elements 

in the 432MHz version. 

Stacked Skeleton Slot Yagi Arrays 

Skeleton slot Yagi arrays may be stacked to increase 
the gain but the considerations of optimum stacking distance 
previously discussed apply; in this case the centre-to-centre 
spacing of a pair of skeleton slot Yagi arrays should vary 
between 13 and 33 or more according to the number of 
elements in each Yagi array. 

Each skeleton slot Yagi array may be fed by 72Í2 coaxial 
cable, using equal lengths of feeder to some common feed 
point for the stacked array, and it would of course be desir¬ 
able to use a balun at the point where the cable is attached to 
each array. A coaxial quarter-wave transformer can be used 
to transform the impedance to that of the main feeder. For 
example, if a pair of skeleton slot Yagi arrays, each of 72Í2 
feed impedance, is stacked, the combined impedance will be 
one-half of 720, ie 360; this may be transformed to 720 by 
the use of a quarter-wave section of 520 coaxial cable, 
allowance being made for its velocity factor. Larger assemb¬ 
lies of skeleton slot Yagi arrays can be fed in a similar manner 
by joining pairs and introducing quarter-wave transformers 
until only one feed is needed for the whole array. 

The Long Yagi 

The gain of the Yagi depends upon the number of directors 
and thus its length as already shown in Fig 13.20. The term 
long Yagi has been applied to arrays with, say, eight or more 
directors. Such arrays have become popular in recent years, 
largely due to the work of W2NLY and W6QKI. The 
construction of a typical long Yagi is described on page 
13.23. 

The Parabeam and Multibeam 

Further developments of the skeleton slot have been 
conducted by Jaybeam Ltd to produce high gain Yagi type 
aerials having a wide bandwidth suitable for uhf television. 
These have also found ready application for communications 
purposes especially in the 144, 432 and 1,296MHz bands. 
The Parabeam, Fig 13.23, uses a skeleton slot radiator and 
reflector with conventional Yagi type parasitic directors, and 
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Fig 13.24. Skeleton slot radiator used in the Parabeam. 

this increases the gain compared with a similar conventional 
Yagi having a folded dipole feed with multiple reflector by 
approximately 2dB. The skeleton slot radiator used in the 
Parabeam is arranged as shown in Fig 13.24 and feed to the 
3OOÍ4 point can be effected by using a 4 : 1 coaxial balun as 
shown in Fig 13.8. To obtain optimum launching into the 
director chain it has been found necessary to advance the 
horizontal radiating sections of the skeleton slot with respect 
to the 30014 feed bars. This accounts for the rake seen in Fig 
13.23 which is at an angle of 1 Io to the vertical. 
The Multibeam is a further development of the Parabeam 

aimed at increasing the gain still further by replacing the 
conventional Yagi type directors with multiple director units, 
each unit consisting of four directors. Careful experiments 
showed that the gain increase from a 12-element Parabeam 
to a 42-element Multibeam (each multiple director counting 
as four elements) gave an increase of 5dB, a total of some 7dB 
over a conventional Yagi of the same length, a very useful 
gain obtained at the expense of some increase in mechanical 
complication. See Fig 13.25 for details. 
The bandwidth of both the Parabeam and Multibeam has 

proved to be very good, amounting to some 20 per cent of 
frequency for a voltage standing wave ratio of better than 
2 : 1 and a gain variation of within 2dB. The gain of a 46-
element Multibeam at 432MHz is approximately 19dB. 

Stacked Dipole Arrays 
Both horizontal and vertical beam widths can be reduced 

and gain increased by building up arrays of driven dipoles. 
This arrangement is usually referred to merely as a stack or 

Fig 13.25. The Multibeam 46-element Yagi. Gain is 20dB and the 
horizontal beamwidth between half-power points is 24°. 

TABLE 13.5 
Resonant length of full-wave dipoles 

50 
100 
150 
200 
300 
400 
700 

1,000 
2,000 
4,000 

10,000 

Wavelength 
at resonance 

Value of 
dipole length 

085 
087 
088 
0 896 
0 906 
0 916 
0 926 
0 937 
0 945 
0 951 
0 958 

Feed 
i mpedance 

(H) 

500 
900 

1,100 
1,300 
1.500 
1,700 
2,000 
2,400 
3,000 
3,600 
4.600 

The dimensions used in calculating the ratios must be in similar units (eg 
both in metres or both in centimetres). 

From Aerials for Metre and Decimetre Wavelengths by R. A. Smith. 

sometimes as a bill-board or broadside array. Since this type 
of array is constituted from a number of radiating dipoles, 
the feed impedance would be extremely low if the dipoles 
were centre-fed. However, the impedance to earth of a 
dipole at its end is high, the precise value depending upon 
the ratio of its length to diameter, and it will therefore be 
more convenient to use a balanced high-impedance feeder to 
end-feed a pair of collinear half-wave dipoles, a system called 
a full-wave dipole. The length for resonance and the feed 
impedance in terms of wavelength'diameter ratio is shown in 
Table 13.5. 

The full-wave dipoles are usually mounted with a centre-
to-centre spacing, horizontally and vertically, of one half¬ 
wavelength and are fed in phase. Typical arrangements for 
stacks of full-wave dipoles are shown in Fig 13.26. Note that 
the feed wires between dipoles are one half-wavelength long 
and are crossed so that all dipoles in each bay are fed 
in phase. The impedance of these phasing sections is unim¬ 
portant provided that the separators, if used, arc made of 
low-loss dielectric material and that there is sufficiently wide 
separation at the cross-over points to prevent unintentional 
contact. 

To obtain the radiation pattern expected, all dipoles 
should be fed with equal amounts of power (as indeed would 
be desirable in any multi-radiator array), but this may not be 
achieved in practice because those which are at the edges of 
the array have least mutual coupling to other dipoles and 
therefore have different radiation resistances. However, by 
locating the main feed point as nearly symmetrically as 
possible these effects are minimized. Hence it would be 
preferable for the aerial shown at (A) in Fig 13.26 to be fed 
in the centre of each bay of dipoles; the feeder to each bay 
must be connected as shown to ensure that the two resultant 
bays are fed in phase. If they were fed 180° out-of-phase the 
resultant beam pattern would have two major side lobes and 
there would be very little power radiated in the desired 
direction. The diagram (B) in Fig 13.26 shows two vertically 
stacked bays of full-wave dipoles fed symmetrically and in 
phase. 

Diagram (C) in Fig 13.26 shows one vertically stacked bay 
of full-wave dipoles fed symmetrically half way between the 
centre pair of dipoles. 

The spacing at the centre of each full-wave dipole should 
be sufficient to prevent a reduction of the resonant frequency 
by the capacitance between the ends. In practice this spacing 
is usually about lin for the 144 and 432MHz bands. 
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Fig 13.26. Typical stacks of ful l-wave dipoles. Note that the feed-point 
F is equi-distant from each bay of dipoles. Example of lengths are 

given in Table 13.5. 

Matching can be carried out by the use of movable short-
circuited open-wire stubs on the feed lines. 

As with the Yagi array, the gain can be increased by 
placing half-wave reflectors behind the radiating elements at 
a spacing of 01-0-25 A, a figure of 0125A being frequently 
chosen. A perfect plane reflector will yield a gain of 6dB 
compared with the 3dB obtainable from a rod reflector. For 
the 432MHz band and for higher frequencies, a plane 
reflector made up of tin mesh wire netting stretched on a 
frame can be used in place of the resonant reflector at a 
similar spacing. The mesh of the wire should be so orientated 
that the interlocking twists are parallel to the dipole. The 
wire netting should extend at least one half-wavelength 
beyond the extremities of the dipoles in order to ensure a 
high front-to-back ratio. 

The half-wave sections of the full-wave dipole should be 
supported at the current anti-nodes, ie at their centres, either 
on small insulators or in suitably drilled wooden vertical 

members. Supports should not be mounted parallel to the 
elements because of possible influence on the properties of 
the aerial. 

The bandwidth of this type of aerial is exceptionally 
large and its adjustments generally are far less critical than 
those of Yagi arrays. 

For a stack having a wire-net reflector extending Ä/2 
beyond the extremities of the dipoles, the horizontal beam¬ 
width 0, vertical beamwidth <£ and power gain G (compared 
with an isotropic radiator) can be calculated approximately 
from the following formulae: 

51A 51A 4” ab 
a * b A^ 

where a and b are the horizontal and vertical dimensions 
of the reflector respectively, both being expressed in the 
same units as the wavelength. 

These formulae are true only for an array which is large 
compared with the wavelength, but are suitable as a criterion 
for judging aerials of any type provided the equivalent 
aperture or capture area is known. 

Skeleton Slots in Stack 
Skeleton slots can be used to replace vertically disposed 

pairs of half-wave dipoles. As the optimum vertical dimen¬ 
sion for a horizontally polarized skeleton slot is approxi¬ 
mately 5A/8, it is no longer possible to use the vertical 
spacings shown for full-wave stacks. The slots are mounted 
vertically at a centre-to-centre spacing of one wavelength and 
fed through a tapered matching section, as for the skeleton¬ 
slot Yagi array, and are then connected to the phasing lines. 
Since the spacing between feed points is one wavelength 
there is no phase difference and it is unnecessary to transpose 
the phasing wires. The tapered matching sections should be 
adjusted to present an impedance of N times the desired 
feeder-cable impedance where N is the number of skeleton 
slots employed. The impedance resulting from the connection 
of all the feed points together will then equal the cable 
impedance. 

A broadside array of skeleton slots may be built up by 
adding further slots horizontally at a centre-to-centre spacing 
of one half-wavelength. 

Disadvantages of Multi-element Arrays 
As the frequency becomes higher and the wavelength 

becomes shorter, it is possible to construct arrays of much 
higher gain although, as already described, the advantage is 
offset by the reduction in capture area when used for receiv¬ 
ing. However, if the practice already described, that of using 
many driven or parasitic elements, either in line or in stack, 
is adopted, the complications of feeding become increasingly 
greater. Also, as the frequency increases the radiation loss 
from open-wire lines and from phasing and matching sections 
likewise increases, and it is then difficult to ensure an equal 
power-feed to a number of radiators. Preferably, therefore, 
the aerial should have a minimum number of radiating or 
other critical elements, such as resonant reflectors or direc¬ 
tors. There are many aerials in this category but only those 
having immediate amateur application are described here. 

The Cubical Quad 
The cubical quad aerial has proved highly successful for 

vhf use especially indoors where its properties are almost 
unaffected by the close proximity of building structures, in 
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Fig 13.27. Development of a cubical quad aerial from a pair of dipoles 
and reflectors. In (A) the reflectors are A/2 long and the dipole 
radiator lengths for resonance are approximately 0 38A. In (B) the 
elements have been bent to form two squares, the combined reflec¬ 
tor having sides 0*25A long and the combined radiator having sides 
0 23A long. The two squares can be made equal in size by the method 

shown in Fig 13.28. 

contrast to the Yagi array, the high Q elements of which 
are detuned with the result that its performance is markedly 
changed. 

The basic cubical quad (Fig 13.27) can be constructed 
using copper wire of Ain or ¿in diameter. The reflector 
square can either be made larger than the radiator by about 
5 per cent in total length or alternatively can have its length 
extended electrically by inserting a small inductive stub at a 
current anti-node, ie short circuited and considerably less 
than a quarter-wave in length. A variation of the quad, 
developed by G2PU, known as the bi-square, has two sym¬ 
metrically disposed inductive stubs located at current anti¬ 
nodes in the reflector which ensures current symmetry in the 
reflector and hence no beam tilt (see Fig 13.28). VHF bi¬ 
square aerials are usually constructed from Jin diameter tube, 
although wire can be used. 

The gain of a quarter-wave square cubical quad is 5-5 to 

Fig 13.28. The bi-square 
aerial may be fitted with 
small stubs in the reflec¬ 
tor element so that all 
the sides of both reflec¬ 
tor and radiator can be 
made equal in length 
(approximately 0 23A). 

Band 
(MHz) 

70(a) 
70(b) 
144(a) 
144(b) 

Reflector 
1 

total 
length* 

(in) 

Radiator 
2 

total 
length* 

(in) 

73 
165 
84 
80 

165 
165 
80 
80 

Director 
(if used) 

(in) 

Approximate 
length of stubs 

if used (in) 

Reflector Director 
s/c s/c 

34 
34 
16 
16 

The total length of the radiator is just less than one wavelength in total 
(about 0-98 X A). The stub in (b) should be adjusted in length for maximum 
forward gain. The gain is about 5| to 6dB. Elements are made from ¿in 
diameter copper wire although the diameter is not critical. Insulators can 
be made from polystyrene or polythene about 1 ¿in wide. Stub lengths 

should be adjusted for optimum performance. 
*Each side is one quarter this length 

6dB but this can be increased by using a director square in 
front of the radiator. This square can either be some 5 per 
cent shorter in total length than the radiator or have a short 
capacitive stub inserted, ie open circuited and considerably 
less than a quarter-wave. This increases the gain by about 
1 5dB. Multiple directors are often added to increase the gain 
still further. 

Two band arrays can conveniently be placed one inside 
the other as no significant interaction occurs. In the case of 
a quad without a director, the wires can be attached to 
bamboo spreaders originating from one central multiple X 
having eight arms. In the case of the quad with director, 
three separate bamboo X spreaders can be located on a 
single boom. In all, the array is non-critical, has a wide 
bandwidth and is ideal for home construction with limited 
facilities. It will pay to experiment both with stub lengths and 
reflector/radiator/director spacing to achieve the maximum 
gain with minimum feeder swr in any particular environ¬ 
ment. 

Typical dimensions for both quarter- and half-'vave types 
of quads are shown in Tables 13.6 and 13.7. 
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TABLE 13.7 
Half-wave cubical quad 

Band 

(MHz) 

Reflector 
total 
length 
(in) 

Radiator 
total 
length 
(in) 

Director 
(if used) 

(>n) 

Approximate 
length of stubs 

if used (in) Spacing 

(in) Reflector 
s/c 

Director 
o/c 

144 
144 

174 
164 

164 
164 

154 
164 10 10 

16 
16 

Gain without director 10dB; with director 12-5dB. 

In Table 13.6 dimensions are given for typical quarter¬ 
wave types with and without stubs. The half-wave quad has 
an additional insulator half way along the top conductor of 
all elements of the squares shown in Table 13.6, ie impedance 
is high (between 2,000 and 4.000Í1) and this may be trans¬ 
formed down to 75Í2 by means of a quarter-wave transformer. 

Corner Reflector 
The use of a metallic plane reflector spaced behind a 

radiating dipole has already been discussed. If this reflector 
is bent to form a V, as shown in Fig 13.29, a considerably 
higher gain is achieved. The critical factors in the design 
of such an aerial array are the corner angle and the dipole/ 
vertex spacing S. The curves in Fig 13.30 show that as a is 
reduced, the gain theoretically obtainable becomes pro¬ 
gressively greater. However, at the same time the feed 
impedance of the dipole radiator (Fig 13.29) falls to a very 
low value, as can be seen from Fig 13.31 : this makes matching 
difficult and hence a compromise has to be reached. In 
practice the angle a is usually made 90° or 60°; adjustments 
in a 60° corner are a little more critical although the maxi¬ 
mum obtainable gain is higher. The final matching of the 
radiator to the line may be carried out by adjusting the 
distance .S', which as seen from Fig 13.30 does not greatly 
affect the gain over a useful range of variation but causes 
a considerable change in feed impedance (see Fig 13.31). A 
two-stub tuner may also prove helpful in making final 
adjustments. 

The length of the sides L of the reflector should exceed two 
wavelengths to secure the characteristics indicated by 
Figs 13.30 and 13.31, and the reflector width W should be 
greater than one wavelength for a half-wave dipole radiator. 
The reflecting sheet may be constructed of wire-netting as 

Fig 13.29. Corner reflector. The half-wave dipole radiator is spaced 
parallel with the vertex of the reflector at a distance S. Its charac¬ 
teristics are shown in Figs 13.30 and 13.31. For dimensions, see 

Table 13.8. 

Fig 13.30. Theoretical power gain obtained by using a corner reflec¬ 
tor with a half-wave dipole radiator: see Fig 13.29. 

described previously or alternatively may be fabricated from 
metal spines arranged in a V-formation, all of them being 
parallel to the radiator: see Fig 13.32. The spacing between 
adjacent rods should not exceed 0-1 A and the length of the 
rods is 0-6 A for a half-wave driven element. 

A usefid approximation for the power gain G referred to a 
half-wave dipole is G = 300/x, where « is the angle between 
the sides measured in degrees. 

The maximum dipole/vertex spacing S included in the 
curves shown in Figs 13.30 and 13.31 is one half-wavelength. 
Spacings greater than this would require rather cumbersome 
constructions at lower frequencies, but at the higher fre¬ 
quencies larger spacings become practicable, and higher 
gains can then be obtained. This indicates that the corner 
reflector can become a specially attractive proposition for the 
1,296MHz band, but the width across the opening should be 
in excess of 4A to achieve the results shown. Dimensions 
for 60° (13dB gain) corner reflectors for 145, 433 and 
1,296MHz are given in Table 13.8. 

Fig 13.31. Feed impedance of a half-wave dipole provided with a 
corner reflector: see Fig 13.29. 
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Fig 13.32. The corner reflector 
shown in Fig 13.29 can be modified 
by using a set of metal spines 
arranged inV-formation to replace 
the sheet-metal or wire-netting 

reflector. 

Trough Reflector 
To reduce the overall dimensions of a large corner 

reflector the vertex can be cut off and replaced with a plane 
reflector; such an arrangement is known as a trough reflector: 
see Fig 13.33. Similar performance to that of the large corner 
reflector can thereby be achieved provided that the dimen¬ 
sions of the trough do not exceed the limits indicated in 
Table 13.9. 

The resulting aerial has a performance very little different 
to the corner-reflector type and presents fewer mechanical 
problems since the plane centre portion is relatively easy to 
mount on the mast and the sides are considerably shorter. 

The gain of both corner reflectors and trough reflectors 
may be increased still further by stacking two or more and 
arranging them to radiate in phase, or alternatively by adding 
further collinear dipoles within a wider reflector similarly fed 
in phase. Not more than two or three radiating units should 
be used since the great virtue of the simple feeder arrange¬ 
ment would then be lost. 

Trough Reflectors for 432 and 1,296MHz 
Dimensions are given in Table 13.10 for 432 and 1,296MHz 

trough reflectors. The gain to be expected is 15dB and 17dB 
respectively. A very convenient arrangement, especially for 

TABLE 13.8 

portable work, is to use a metal hinge at each angle of the 
reflector. This permits the reflector to be folded flat for 
transit. It also permits experiments to be carried out with 
different apex angles. 

A housing will be required at the dipole centre to prevent 
the ingress of moisture and also, in the case of the 432MHz 
aerial, to support the dipole elements. The dipole may be 
moved in and out of the reflector to achieve either minimum 
standing wave ratio or, if this cannot be measured, for maxi¬ 
mum gain. If a two-stub tuner or other matching device is 
used, the dipole may be placed to give optimum gain and the 
matching device adjusted to give optimum match. In the 
case of the 1,296MHz aerial, the dipole length can be 
adjusted by means of the brass screws at the ends of the ele¬ 
ments. Locking nuts are essential. 

Fig 13.33. Trough reflector. 
This is a useful modification 
of the corner reflector shown 
in Fig 13.29. The vertex has 
been cut off and replaced by a 

simple plane section. 

The reflector should be made of sheet aluminium for 
1,296MHz but can be constructed of wire mesh (with twists 
parallel to the dipole) for 432MHz. To increase the gain 
by 3dB a pair can be stacked so that the reflectors are just 
not touching (to avoid a slot radiator being formed by the 
edges). The radiating dipoles must then be fed in phase and 
suitable feeding and matching must be arranged. A two-stub 
tuner can usefully be used for matching either for a single or 
double reflector system. 

The Reflex Aerial 
The reflex aerial, shown in Fig 13.34, comprises a radiating 

dipole located in front of a large reflecting sheet with a grating 
type of structure mounted in front of and parallel to the 
dipole. The total gain attainable with this aerial system is 
about 12dB. 
The dipole has a feed impedance of about 12OÍ2 and 

can be fed from a coaxial cable with a suitable matching 
device and balun. An arrangement that has been used 
successfully at 1,296MHz is to feed the dipole from open 
lines some 3|in long between the coaxial cable and the 
dipole (see Fig 13.35). An open circuited stub is then adjusted 
in position and length to give maximum forward radiation 
as detected by a dipole with diode detector and micro¬ 
ammeter at about 20ft distant. A typical final setting 

Band 
(MHz) 

Dimensions (in) 

P s d V w A u Á 

144 
432 

1,296 

100 
35 
12 

40 
131 
41 

6 
11 
1 

38 
121 
4 

50 
20 
8 

100 
35 
12 

i 82 
271 
»1 

Dimensions for a 60° corner reflector aerial system giving a gain of about 
13dB. The feed impedance of the dipole radiator is 75Í2. The apex may be 

hinged for portable work. 

TABLE 13.9 
Corner/trough reflector 

Angle 
a 

Value of S for 
maximum gain (A) 

Gain 
(dB) 

Value of T 
O) 

90° 
60° 
45° 

1-5 
1-25 
20 

13 
15 
17 

1—1-25 
1-0 
1-9 

This table shows the gain obtainable tor greater values of S than those 
covered by Fig 13.30, assuming that the reflector is of adequate size. 
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TABLE 13.10 
Trough reflectors for 432 and 1,296MHz 

I 

TUBE I 

TUBE 2 

SPACERS 

ADJUSTABLE LOCATION 
ANO BALUN DIPOLE 

ASSEMBLY 

ROD DIA 
U 

'locking screw 

COAX BRASS DISCS 
CONNECTOR SOLDERED TO 

COAXIAL LINE 

BRASS 
BUSH „ 

CENTRE 'Z8 DIA 
BRASS ROD 

BRASS ROD 

DIPOLE 

8BA BRASS 
SCREW AT 
EACH END 

resulted in the stub about 1 Jin long at about lin from the 
coaxial feeder. No balun was used. The performance of the 
aerial adjusted in this way proved to be very satisfactory. 

Typical dimensions for the 432MHz and 1,296MHz bands 
are shown in Table 13.11. There is no advantage in increasing 
the reflector size beyond about two wavelengths square since 
above this size the oblique radiation from the dipole is so 
slight that little further gain can be achieved. However, the 
gain may be increased by adding further reflex aerials either 
horizontally or vertically as desired and feeding them so as to 
radiate in phase. 

The Parabolic Reflector 
The principle of the parabolic reflector as used for light 

waves is well known. Such a reflector may be used for radio 
waves, although the properties are somewhat different 
because the ratio of the diameter of the reflector to the 
wavelength is not extremely large, as it is in the case of light 
waves. If a radiator is placed at the focus of a paraboloid and 
if most of the energy is directed back into the “dish”, a 
narrow beam will be produced. Assuming that the energy is 
uniformly distributed over the dish, the angular width of 

Fig 13.34. Reflex aerial. Note the grid-like structure in front of the 
dipole radiator. The plane reflector behind the radiator may be 
made of sheet metal or wire netting (1 in mesh for 433M Hz; jin mesh 

for 1,296MHz). 

the beam will depend on the diameter of the reflector A 
approximately according to the formula 0 = 58 I A, where A 
is expressed in wavelengths. To avoid the obvious difficulties 
in making a parabolic reflector from sheet metal, a skeleton 
form of construction of wire netting stretched over wooden 
ribs may be found successful for frequencies up to 1,500MHz 
but as the wavelength becomes shorter the overall surface 
contour of the reflector must approach that of the true 
paraboloid more closely. 

A suitable parabolic reflector for the 1,296MHz and 
2,400MHz bands may be l-3ft in diameter. The radiator 
element is usually a half-wave dipole having a resonant 
reflector in the form of a disc one half-wavelength in diameter 
mounted one quarter-wavelength in front of the dipole to 
reflect the radiation back into the parabolic dish. The centre 
of the dipole should be accurately positioned at the focus of 
the parabola. A balun transformer of the coaxial-sleeve type 
may be mounted on the feed stem. 

A typical aerial assembly with a suitable feeder arrange¬ 
ment is shown in Fig 13.36. For this system a two-stub tuner 
will be found particularly convenient. The curve of the dish 
must not deviate from a true parabola by more than A/12 at 
any point and thus the higher the frequency the more 
difficult it is to make a satisfactory reflector. Where wire mesh 
and ribs are used, the approximation to the true parabola 
must still be within A/12 and the diameter of the holes in the 
mesh should also not exceed this amount. The radiator 
assembly can be based on the design given in Table 13.10 
for the trough reflector. An alternative feed arrangement 
that has been used very successfully at 1,296MHz is shown in 
Fig 13.37. 

Fig 13.35. A possible feed arrangement for a 1,296MHz reflex aerial 
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TABLE 13.11 
Typical dimensions of a reflex aerial for 432MHz and 1,296MHz. 
With these dimensions the gain should be 11-12dB. If the size of the 
reflector D is increased to 2A square, the gain rises to about 16dB. 

either having a resonant dipole or alternatively a horn 
radiator. 

A parabolic shape can be computed by plotting the curve 
y = 4S.V (see Fig 13.38). If a suitable template is con¬ 
structed from this formula, a complete dish can be fabricated 
using the template for reference purposes. 

The gain of a parabolic reflector aerial system depends 
upon the diameter of the dish and the illumination of the 
dish from the feedpoint. Ideally, there should be a minimum 
radiation of energy from the feedpoint in directions other 
than into the dish. On transmission a spill-over from the 
feedpoint represents a loss of possible gain and, in reception, 
may result in space communication in the interception of 

COAXIAL 
FEEDER 

Fig 13.36. Typical design for a parabolic reflector feeder arrange¬ 
ment. The dipole should be at the focus of the parabola. To achieve 
maximum gain the distance S should be made adjustable. The 

coaxial-sleeve balun should be set back from the dipole. 

TABLE 13.12 
Parabolic reflector 

Band (MHz) 

432 
1,296 
2,400 

10,000 

Dish diameter (ft) 

10dB 30dB 

30 
12 
4 
1-5 

20dB 

10 
3-5 
2 

25dB 

15 
6 
3 

Gain for various dish diameters. These are approximate figures. The actual 
gain achievable will depend upon the feed arrangements and upon the 

accuracy of the reflector relative to a true parabola. 

unwanted hot body radiation from the earth, ie noise. A 
complete discussion of feed systems for parabolic reflectors 
is, however, outside the scope of this handbook. 

Wide Band Aerial Structures 
Many wide band aerial structures have been developed 

in recent years based upon the log periodic aerial. One 
of these has proved valuable as a very wide band radiating 
feed for a parabolic reflector covering the frequency band 
from 1,215MHz to 5,850MHz. It is called the trapezoidal 
tooth log periodic aerial and is shown in Fig 13.39. It can be 
constructed from the dimensions shown in Fig 13.40 by 
accurately drawing out these shapes on paper, preferably 
using a drawing board, and pasting these on to 20swg brass 
sheet. The brass is then cut to the drawing and then the paper 
is removed by soaking. The two plates are then soldered to the 
feed line which projects through the reflector. Results 
obtained without a balun have proved satisfactory and the 
performance on the 1,296MHz and 2,450MHz bands found 
equal to the slot fed dipole with disc reflector shown in 
Fig 13.37. 

The Helical Aerial 
Another simple beam aerial possessing high gain and 

wide-band frequency characteristics simultaneously is the 
helical aerial: see Fig 13.41 and Table 13.13. When the cir¬ 
cumference of the helix is of the order of one wavelength 
axial radiation occurs; ic the maximum field strength is 
found to lie along the axis of the helix. This radiation is 
circularly polarized, the sense of the polarization depending 

Fig 13.37. Dipole>reflector symmetric feed arrangement for a 
1,296MHz parabolic reflector. One half of the dipole is soldered at 
A. The other half is threaded 6BA and is screwed into the centre 

conductor at D. It is finally soldered to the outer tube at B. 
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Example of an amateur-built parabolic aerial. 

on whether the helix has a right- or left-hand thread viewed 
from the driven end. 

If a pick-up dipole is used to explore the field in the 
direction of maximum radiation, the signal received by this 
dipole will show no change of amplitude as it is rotated 
through 360°, thus indicating true circular polarization. At 
any point to the side of the helix the wave will be elliptically 
polarized, ie the horizontal and vertical components will be 
of unequal strength. 

A helix may be used to receive the circularly polarized 
waves radiated from a transmitting helix, but care must be 
taken to ensure that the receiving helix has a thread of the 
same sense as the radiator; if a thread of the wrong senseis 
used, the received signal will be very considerably weaker. 

The properties of the helical aerial are determined by the 
diameter of the spiral D and the pitch P, and depend upon 
the resultant effect of the radiation taking place all along the 
helical conductor. The gain of the aerial depends on the 
number of turns in the helix. The diameter of the reflector 
R should be at least one half-wavelength. The diameter of the 
helix D should be about A/3 and the pitch P about A/4. 

Fig 13.38. Parabolic curve: equation y2 = 4 Sx. The curve is the locus 
of points equi-distant from a fixed point, the focus F, and a fixed line 
AB, called the directrix, ie FP = PC. The focus F has the co-ordinates 

(S.O). 

Fig 13.39. A trapezoidal-tooth log periodic aerial is shown in (a), the 
teeth of which may take on other shapes besides that pictured here. 
If the two halves are bent towards the reader the pyramidal struc¬ 
ture of (b) is formed. The H plane is the xz plane. As an alternative 
to coaxial cable feed, twin transmission line may be placed along the 

axis. 

It will be seen from Table 13.13 that the feed impedance is 
then about 14042 unbalanced; this may be transformed to the 
feeder impedance by means of a quarter-wave transformer 
or a two-stub tuner. 

It is important to note that the gain figures quoted will 
only be achieved if a circularly polarized aerial of the same 
sense, such as a helix, is used for reception. If a plane 
polarized aerial, such as a dipole, is used there will be a loss 
of3dB. 

The Long Helix 
As with the Yagi, the gain of a helix aerial can be increased 

by extending the total effective length of the aerial. In the 
case of the helix, this is achieved by increasing the number of 
turns as shown in the second part of Table 13.13. The long 
helix has been used for frequencies as high as 11GHz with a 
gain of over 25dB and a bandwidth of approximately 5° 
between half power points. The helix had more than 500 
turns. For amateur bands above 1,296MHz long helices 
provide an interesting alternative to the parabolic reflector. 
For example a helix having 69 turns has a gain of about 
20dBat 10GHz. 
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Fig 13.40. The structural outline, with dimensions, for the aerial of 
Fig 31.39(b). 

CONSTRUCTION OF AERIALS 

Various constructional points have been mentioned in the 
text of this chapter but certain points are summarized and 
some are added here. 

Great care must be taken to prevent the ingress of water 
to the coaxial cable at the feed point. Bostik sealing com¬ 
pound or Telecompound is recommended for this. The use 
of dissimilar metals in contact without weather protection 
must be avoided otherwise rapid corrosion due to electro¬ 
lytic action will result. This is especially true of brass and 
aluminium. Even where protected it is still advisable to avoid 
dissimilar metals in contact if possible. Elements may be 
secured to the mounting booms by the use of proprietary 
cast alloy saddles supplied for television aerial use which are 
commonly available at a reasonable price. Similar clamps are 
available for attaching booms to masts. If the aerial is to be 
used out of doors, as most are, it is very desirable that it 
should be painted using a suitable primer; zinc chromate is 
ideal for aluminium and brass (adequate pre-cleaning with 
detergent or sugar soap is essential) with one or two coats of 
aluminium paint for finishing. Aerials protected in this way 
will last for ten years in a corrosive atmosphere whereas, 

Fig 13.41. The helical aerial. The plane reflector may take the form 
of a dartboard type of wire grid. The dimensions given in Table 13.13 
are based on a pitch angle of 12 degrees. The helix, which may be 
wound of copper tube or wire, the actual diameter of which is not 

critical, must be supported by low loss insulators. 

TABLE 13.13 
The helical aerial—dimensions and performance 

Band 
Dimension s 

D R P a d 

General (A) 0 32 08 022 0 12 

432MHz (in) Si 22 6 3 i 

1,296MHz (in) 3 7 2 1i i to i 

Turns 6 8 10 12 20 

Gain (dB) 12 14 15 16 17 

Beamwidth 47° 41° 36° 31° 24° 

The gain and beamwidth of the helical aerial is dependent upon the tota 
number of turns as shown above. 
Bandwidth = 0-75 to 1*3 

_ , , . . circumference , 
reed Impedance = 140 X --- ohms 

□ U k A / 12,300 Beamwidth = v —- degrees 
No turns 

unprotected, especially if made of some aluminium alloys, 
eg magnesium/aluminium, will only last a year or two or 
even less. 

Certain alloys have, however, an inherently high resistance 
to corrosion. It is essential to have the specification of the 
material in detail and to have access to the manufacturer’s 
data on corrosion before deciding on an alloy which will give 
a satisfactory life in an unpainted condition. 

Particular care should be taken to ensure that all mechani¬ 
cal and electrical joints—especially sliding ones—are really 
good otherwise the aerial array will be unlikely to survive 
the first high wind. 

TUNING ADJUSTMENTS 

To tune up any aerial system it is essential to keep it away 
from large objects, such as buildings, sheds and trees. The 
array itself should be at least two wavelengths above the 
ground. It is useless to attempt any tuning indoors since 
the change in the surroundings will result in completely 
different performance when the array is taken outside. 

Undoubtedly the most effective apparatus for tuning up 
any aerial system is a standing-wave indicator or reflecto¬ 
meter (see Chapter 18—Measurements). If there is zero 
reflection from the load, the standing-wave ratio on the aerial 
feeder is unity. Under this condition, known as a flat line, 
the maximum power is being radiated. All aerial matching 
adjustments should therefore be carried out to aim at a 
standing-wave ratio of unity. 

If suitable apparatus is not available, the next best course 
of action is to tune the aerial for maximum forward radia¬ 
tion. A convenient device for this is a field-strength meter 
comprising a diode voltmeter connected to a half-wave 
dipole placed at least ten wavelengths from and at the same 
level as the aerial. When adjustments have resulted in a 
maximum reading on this voltmeter, the feed line may never¬ 
theless not be “flat” and therefore some power will be wasted. 
However, if the best has been done with the resources avail¬ 
able it is highly likely that good results will be achieved. 
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Fig 13.42. 5-element Yagi arrays for 70-3 and 
145MHz with a folded dipole radiator. The 

gain obtainable is about 9dB. 

TYPICAL AERIALS 

To illustrate the principles of construction some aerial 
arrays which are typical of those in use at the present time 
are described below. 

5-element Yagi Arrays for the 70 and 144MHz Bands 
The 5-element Yagi array shown in Fig 13.42 is a typical 

“flat-top” for vhf use. With the dimensions indicated in 
Table 13.14 the centre frequencies are 70-3 and 145MHz. 
The boom is made from wood and the elements are 

supported on polythene insulators mounted on wooden 
cross pieces. This form of construction is suitable where the 
workshop resources are limited and is quite as satisfactory 
as an all-metal construction although rather heavier. 

The driven element is a folded dipole fed with 72Í1 
coaxial cable through a balun of the Pawsey-stub type. This 
balun is constructed from brass tube, the inside diameter of 
which is a sliding fit over the outer covering of the coaxial 
cable. The cable braiding is soldered at the aerial end of 
the balun to the outside of the balun tubing. See Fig 13.43. 
The gain of the aerial is about 9dB, and the beamwidth 

is about 50° between half-power points. 

A 6-over-6 Skeleton-slot Yagi Array for the 144MHz 
Band 

This array can be constructed entirely from aluminium 
tubing, the elements being attached to the booms with 
suitable clamping devices. 

With the dimensions given in Fig 13.44, the centre fre¬ 
quency is 145MHz and the bandwidth is approximately 
3 MHz for a standing-wave ratio of T2 : 1. The beamwidth 
for the half-power points is 45° and the forward gain 
approximately lldB. The feed impedance is 720 and 
good-quality 72Q coaxial cable should be used as the 
feeder. A balun is not essential, but it is recommended that 
one should be used and it may be either the Pawsey-stub or 

TABLE 13.14 

Element lengths (in) Spacings (in) 

70 3MHz 145MHz 70 3MHz 145MHz 

A 
B 
C 
D 
E 

72 
73 
74 
79 
821 

35 
35j 
36 
381 
40 

AB 
BC 
CD 
DE 

25 
25 
25 
42 

121 
121 
121 
201 

balun 
length L 41 191 

Materials 
Elements: Aluminium rod or tube jin dia (70-3), jin dia (145) 
Folded Dipole (D): folded part jin dia 

fad part jin dia 
centre-to-centre spacing 1 in 

Balun: brass tube to be a sliding fit over the coaxial feeder cable 

coaxial-sleeve type. For convenience in mounting this balun 
on the aerial mast, a short length of 720 balanced-twin 
feeder may be used to connect the output of the balun to the 
feed point. To prevent the ingress of water at the top end of 
the coaxial cable, the whole balun assembly should be 
enclosed in polythene film. 

Provided the dimensions given are strictly adhered to, 
no matching adjustments will be necessary. 

An 11-element Long Yagi for the 144MHz Band 
The 11-element long Yagi shown in Fig 13.45 and Table 

13.15 is light in weight yet extremely effective. 
The boom is drilled for the Jin diameter aluminium rod 

elements and the Jin diameter folded dipole using a home 
workshop drill and drill stand located on the floor. The 
boom must be prevented from turning; this is probably best 
done by clamping it to a wooden stand or board. It is most 
important to ensure that the holes are drilled at right angles 
to the boom so that the elements are parallel to each other 
when fitted. 

Elements are secured to the boom, having been inserted 
through the holes, either by centre punching the aluminium 
boom around the holes thus forming a compression joint for 
each element, or preferably by a clip of the type shown in 
Fig 13.46. The folded dipole must have one end bent after 
insertion in the boom. This can be done by forming the 
shape around a Jin diameter broom handle. The boom is 
secured to the mast by a mast clamp while the stay rods are 
secured by aluminium straps. The centre of the folded 
dipole is attached to a fin thick polystyrene block which is 
drilled and tapped for the securing screws which are also 
the feed point. This block is screwed to the boom. 

The folded dipole/feeder connections are waterproofed 
with Bostik sealing compound. Matching to the feeder is 
optimized, preferably using a reflectometer or, if not avail¬ 
able, for maximum forward radiation by sliding the reflector 
assembly in and out of the boom. The resulting match is 
better than 1-2 to 1 at 145MHz. If greater gain is required 
additional directors may be added and the resulting slight 
change in matching can be effected by movement of the 
reflector as before. Finally, the reflector assembly should be 
clamped rigidly inside the boom by means of a hose clip. 

An 18-element Parabeam-type Yagi for the 432MHz 
Band 

The aerial shown in Fig 13.47 is suitable for serious 
432MHz band work, having a gain of about 15dB and 
horizontal beamwidth between half power points of 28°. The 
boom and elements are constructed of aluminium tubing, 
attachment being effected by the use of proprietary clamps. 
The centre feed impedance is 280Í1 and a 4 to 1 balun can be 
used to match to a 720 coaxial cable. 
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Fig 13.45. 11-element long Yagi for 145MHz, gain 13 5dB. The gain may be increased by adding 
additional directors, each |in less in length than its predecessors. The folded dipole is fed using a 

balun as shown in Fig 13.43. 

Fig 13.43. Balun of Pawsey-stub 
type which can be used for feeding 
aerials in Fig 13.42 and Fig 13.45. 
Length L—41 in for 70 3M Hz and 
19¿in for 145MHz respectively. 

Fig 13.46. Element securing clip. 

TABLE 13.15 

Feed details: as for the 5-element Yagi arrays for 70-3 and 145MHz. 

Element A B C D E F G H 1 J K 

Element length 
(in) 

35} 35} 36 36} 36} 36} 36} 36} 36} de¬ 
tail! 

41 

Parasitic element 
|in diaalumi-
nium rod AB BC CD DE EF FG GH HI IJ JK 

Element spacing 
from (in) 16 16 16 16 16 16 16 20 8 19 
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Fig 13.47. An 18-element Para-
beam-type aerial for the 432MHz 

band. 

98,122 I 122 I 122 | 146 | 146 | 146 | 158 | 156 | 156 | 171 | 171 ] 171 | 163 | 183 | 163 mm 

r* -248mm - 248mm ■— 

Radiator element 

5/l6*outside dia rod 

All directors. , 
275mm Iona x 5/l6 outside dia Main boom 1 1A outside dia 

A 10-over-10 Element Slot-fed Beam for the 1,296MHz 
Band 

The aerial shown in Fig 13.48 is ideal either for the new¬ 
comer to this increasingly popular band or as a permanent 
general purpose aerial. The gain is about 12dB and the 
vswr not worse than 1-2 : 1. It is constructed from fin od 
brass or copper tube for the main booms and jin od brass 
rod for the elements which are either soft or silver soldered 
to the booms. If desired an 8-over-8 beam can be 
constructed by removing directors D7 and Ds and shortening 
the booms accordingly. The gain will be reduced by about 
2dB but the matching will not be affected. 

A 36-element Parabeam-type Yagi for the 1,296MHz 
Band 

The aerial shown in Fig 13.49 is a 1,296MHz long Yagi 
developed by G8AZM and based upon the Parabeam. Its 
gain is roughly equivalent to that of a 3ft dish. 
The method of construction is straightforward and evident 

from Fig 13.49. The critical dimensions marked should be 
observed, but other dimensions may be varied somewhat to 
suit the materials to hand. The ends of the boom should first 
be crimped and soldered to exclude moisture, and the mast 
extension and support arms then soldered into place. 
Starting with the smallest, the directors are soldered to the 

boom using a large (250W) soldering iron. The elements are 
located in small grooves filed in the boom, and are initially 
cut slightly longer than required and filed to length after 
soldering in place. In this way the required accuracy of 
construction, within a few tenths of a millimetre, can be 
achieved. The director lengths are given in the table. The 
spacing between the reflector and radiator should be 73mm, 
and between the radiator and first director 42-2mm. The 
directors are all spaced 57-7mm apart. 

The radiator and reflector may best be made by soldering 
together two L-shaped pieces of rod, one limb of each of 
which is accurately filed to length after bending. It may be 
found necessary to use small clamps to hold joints in place 
while others are soldered. The radiator clamp is fabricated 
from polythene or nylon. The hole to take the boom may be 
cut with a heated piece of the boom material. The 4BA nut 
used to secure this clamp is melted into place. 

The balun assembly is constructed from a 7-6mm-bore 
tube 120mm long. Approximately 130mm of the outer 
protective covering is stripped from the full length of uhf 
low-loss coaxial cable to be employed, which is pushed into 
the tube. The outer braid is then soldered at both ends 
taking extreme care not to melt the dielectric. The A/4 
coaxial sleeve is made from 12-5mm bore tube; the inside 
length is the critical dimension and should be 57-5mm. 

Fig 13.48. A 10-over-10 slot fed 
beam for the 1,296MHz band. 
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Fig 13.49. A 36-element Parabeam-type aerial for the 1,296MHz band. 

After final assembly, the aerial may be painted with alu¬ 
minium paint to reduce corrosion. 
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CHAPTER 14 

MOBILE AND PORTABLE EQUIPMENT 

THE advent of small factory-made transceivers designed 
specifically for the amateur bands, together with the 

establishment of an fm repeater network on vhf and uhf, has 
effected little short of a revolution in mobile and portable 
operation in the past few years. 

While the older valve transceivers required a fairly 
substantial mounting underneath the vehicle dashboard or a 
boot mounting, the latest equipment will fit easily into most 
vehicles. Furthermore, current drain for the same rf power 
has been cut by up to half, and this, together with the 
recent change to more efficient alternators instead of 
generators in vehicles, means that the mobile operator need 
no longer be quite so careful about inadvertently discharging 
the vehicle battery. 

The radical improvements in vhf and uhf equipment has 
been paralleled by a large swing to the fm mode used in 
conjunction with repeaters, which are now in operation on 
144MHz and 432MHz in Europe. 

As explained in Chapters 5 and 9, fm offers considerable 
advantages for mobile operation and, when used with a 
repeater, it permits improved mobile-to-mobile contacts 
over a substantial distance, even in built-up areas. 

One requirement of mobile equipment has always been 
simplicity of operation, and consequently most vhf and uhf 
fm equipment is designed for fixed-channel crystal-controlled 
service. The simplex channels used in the UK and IARU 
Region 1 are given in Table 14.1. 

Similar changes have occurred in portable operation, and 
hand-portable vhf or uhf transceivers working on the 
mobile simplex and repeater channels are now very popular 
Facets of amateur radio which depend upon portable 
operation, such as emergency communication and df 
contests, have been greatly assisted by these trends. 

Although most mobile and portable operation now takes 
place on vhf and uhf, the hf bands are still widely used for 

TABLE 14.1 
IARU Region 1 vhf and uhf simplex channels 

Channel Frequency (MHz) Notes 

S20 
S21 
S22 
S23 

145-500 
145-525 
145-550 
145-575 

Calling channel 

SU15 
SU16 
SU17 
SU18 
SU19 
SU20 

433 375 
433-400 
433-425 
433-450 
433-475 
433 500 Calling channel 

433-2MHz, which corresponds to channel RB8, is also in use as a simplex 
channel (SU8) in the UK. 

longer-distance contacts, and these days most commercially 
made hf transceivers are designed to operate directly from a 
12V supply if required. 

Almost irrespective of the band or mode, there arc three 
key requirements for satisfactory mobile operation: a 
suitable transceiver, minimum electrical noise in the vehicle, 
and an efficient aerial. These aspects will now be considered 
in turn. 

MOBILE TRANSCEIVERS 

The poor aerial systems, high noise levels, fluctuating 
supply voltages and constant vibration in mobile operation 
may mean that a transceiver which performs adequately in a 
base station may be very disappointing when installed in a 
vehicle. Many hf and vhf transceivers not specifically 
designed for mobile use will however be found satisfactory, 
the main requirements being the following: 

(a) High-sensitivity receiver with efficient age and a noise 
blanker (ssb) or with excellent limiting characteristics 
and a correctly adjusted squelch (fm). 

(b) Adequate receiver audio output (at least 2W). 
(c) Protection of the power amplifier against high vswr. 
(d) A minimum of easy-to-operate controls with clear and 

unambiguous dials and meters, preferably illuminated 
at night. 

(e) 12V power requirements not to exceed the spare 
capacity of the vehicle generation system (see later). 
Internal voltage regulation, with over-voltage pro¬ 
tection. 

(f) Small size, capable of being mounted within easy reach 
of the driver, preferably in or under the dashboard. 

(g) Rugged mechanical construction, together with high 
stability of electronic circuits including the toneburst 
circuit if one is fitted. 

Simple noise pulse limiter circuits were formerly used to 
suppress ignition noise in mobile a.m. and ssb receivers. 
These usually consisted of a two-diode clipper, often 
positioned immediately after the detector, which ensured 
that loud noise pulses did not overload the audio stages. 
However, the noise still remained audible, even if it was of a 
lower intensity, and the greater complexity of circuits made 
possible by using semiconductor devices has now allowed a 
more sophisticated system to be used—noise blanking. This 
mutes the receiver for the duration of each noise pulse, and 
has been found to be extremely effective against ignition 
noise, although not so much against other forms of inter¬ 
ference. The principles of noise blanking are explained in 
Chapter 4. 
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The provision of a squelch circuit is desirable if not 
essential for mobile operation on fm. Such a circuit mutes 
the receiver audio unless a carrier is present and thus avoids 
subjecting the listener to a loud hiss (or roar) in the absence 
of a signal. The signal level at which the audio is switched on 
must, however, be carefully adjusted, or else the receiver 
will remain muted when weak signals are present. The 
control voltage necessary to operate the squelch switching 
is usually derived from the age line (a.m. receivers) or from 
i.f. noise present at the discriminator (fm receivers). 

When planning a mobile installation, consideration should 
be given to the possibility of using the transceiver in other 
modes of operation, particularly as a portable station, for in 
this case requirements are in many ways similar. Forexample, 
if a hand-portable ssb or fm transceiver is already available, 
all that needs to be done is to obtain an add-on rf amplifier 
and aerial, and leave these permanently in the vehicle (see 
pl4.18). 

Expensive radio equipment left permanently attached to 
the vehicle should always be insured against theft, and the 
driver’s ordinary insurance may not cover this eventuality. 
If the vehicle is to be left unattended for long periods on a 
public highway it is advisable if possible to remove the 
transceiver from the car completely when it is not in use. 

Power Supply 

Although the nominal off-load voltage of a vehicle 
battery is 12V, in practice the voltage supplied by a vehicle 
electrical system will vary over a range from about 11-5 to 
14-5V, depending on several factors such as whether or not 
the charging system is in operation and the other loads on 
the battery. Mobile transceivers arc therefore designed and 
adjusted to work at an average voltage slightly higher than 
12V, and 13 8V is an accepted standard in this respect. It 
follows that any alignment of such equipment should be 
undertaken with it connected to a well-regulated 13 8V 
power supply. 

Due to power restrictions imposed by the vehicle's 
electrical system, mobile transmitters are usually operated 
with a de input to the power amplifier not exceeding 50W. 
Higher powers can be used, but unless special provisions are 
made, transmitter operating time needs to be restricted to the 
capabilities of the storage and charging system, particularly 
during the hours of darkness when the vehicle lighting 
circuits are in operation. 

While no hard and fast rules can be laid down concerning 
how much current can be consumed by the transceiver 
installed in a specific vehicle, certain assumptions can be 
made from which a reasonable maximum loading for that 
vehicle may be determined. The first and most important 
assumption is that the storage and charging system is in good 
order and maintains a state of balance between supply and 
demand when the load of the vehicle is at maximum. For all 
practical purposes, this load may be considered as the sum of 
the consumptions of the following items: (a) tail-lights; (b) 
side-lights; and (c) headlights dipped. In a typical case these 
amounted to (a) 12W; (b) 12W; and (c) 90W which added 
together produce a total of 114W, or a current of approxi¬ 
mately 10A in a 12V system. With an equivalent radio 
equipment load, under daylight conditions, the electrical 
system of the vehicle should be capable of maintaining a 
state of balance. In fact, allowing for full headlight condi¬ 
tions, and adding in the loading of the ignition system, rear 
number plate light and a heater blower motor, the peak will 

Fig 14.1. Showing how an auxiliary battery can be added to the 
charging system of a car using negative earth. For positive earth 
systems the polarity of the diodes should be reversed. Note that the 
diode current rating must be adequate in each case and a heat sink 
may be required. The diode supplying the auxiliary battery should 
have a current rating at least equal to the current drain of the 

mobile radio equipment. 

be in the region of 160W for the vehicle cited. Thus, to 
assume a total available capacity of 120W maximum, ie a 
current of 10A on a 12V system, will err on the right side. 

In relation to this loading it will be appreciated that the 
electrical system could be overtaxed if the radio equipment 
is used during darkness and wet weather, and in these cases 
either the storage battery will have to be charged from an 
external source while the car is at rest, or alternatively 
sufficient mileage covered during daylight without the 
equipment operating to allow the deficiency to be made up. 
To some extent, the extra loading can be compensated for by 
increasing the output of the generator or alternator, but 
where the loading is of the order of 120W, full compensation 
is not normally possible without the risk of overcharging the 
battery. 
Where a great deal of high-power mobile working is 

envisaged, particularly with add-on pas, and so long as there 
is adequate space under the bonnet or in the boot, considera¬ 
tion should be given to fitting an additional battery to run 
the installation. While this involves purchasing an additional 
battery, its cost may be preferable to being faced with a flat 
main battery. Where such a course is adopted, the auxiliary 
battery may be linked into the charging system of the car in 
the manner shown in Fig 14.1. If this circuit is installed, the 
output of the generator or alternator may be increased with¬ 
out running into difficulty since the charging current is shared 
by both batteries when their state of charge is equal, but when 
imbalance arises, the battery which is more discharged will 
take the greater current. Commercial kits are also available 
for these modifications (originally intended for additional 
batteries for caravans, etc). 

In many mobile installations no additional battery or 
other modifications can be made to the system in order to 
reduce the extra load imposed on the vehicle battery, and in 
such cases (especially in older vehicles fitted with generators) 
it is important that extra care be devoted to that item to 
avoid premature failure. 

The modern lead-acid battery is inherently reliable but 
because of its very reliability, it frequently fails to give good 
service simply because it is taken for granted. Just as a 
motor vehicle needs to be serviced regularly if it is to be 
maintained in good condition, so the battery needs a little 
attention now and then but, compared to the vehicle as a 
whole, its requirements are minor. The most important of its 
needs is distilled water. 

Distilled water must always be used for topping-up the 
electrolyte, never tap water or boiled water. Both of these 
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contain traces of mineral elements, some of which can react 
with the coating on the plates to produce either a semi¬ 
insulating compound, or a compound which is shed during 
the charging process. 

Prolonged charging at an excessive rate is as damaging to a 
storage battery as is allowing the level of the electrolyte to 
fall below the level of the plates. For this reason, adjustments 
should never be made with a view to increasing the charging 
current without first determining that the higher rate is 
within the capabilities of the battery. It is usually permissible 
to increase the charging rate to some degree to compensate 
for the extra loading imposed by mobile radio equipment, 
but such adjustments should always be made by a compe¬ 
tent automobile electrical engineer. Alternatively, if the 
extra loading is heavy, consideration might be given to the 
provision of an auxiliary battery in the manner described 
above. 

Where high-power radio equipment is added to the circuit 
loading and no compensating output from the generator 
arranged, it is essential that provision is made to trickle 
charge the battery overnight after the equipment has been 
used. 

The battery terminals should be kept clean and lightly 
coated with petroleum jelly, and the connecting lugs well 
tightened. 

Should it be necessary to remove and store the battery, it 
should first be fully charged before being placed into store. 
It should be given a weekly boost charge to keep it in the 
fully charged condition. 

The off-load voltage of a battery may not give a correct 
indication of its condition. As the state of charge of a 
battery varies so does the specific gravity of the electrolyte. 
For this reason, the most reliable indication of the state of a 
battery is given by a hydrometer, and this is an instrument 
which every mobile operator should possess. Normal sg 
levels lie between 1 • 150 and 1 -250 and may vary from battery 
to battery of the same type. It is also wise to fit either a 
voltmeter or ammeter in the car so that charge rates and 
loads can be monitored. 

ELECTRICAL NOISE SUPPRESSION 

In the normal operation of many items of motor vehicle 
electrical equipment rf energy is generated which can be 
distributed over a wide range of frequencies, this energy 
being recognized in a receiver as interference or radio noise. 
While modern amateur mobile radio equipment is usually 
of advanced design with the necessary high orders of 
sensitivity, it can still be affected by radio interference 
generated by motor vehicle equipment. It is the purpose of 
this section to describe some of the methods that can be 
adopted to reduce this interference to acceptable levels. 

The various forms of suppression and simple arrangements 
described below have been employed extensively to suppress 
mf, hf and vhf interference on vehicles fitted with commercial 
or amateur radio equipment and have given satisfactory 
performance. Interference to uhf reception is not often 
encountered, but where this occurs, adequate suppression 
can usually be obtained by fitting suppressors designed for 
operation in the range 30-400MHz. 

Typical Sources of Interference 
Abrupt changes or interruptions in the flow of direct or 

alternating currents occur in the normal operation of many 
items of vehicle electrical equipment, and it is the transient 

currents and associated electromagnetic fields arising from 
these changes or interruptions that cause radio interference. 

The continuously generated transients constitute the most 
annoying sources of interference. Such transients are usually 
associated with the ignition system; machines having 
commutators or slip-ring brush gear such as de generators, 
alternators, windscreen wiper motors and fan motors; 
voltage and current regulators, instrument voltage stabilizers 
and electric petrol pumps. In addition, semiconductor 
devices such as silicon diodes and transistors must not be 
overlooked since they perform functions similar to switches 
or vibrating contacts and are thus able to create just as much 
radio interference. These devices are used in automobile 
alternators, electrical output control units and electronic 
ignition systems. 

On a petrol-engined vehicle the major source of inter¬ 
ference is the ignition system. Energy is stored in the ignition 
secondary circuit capacitance (50-100pF) which is charged 
to a voltage in the region of 10-25kV. Each time a plug and 
distributor spark gap breaks down, this energy discharges in 
an oscillatory manner as a result of resonance between the 
secondary circuit capacitance of the ignition system (in¬ 
cluding spark plug, distribution cables and distributor) and 
the attached lead inductances. The magnitude of these 
oscillatory currents, which may attain peak values of 200A 
or more and flow for a few milliseconds, results in electro¬ 
magnetic fields being set up which can cause serious inter¬ 
ference to radio communication systems over a wide fre¬ 
quency range. The rf energy is radiated from the ht circuit 
and from the It wiring due to mutual and direct coupling 
with the ht system. In a typical saloon vehicle the inter¬ 
ference amplitude increases with frequency to a maximum in 
the region of 40-100MHz and then reduces with increasing 
frequency, although it may remain seriously appreciable up 
to at least 600MHz. If copper-cored ignition distribution 
cables are employed, then the interference field in the hf and 
vhf bands at a distance of 10m from the vehicle would be of 
the order 800-1,000/xV/m: this value can readily exceed the 
field value set up by many radio transmitters. 

Electronic motors and generator control units are further 
items of vehicle equipment which left unsuppressed can 
produce appreciable fields at a distance from the vehicle. 
Consequently, they can often be troublesome to radio equip¬ 
ment on the vehicle in close proximity. 

Electrical equipment is not the only source of interference 
on a vehicle. Friction in body parts or wheels can build up 
static charges if there is poor earthing continuity in those 
areas. 

Other sources of radio interference received via the 
vehicle aerial which are worthy of mention, but beyond the 
scope of this work to discuss at length, are overhead electri¬ 
cal transmission lines, some underground cables, neon signs, 
electrical equipment in factory areas, and some older vehicles 
with inadequate suppression schemes. While radio inter¬ 
ference from these sources may be annoying to radio equip¬ 
ment users, it is usually only of a temporary-nature in a 
moving vehicle. 

Propagation of Interference 
In addition to the source of radio interference, the magni¬ 

tude of the field radiated from a motor vehicle depends on 
several other factors, for example the length and positioning 
of the vehicle wiring. Also, the screening effect of the vehicle 
body can have a pronounced influence. Its effectiveness is 
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extremely variable and unpredictable, however, since it 
depends on the manner in which the various metal panels are 
joined and the nature of the joint. This in turn depends on 
how well the joints are welded; or if they are bolted, on the 
number and position of the bolts, whether serrated washers 
are used, and how much insulation in the form of paint is 
included in the joint. The effectiveness of the body as an 
electrical shield also varies over the rf spectrum due to 
resonances which can be set up within the panels. For 
example, the hinged bonnet of a typical saloon vehicle can 
resonate in the frequency range 80-120MHz, and if not 
effectively earthed (or bonded) will radiate interference 
which may cause serious problems in the reception of vhf 
signals. 

Radio frequency interference associated with the electrical 
equipment on a vehicle can be introduced into a receiver in a 
number of ways. The most important of these can be 
summarized as follows: 

(a) By direct radiation from the electrical equipment to 
the radio aerial. 

(b) By conduction along the wiring from the equipment to 
the supply lead of the radio receiver or its power 
supply. 

(c) By conduction along the vehicle wiring and then by 
radiation to the receiver aerial, or coupling to the 
aerial feeder or other receiver wiring if this is in close 
proximity. 

(d) By radiation to mechanical devices such as control 
cables, rods, wires, tubes (exhaust pipe) which are not 
associated with the electrical system but located in 
close proximity to it, and then by re-radiation to the 
receiver aerial. 

(e) By direct radiation from the vehicle wiring to the 
radio receiver circuits when receiver screening is 
inadequate. 

Thus in any vehicle installation, apart from there being more 
than one source of interference which can create annoyance, 
an interference signal can arrive at the receiver by a number 
of different routes. 

Installation of Equipment 

When mobile radio equipment is installed in a vehicle, 
consideration must be given to the siting of the equipment 
and to the suppression requirements of each part of the 
vehicle electrical system, so that little or no interference is 
generated within the frequency range of the radio equipment. 

The siting of the aerial and the routing of the feeder cable 
should be studied so that as far as possible they are clear of 
known sources of interference such as ignition and generator 
circuits and long cable runs in the vehicle wiring harness. 

While a vhf aerial on a vehicle is usually sited on either a 
rear wing or the roof, an hf aerial, because of its larger 
physical size, is invariably sited at the rear of the vehicle 
(Fig 14.2). Normally this will mean the aerial is well away 
from the engine compartment and the ignition system, but in 
the vicinity of such secondary sources of interference as the 
wiring system to the rear lamp assemblies and the rear section 
of the exhaust pipe. 

A good earth bond of the feeder cable screen direct to the 
vehicle chassis at the aerial base is important. Usually, poor 
feeder cable bonding at this point results in interference to 
the receiver from most items of ancillary equipment (starter 
direction indicators, windscreen wipers, horns, etc). Salt 

Fig 14.2. Alternative fixing positions for vhf aerials, and hf aerial 
position (shown dotted). 

corrosion of earthing bonds can also be responsible for 
similar interference problems if the vehicle has been in use 
for some time during adverse winter weather conditions. A 
good protection for them is “Silcoset” by ICI, which is an 
air-drying silicone rubber. If possible, avoid any joints in the 
coaxial feeder between the aerial and the receiver. 

It is vital that amateur mobile equipment is installed in 
accordance with any instructions supplied by the manufac¬ 
turer, particularly with regard to receiver position and 
earthing to the vehicle chassis. An unsatisfactory installation 
in respect of high-frequency circulating currents set up by 
poor earthing connections, high-impedance supply lines to 
the equipment, and the use of inferior aerial feeder cable 
with poor screening can create many problems when under¬ 
taking interference suppression. With correctly installed 
equipment on the other hand, it is very much easier to 
identify each source of radio interference and determine how 
the interference reaches the equipment. 

Location of Interference Sources 

It is important to first ensure that no external source (see 
pl4.3) or receiver malfunction is responsible for inter¬ 
ference at the locations where an attempt is being made to 
diagnose vehicle equipment as the source of radio inter¬ 
ference. For example, an apparently poor signal-to-noise 
ratio in mobile fm receivers is often caused simply by one or 
more receive channels not being accurately aligned. 

Once this is done, the next step is to check that the vehicle 
ignition system is operating satisfactorily. With the engine 
switched off, check: 

(i) that the spark plugs are clean and adjusted to the 
vehicle manufacturer’s recommended gap. Wide 
gaps, especially when electrodes are worn and 
uneven, require an abnormally high ignition voltage 
which will generally radiate higher levels of inter¬ 
ference and may affect engine performance; 

(ii) that the distributor cap, rotor arm and points are 
clean and properly adjusted, and that the spark 
quench capacitor is connected. Never file or scrape a 
rotor tip when it is worn—replace it; 

(iii) that there is continuity in the ignition secondary 
circuit (usually a few hundred ohms). An ignition 
coil with poor connections or a break in the secondary 
circuit will often work satisfactorily as far as the 
engine is concerned but will spark and this cannot be 
suppressed: 
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TABLE 14.2 

Determination of major sources of vehicle interference. 
Vehicle stationary, receiver on with aerial disconnected. 

Test conditions Interference sound 
on receiver 

Source 

1. Ignition off Regular ticking Electric clock 

2. Ignition on Intermittent ticking or 
whine 

Slow crackling 

Fuel pump 

Voltage stabilizer 

3. Engine ticking over Loud crackling propor¬ 
tional to engine speed 

Ignition system 

4. Engine speed 
increased (de charging 
systems) 

Whine proportional to 
engine speed 
Low-frequency crackle 
constant throughout 
charging speeds 

Dynamo 

Control box 

5. Engine speed 
increased (ac charging 
systems) 

Whine varying with 
speed and load 

High-pitched whine 
constant throughout 
charging speed range 

Alternator 

Alternator control 

6. Wiper motor on Whine in unison with 
wiper motor move¬ 
ment 

Wiper motor 

7. Heater motor on Whine when heater is in 
operation 

Heater motor 

(iv) that all end terminals in the resistive ignition cable 
are tight. Never pull or strain these connections. 
Never cut a resistive cable to fit a screw-in suppressor. 
Never attempt to repair a loose end terminal—replace 
the lead. 

These checks should ensure that the ignition system is in 
good order. Malfunctions in other electrical equipment or 
wiring may also cause high levels of interference and before 
and after fitting any suppression components to an item of 
equipment, it should be checked that it is operating satisfac¬ 
torily. 
The procedure shown in Table 14.2 may now be followed 

to establish the major sources of interference. Any interfer¬ 
ence heard should be dealt with before moving on to the 
next step. Details of suppression procedures for the various 
items of vehicle equipment listed will be found in the 
following sections. 

When the interference has been suppressed to an adequate 
level reconnect the aerial a..d start the engine. Any interfer¬ 
ence now heard is due to re-radiation into the aerial, 
probably from vehicle parts with poor earth connections, 
and should be dealt with by bonding (see p 14.9). 

Interference heard only while the car is on the move may 
be due to wheel static (see pl4.10). 

Methods of Interference Suppression 

Since 1952 all new motor vehicles manufactured in the 
UK have been fitted with suppression components where 
necessary to comply with the statutory regulations, and 
more recently the relevant EEC regulations. 

The suppression level to meet the above requirements 
ensures that the radiated interference from the vehicle will 
not cause undue interference to licensed television receivers 
operating in private dwellings. At this level very little inter¬ 
ference is caused to domestic receivers operated in the long 
and medium wavebands. However, there will be few 

Fig 14.3. Typical arrangement for high-voltage ignition suppression 
using resistive or inductively wound cables. 

amateur radio mobile installations where the level of inter¬ 
ference from certain items of electrical equipment in the 
same vehicle will not warrant the fitting of suppression 
components. Moreover, these installations cannot be 
predicted with any certainty as conditions may vary between 
vehicles of a particular model. 

The more involved suppression problems arise when the 
radio receiver is subjected to interference from several 
sources; for example, interference from the ignition system 
may be heard simultaneously with that from the screen-
wiper and the instrument voltage stabilizer. It is therefore 
preferable to deal with the sources in a logical order, as 
explained above, and adopt a separate suppression scheme 
for each item of equipment. It is also preferable to arrange 
for most electrical equipment to be disconnected while 
assessing the suppression required by the ignition system; 
afterwards each piece of equipment can be separately 
reconnected to the supply and checked. 

In general the aim is to reduce interference from each 
offending item of electrical equipment through the fitting of 
suitable suppression components as shown in Table 14.3, so 
that the ratio of signal to interference at the receiver is better 
than 30dB (approximately 30:1). Suppression components 

Fig 14.4. Typical arrangement for improved suppression at vhf using 
wirewound resistors and resistive cable. 
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TABLE 14.3 
Methods of interference suppression 

Equipment to be suppressed 
Suppression components 

Upto30MHz 30-400MHz Comments 

Ignition system 
HT cables (coil-distributor and 
distributor-sparking plugs) 
Sparking plugs 

Distributor ht towers 

Distributor ht cover 

Ignition coil supply terminal 
("SW” or *‘ + ") 

Resistive core ht cable (Fig 14.3) Resistive core ht cable (Fig 14.4) 

Screened plug-suppressor (Fig 
14.4) 
Unscreened distributor 
suppressor (Fig 14.4) 
Metallic shield (if required) 

Suppression capacitor 1mF 250V None usually required: other-
dc wkg (Fig 14.5) wise feedthrough suppression 

capacitor 1mF 250V de wKg (Fig 
14.5) 

Standard fitting on most production 
vehicles. 
Screened wirewound resistor (Fig 14.15). 

Unscreened wirewound resistor (Fig 14.17). 

A cylindrical metallic shield mounted to 
surround the distributor cap. It is attached 
to the metallic body of the distributor. 
Suppression capacitor secured by earth 
terminal and ignition coil fixing bolt. 

Charging system 
DC generator (dynamo) 

Alternator 

Control boxes for de generator:» 
RB106-2 
RB310 
RB34O 
Electronic regulators for 
alternators 
Types built-in to alternator 

Externally mounted types 

Suppression capacitor 1 -3/xF 150- Feedthrough suppression 
2507 de wkg (Fig 14.12) capacitor 1mF 250V de wkg 

(Fig 14.12) 
Suppression capacitor 1-3mF None usually required 
15O-25OV de wkg (Fig 14.11) 

Filter unit None usually required 
Filter unit 'I Special order only from 
Filter unit /manufacturer 

Suppression capacitor 1-3mF None required 
15O-25OV de wkg (Fig 14.11) 

Suppression capacitor 1mF None required 

Fit close to "D” or output terminal of 
generator. 

Fit in recess provided on slip-ring end 
casting. Connect between “4-” output 
terminal and earth. 

Filter units available only from 
j manufacturer of control box. 
All electronic regulators incorporate 
some degree of rf suppression. 
Fit in recess provided on slip-ring end 
casting. Connect between “4-” output 
terminal and earth. 
Connect across “4-” and ” regulator 
terminals. 
Fit short earth lead to “ — ” terminal. 

Screen wipers 
Permanent magnetic field 

Wound field 

Suppression capacitor(s) 1mF Ferrite-cored inductors 30mH 
(Fig 14.8) 7A (Fig 14.8) 
Suppression capacitor(s) 1mF Ferrite-cored inductors 10mH 3A 

Inductors fitted in supply leads. Capacitors 
connected between brushes and earth. 
For frequencies up to 30MHz earthing 
straps may be required on motor body 
assembly. 

Electric clocks 
(continuously driven types) 

Suppression capacitor 1/xF Ferrite-cored inductor 10mH 
(Fig 14.10) 3A (Fig 14.10) 

Fit components close to clock supply 
terminal: capacitor in parallel and inductor 
in series with clock. 

Screen washer 
(pm field) 

Suppression capacitor 1^F Ferrite-cored inductors 10/iH 
(Fig 14.13)—if required 3A (Fig 14.13) 

Fit components close to motor terminals, 
capacitor in parallel and inductors (usually 
two) in series with motor. 

Heater fan motor Suppression capacitors 1^F Ferrite-cored inductors 30pH 7A 
(Fig 14.6) (Fig 14.6) 

Fit components close to motor terminals; 
inductors (usually two) in series with 
motor and capacitors between brushes 
and earth. 

Instrument voltage stabilizer Suppression capacitor 1xxF and/or Ferrite-cored inductors 10/iH 3A 
inductor 200mH 0-5A (Fig 14.7) (Fig 14.7) and 5,000pF (maximum) 

capacitor 

1pF suppression capacitor is connected 
between "B” terminal and earth, and 
inductors in “B” and "I” leads. The 
5,000pF capacitor is connected across 
stabilizer contacts. 

Oil pressure transducer Ferrite-cored inductor 200mH Ferrite-cored inductor 10/xH 3A 
0-5A and (if required) a 0-2^F (Fig 14.9) 
capacitor (Fig 14.9) 

Fit components close to transducer 
terminals, inductor in series and capacitor 
in parallel with transducer. 

Petrol pump 
Solenoid types 
Immersed, motor driven 

Petrol injection pump motor 

Suppression capacitor 1/xF None usually required 
None usually required Ferrite-cored inductors 30/iH 

7A (Fig 14.6) 
Suppression capacitors 1/iF Ferrite-cored inductors 30/iH 
(Fig 14.6) 7A (Fig 14.6) 

Fit capacitor close to pump supply terminal. 
Inductors connected in each supply lead 
and close to motor. 
Fit components clcse to motor terminals, 
inductors in each supply lead and 
capacitors between brushes and earth. 

Other electrical equipment 
Starter 
Horn 
Flasher unit 
Switches 

jNone usually required None usually required 
Suppression of items listed not usually 
attempted due to their low duty 
requirements. 

vary considerably in their characteristics, and consist of 
resistive, inductive and/or capacitive elements. Each of these 
elements is employed in a different manner to obtain the 
desired interference suppression, and each is of such a value 
that optimum performance of the suppression component 

occurs in one of the two frequency ranges 0 15 30MHz 
and 3O-4OOMHZ. 

For example, resistive or inductive suppressors having 
high ohmic values are inserted into ignition plug leads (Figs 
14.3 and 14.4) to attenuate the high-frequency transient 
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o 
Coil 

Contact breaker 

HF.... C1.1*0 to 3-O^iF 

VHF.... C2.1.0 to 3-0^F 

Fig 14.5. Arrangement of shunt and feedthrough vhf capacitors for 
ignition coil primary circuit. 

currents responsible for interference. Such a suppressor will 
have little or no effect on the ignition function. On the other 
hand, where electrical circuits conduct heavier currents (eg 
battery charging systems) the introduction of such high 
resistance would be unacceptable. Instead, low-resistance 
inductors constructed on iron cores are used, designed to 
present a high impedance to either low-frequency currents 
(for example, due to alternator ripple) or rf currents which 
otherwise would flow into the vehicle’s wiring system or 
radio equipment. 
The capacitor presents a low impedance path to high-

frequency currents and is of great value in restricting their 
flow to small non-radiating circuits (Fig 14.5). 

Fig 14.6. PM fan motor, electric petrol injection pump motor. 

Circuits giving high attenuation of radio interference over 
certain frequency ranges can be constructed utilizing the 
characteristics of resistive, inductive and capacitive suppres¬ 
sors. These circuits are known as rf filters, examples of 
which are shown in Figs 14.6-14.9 and also Fig 14.15. 

When selecting such suppression components as inductors 
wound on ferrite cores, the current rating of the equipment 
to be suppressed is a guide to the size of suppressor 
required. Many of the commercially available inductors 
designed to be resonant at vhf communication frequencies, 
however, may have a greater current rating than that of the 
equipment with which it is intended to operate. Such sup¬ 
pressors produce an attenuation of interference of some 
30dB when mounted close to the terminals of the offending 
equipment (Figs 14.6-14.9 and also Fig 14.10). 
The complexity of suppression components and their 

arrangements will depend upon the interference frequencies, 

earth 

c i L1 Supply T?, _ Instruments 
petrol, 
temperature 

1.0pF 
200pH, 0«5A 

C2.5000pF max 
L1 and L2.10pH 
3 Ampere rating, VHF 

Fig 14.7. Instrument voltage stabilizer. 

L1 

HF.C1 and C2. 
1*0^F 

VHF.LI to L5. 
30}jH 
7 Ampere 
rating 

* Omitted 
on single¬ 
speed motor 

Fig 14.8. PM screen wiper, two-speed with regenerative braking. 

the magnitude of the interference and the lowest value of 
radio signal which the receiving equipment can be expected 
to resolve. It must always be ascertained that the suppression 
component does not impair the function of the equipment or 
circuit to which it is fitted. 
X reliable indication of the effectiveness of each suppres¬ 

sion scheme can be made by detuning the main receiver to 
the upper or lower sidebands of the received signal to an 
extent where some considerable distortion occurs in the 
loudspeaker. When detuning is not possible, some indi¬ 
cation of the suppression level achieved can usually be made 
by manually switching out the audio muting (squelch) cir¬ 
cuit and advancing the volume control towards maximum. 

A reliable assessment of the effectiveness of supply line 
filtering can be made by substituting the aerial with a 
dummy one inserted into the receiver aerial socket, and 
turning the audio gain control to near maximum. Some 
receiver supply line filters may need to be improved by 
fitting either an inductor and possibly a capacitor, or a 
pi-section filter (Fig 14.14) outboard of the receiver but close 
to the supply inlet terminal. Supply line filter components 
should not be mounted within the receiver housing unless 
they are adequately screened from other components and 
circuits in the receiver. 

Ignition system 

In some instances the amount of built-in suppression may 
be adequate for reception of hf and vhf signals in the vehicle 
but this depends on how well the vehicle bodywork is 
assembled to form an electrical screen around the ignition 
circuits. However, experience shows that more often than 
not the ex-works level of suppression needs to be improved, 
particularly where weaker hf and vhf signals are encoun¬ 
tered. 

Most vehicle manufacturers fit as initial equipment a 
resistive-type cable with distributed capacitance which oper¬ 
ates as an RC filter network to produce a high attenuation 
of rf oscillatory currents. Fig 14.16 shows resistive suppres¬ 
sion cable to have a rising impedance characteristic with 
increasing frequency. This can be compared with the im¬ 
pedance characteristic of the lumped composite carbon type 
of suppressor, also shown in Fig 14.16, which falls with 

HF.....L1.200pH 0.5A 
C1.0*2pF required on 

some installations 

VHF.L1.10^H 
3 Ampere rating 

Fig 14.9. Oil pressure transducer. 
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HF C1 1»OuF 

VHF L1 1O^jH 
3 Ampere 
rating 

Fig 14.10. Clock. 

increasing frequency above 40MHz. It follows that this 
latter suppression component, usually made in the form of 
spark plug “elbow” units and distributor “plug-in” or 
“screw-in” units, is generally unsatisfactory for suppressing 
vhf and any uhf interference, but can be useful on the hf 
bands. 

Inductively wound resistors assembled into screened units 
for sparking plugs (Fig 14.15) and “push-in” units for 
distributor ht outlets (Fig 14.17) are further types of ignition 
suppressors. The impedance characteristics of these types is 
also shown in Fig 14.16. It will be seen that they give 
maximum attenuation of interference in the vhf broadcast 
frequency range, and adequate protection for frequencies up 
to approximately 300MHz. If suppression units of this 
design are used in conjunction with resistive cables, the 
arrangement exhibits wide-band attenuation characteristics 
of interference frequencies in the long-wave, medium-wave, 
hf and vhf bands. If copper-cored ignition cable is employed 
instead of the resistive type, a less effective result is 
obtained, although in most instances the vehicle will meet 
regulation standards at frequencies of 40-250MHz. 

Fig 14.11. Alternator. 

On no account should the lumped composite carbon-type 
suppressors be used with copper-cored ignition cable 
because their effective impedance reduces with increasing 
frequency. In some cases the radiated ignition interference 
from the vehicle will meet mandatory requirements (ie ECE 
Regulation No 10), but it is more usual for the specified limits 
at 90MHz and above to be exceeded. Also, the increase in 
radiation generally creates added problems for the satisfac¬ 
tory installation of hf, vhf and uhf radio communication 
equipment on the vehicle. 
A common fallacy which exists in the motor vehicle 

service trade is that the increased ht resistance resulting 
from the use of resistive cables, and/or the insertion of 
suppressors in resistive cables, produces a deterioration in 
the performance of the ignition system and hence in that of 
the engine. Consequently, it is not uncommon to find that 

HF.C1.1-0 to 3-O^jF 250V 

VHF.C2.1-0 to 3'O^F 250V 
Feedthrough type 

Fig 14.12. Dynamo« 

the manufacturer’s original equipment has been replaced 
with copper-cored ignition cable. Such practice raises the 
level of radiated interference from the vehicle concerned and 
may infringe the law in the UK. 

Some vehicles are now fitted by the manufacturers with 
spark plugs having an internal resistor. These achieve a 
better level of interference suppression than the more usual 
plug/suppressor plug cover combination, and their replace¬ 
ment by non-resistor types may again increase the level of 
radiated interference beyond the statutory level. 

HF.C1.1-O^F 

VHF.L1 and L2.1O^iH 
3 Ampere rating 

Fig 14.13. PM electric screen washer. 

It is often found that ignition interference is evident even 
when suitable suppression methods are applied to ignition 
sparking plugs and their connecting leads. In many vehicles 
this can be shown to be due to radiation from the distrib¬ 
utor on account of the jump-gaps between the rotor arm 
and outlet tower electrodes. This problem can be overcome 
by the use of a cylindrical metal shield (eg tinplate) which 
surrounds the distributor cap, and extends to about 0-5in 
above the top of the outlet towers. This shield must be 
earthed to the distributor base plate. 

The inductively wound distribution cable and the sup¬ 
pressed distributor rotor arm used on some European pro¬ 
duction vehicles are worthy of mention. The inductively 
wound resistive distribution cable is characterized by its low 
resistance (200-1,OOOQ/ft) and by its high impedance at 
frequencies of 3O-3OOMHz (Fig 14.16). The cable has there¬ 
fore found use where vhf and uhf communication equip¬ 
ment is carried on the vehicle as well as being extensively 
employed to meet legislative limits. Its low resistance is 
usually a disadvantage for suppression of interference at 
frequencies in the long- and medium-wave and hf bands, 
when it is necessary to introduce some additional impedance 
in the form of composite carbon suppressor units at the 
sparking plugs and distributor ht outlets. The suppressed 
distributor rotor arm has an inductively wound resistor 
mounted in the rotor moulding so that it is electrically in 
series with each distributor spark gap in turn during 
rotation. The suppressed rotor arm is used in conjunction 
with resistive cables to obtain improved suppression of vhf 
and hf interference emanating from the ignition distributor. 
However, neither is generally available in the UK. 

Fig 14.14. Radio equipment. 
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Fig 14.15. Sparking 
plug suppressor for 

vhf applications. 

Ancillary equipment 
Figs 14.5-14.14 show the suppression components it may 

be necessary to fit to various items of ancillary electrical 
equipment if both hf and vhf communication equipment is 
to be operated from the same vehicle. If either hf or vhf 
equipment only is to be operated from the same vehicle then 
not all the suppression components indicated in each figure 
will be required. Instead, it will be necessary to fit only those 
components which provide the appropriate hf or vhf sup¬ 
pression as specified in Table 14.3. 
Suppression techniques used for electric motor-driven 

equipment are illustrated in Figs 14.6, 14.8, 14.10 and also 
Fig 14.13, and those for alternators and dynamos in Figs 
14.11 and 14.12 respectively. Alternators having built-in 
electronic circuits rarely cause interference problems at vhf 
although there may be diode commutation and regulator 
noise over the frequency range 015-10MHz. Diode commu¬ 
tation noise may also be present in the audio frequency 
range. The suppression arrangement shown in Fig 14.11 
takes account of these eventualities, attenuating any interfer¬ 
ence at the above frequencies that may enter intermediate 
and audio frequency stages of a receiver by one or other of 
the routes suggested earlier. 
Figs 14.7 and 14.9 show methods of suppressing such 

contact-operated devices as instrument voltage stabilizers 
and oil pressure transducers. 

Fig 14.17. Distributor 
spark suppressor for 

vhf applications. 

Distributor cable 
socket 

Insulator 

Inductive resistor 

Distributor tower 
connector 

All inductors and capacitors used for suppression pur¬ 
poses should be connected as near to the source of interfer¬ 
ence as possible. In particular the leads of capacitors must 
be kept very short in order to keep the resonant frequencies 
of capacitor circuits as high as possible (Fig 14.18) and 
thereby obtain the best possible attenuation. The value of a 
feed-through capacitor for vhf and uhf suppression as op¬ 
posed to a shunt type can be seen in Fig 14.18 where their 
frequency characteristics are compared. Each capacitor has 
a value of 1 |xF. 

Some tachometers operate from ignition pulses picked up 
from the ignition coil and the wiring to the instrument 
radiates into wiring in the rest of the harness on the way to 
the instrument panel. This interference can only be sup¬ 
pressed by shielding the wire or fitting it with a low-
capacitance screen. Some tachometers will not, however, 
maintain accuracy if the pick-up wire is screened. Other 
cases of interference introduced in the low-voltage wiring 
can often only be cured by rearranging the wiring to reduce 
the pick-up. 

Vehicle body parts 
Re-radiation of locally generated interference by various 

parts of the vehicle making poor electrical contact can often 
be suppressed by bonding at the following points: 

(a) Corners of engine to chassis. 
(b) Bonnet at both sides (ensure hinge and fastener are 

not insulated). 
(c) Boot lid—as bonnet. 
(d) Exhaust pipe to chassis and engine. 
(e) Coil and distributor to engine frame. 
(f) Battery earth to chassis. 
(g) Air cleaner to engine frame. 
(h) Steering column. 
(i) Alternator to engine block. 

Copper braiding of at least the size obtained from the 
outer of jin coaxial cable should be used, together with 
tooth-type locking washers at each connection to ensure a 
good permanent contact. 

Sometimes surfaces rubbing together produce static, and 
the cure for this is bonding to earth as described above. 

Fig 14.18. Suppression capacitor frequency characteristics. 
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Fig 14.19. Current distribution 
along loaded and unloaded short 
vertical aerials, (a) Unloaded, (b) 
Screened coil, (c) Base loaded, (d) 
Centre loaded, (e) With capaci¬ 

tance hat. 

Wheel static 
Wheel static discharge can be suppressed on the front by 

installing a spring wiping device inside the hub cap which 
makes good electrical contact between the wheels and the 
axle. Somewhat similar devices which make electrical con¬ 
tact between the rear wheels and the chassis can be used. 

A different type of “wheel static” which cannot be sup¬ 
pressed by earthing the wheels is sometimes encountered. 
This can be a static discharge within the tyre itself and can 
be eliminated by introducing a carbon powder inside the 
tyre or inner tube. 

Coasting a car downhill with the engine off can often be 
the best way of identifying static type interference. However, 
a private road should of course be used for this exercise. 

MOBILE AERIAL INSTALLATIONS 

The success of any transmitter not only depends on the 
power which it has available, but the ability of the aerial 
system to radiate this power efficiently. A station with a 
50W capability may in fact radiate a weaker signal than that 
achieved by a 10W station, simply due to an inefficient 
aerial. 

The following discussion will mainly concern only those 
theoretical and practical aspects of aerials which are peculiar 
to mobile operation; readers are referred to Chapters 12 and 
13 for the basic theory of aerials and transmission lines. 

LF and HF Aerials 
When operating on frequencies of 28MHz and above it is 

practical to use a X/4 vertical whip, but on the lower 
frequencies such aerials are impractical due to their size. A 
short vertical aerial with a loading coil is therefore com¬ 
monly used. 

As mentioned above, the theory of this type of aerial is 
dealt with in Chapter 12, to which the reader is referred. 
However, the design of suitable mobile whip aerials does 
differ in some respects from those described in that chapter, 
due to practical difficulties. 

In the first place the radiation resistance of any practical-
size if aerial is very low—a 6ft whip with a screened coil has 
a radiation resistance of only O-2Í2 at 3-5MHz. Second, the 
loading coil can introduce considerable losses—such a coil 
for the 3-5 MHz band having a reactance of l,4OOf2 and a Q 
of 140 would have an rf resistance of I Oil. Third, because 
the feed-point impedance is low, a substantial proportion of 

the transmitter power may be lost in the matching system 
unless care is taken. 

The position and construction of the loading coil affect all 
three of these factors, and this vital component will now be 
considered in more detail. 

Loading Coil Position 
The position of the loading coil of an If vertical aerial has 

a pronounced effect on the radiation resistance (Fig 14.19). 
Where the coil is placed at the base of the aerial, and is fully 
screened as in Fig 14.19(b), the radiation resistance can be 
of the order of 0-2Q. If the coil is now made a component 
part of the vertical system and allowed to radiate, the 
radiation resistance of the system rises to about 2Q. This is 
illustrated in Fig 14.19(c). If the coil is now positioned in the 
centre of the whip as in Fig 14.19(d) both the lower section 
of the whip and the coil will have current flowing in them, 
and this again raises the radiation resistance, this time to 
about 4Q. These figures relate to an aerial operating on 
38MHz. 

As is to be expected, the position of the loading coil has a 
pronounced effect on the current distribution in the aerial 
system as a whole, and the dotted lines running down the 
various arrangements shown in Fig 14.19 represent the 
current distribution. Since the field radiation is proportional 
to the current flowing, and the length of the aerial carrying 
this current, it will be apparent that the best radiator will be 
the one which has the highest current-length product. From 
Fig 14.19 this will be seen to be the centre-loaded aerial. 

While the centre-loaded aerial may be the best radiator on 

Fig 14.20. A capacitance hat suitable for vertical whip aerials. 

Aluminium 
boss 1" dia 

1/8* dla aluminium tubing 
recessed in boss 

Drilled to fit on top section 
of whip and secured with 
grub- screws 
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Fig 14.21. Base radiation resistance (Q) of vertical aerials up to 016A 
long with non-radiating top termination. Height of aerial H, 
length of top — b. The special case of b 0 represents an unloaded 

short vertical aerial. 

the lower frequency bands, particularly 18MHz and 
3-5MHz, mechanical considerations may influence the load¬ 
ing coil position. On these two bands it is more usual to 
employ a base-loaded whip. However, as will be seen later, 
it is possible to introduce some compensation by attention 
to the form of the loading coil. 

Actually the statement that centre-loaded whips are the 
best radiators is not strictly correct since, for a given whip 
length and depending on frequency, there is an optimum 
position for the loading coil. The radiation resistance of an 
aerial, but more important its capacitance, are not things 
confined to one point on the whip, but rather are spread 
along its entire length. 

When the coil is placed at the base of the whip it is 
resonated by the total capacitance of the whip but as it is 
raised the capacitance of the section of whip decreases. As 
the capacitance decreases, so the loading coil size has to be 

Fig 14.22. Base radiation resistance (Q) of vertical aerials up to 0 75A 
long, with non-radiating top termination. 

increased to restore resonance. Increasing the size of the 
loading coil also increases the losses in the coil, and even¬ 
tually as the coil is further raised the law of diminishing 
returns takes over and the current-length product falls. 

This effect may be offset to some extent by deliberately 
introducing capacitance into the top section of the whip 
above the coil. Such a method uses what is commonly 
described as a capacitance hat, and this device is shown in 
Fig 14.20. The current distribution in short vertical aerials 
with capacitance hats is shown in Fig 14.19(e). By introduc¬ 
ing capacitance in this manner, the size of the loading coil 
may be reduced, and its losses also. However this system is 
not without its disadvantages. As capacitance is added 
above the coil, so the aerial becomes increasingly frequency 
selective. As an example, with a centre-loaded coil on 
3-5MHz it may be possible to vary the transmitter frequency 
over about 25kHz before it becomes essential to re-adjust 
the loading. If this coil is replaced by another which is tuned 
by a capacitance hat, a frequency shift in excess of 10kHz 
may well entail retuning the aerial. 

Base radiation resistances for varying aerial heights (H) 
and capacitance hat lengths b are given in Figs 14.21 and 
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TOP SECTION 

NYLON OR PTFE 
ROD CONNECTING 
TOP AND BOTTOM 
SECTIONS 

AIR-SPACED 
LOADING COIL 

BOTTOM SECTION 

Fig 14.23. Method of bracing and connecting the upper and lower 
sections of a whip when air-spaced loading coils are employed. 

14.22. The curve b/X = 0 corresponds to an aerial without a 
capacitance hat. 

It should be noted that if a small diameter wire with a 
pointed end is used at the top of a whip aerial the voltage 
gradient near the end of the wire may be high enough to 
cause corona discharge. This can be seen as a faint bluish 
glow due to ionization of the air near the tip of the wire and 
it will modulate the rf signal being radiated. 

Loading Coil Construction 
This is a key factor in the success or failure of any hf (and 

especially If) mobile aerial. The loading coil must have the 
highest possible Q, or put another way, the resistance and 
losses of the coil must be as low as possible. As the Q of the 
coil is increased for a given frequency, so the losses in it will 
decrease and the strength of the radiated signal will increase. 

Ideally, and to reduce dielectric losses, the loading coil 
should be self-supporting, but from the point of view of 
achieving a high degree of mechanical strength this is rarely 
possible except perhaps on the 14MHz and 21 MHz bands. 
Where such a course is adopted, the strength of the actual 
whip must be maintained through the length of the coil 
winding. The most satisfactory method of achieving this is 
shown in Fig 14.23 and consists of inserting an insulated rod 
into the bore of the whip top and bottom of the distance 
occupied by the loading coil, and running this rod through 
the centre of the coil. As the rod runs through the centre of 
the coil it must have a low dielectric loss, and ptfe or nylon 
are the most suitable materials. 

It is essential to protect any loading coil from the effects 
of moisture, and where the coil is a self-supporting unit this 
is best accomplished by enclosing it in a shield constructed 
from polythene and which is fully sealed. The shield should 
clear the turns of the coil by about Jin. Freely available 
polythene bottles make a good basis for such shields. 

Where formers are employed for the loading coil, ideal 
materials are again nylon, because of its high mechanical 
strength, or ptfe. Paxolin can be used on l-8MHz always 

provided that its relatively high dielectric losses are accept¬ 
able. Using the first two mentioned materials, coils with a Q 
in the region of 400 are practical. 

Wire gauge will be a compromise on the lower frequency 
bands between the final size of the coil and the acceptable rf 
resistance. On l-8MHz the smallest wire gauge contem¬ 
plated should be 18swg; on 3-5MHz 16swg; and 7MHz and 
higher I2swg. Whenever possible the wire should be 
Formvar insulated. This is a tough plastic coating imper¬ 
vious to moisture and, unlike enamel, will not chip or flake. 

After the coil has been finally adjusted to resonance, it 
must be thoroughly doped with a suitable compound to 
prevent moisture getting at the turns. Polyurethane varnish 
seems to be the most suitable material currently available, 
and by using a coat-on-coat process, a tough and completely 
waterproof layer can be built up over the coil. This coating 
must include the coil terminations, and special attention 
should be paid to the top of the loading coil which will 
receive all the water running down the whip when the 
vehicle is stationary. 

Finally, there is the question of the form factor of the 
loading coil. For optimum Q the length of the coil should be 
about twice its diameter. This means that the 1-8MHz and 
the 3-5MHz bands pose special problems in relation to 
loading coils for use with an 8ft whip, for in nearly all cases 
the size of a coil designed for optimum Q would not only be 
difficult to construct, but also look ridiculous when fitted to 
a vehicle. 

In a number of experiments conducted with loading coils 
for these bands, the conclusion was reached that if the form 
factor requirement was disregarded and instead steps taken 
to produce a coil which exhibited a high degree of radiation, 
then the overall radiation efficiency was improved in quite a 
remarkable manner. These conclusions were not based 
solely on the readings of an adjacent field strength meter, 
but were also confirmed by stations at varying distances. In 
many respects the loading coil appeared to have the attri¬ 
butes of a helical whip, an aerial system at one time popular 
on the higher frequency bands but now mainly used for vhf 
hand-portable equipment (see later). 

As the radiation from the coil increases, as indicated 
earlier, the radiation resistance of the whole system in¬ 
creases, and this in turn makes matching to the transmitter 
easier to accomplish, so reducing the losses which are inevi¬ 
table where the feed impedance is very small. Quoting from 
the results of experiments with a whip tuned to 3-75OMHz, 
the measured impedance was 16Q and the calculated overall 
efficiency of the aerial 60 per cent. This used a coil I Jin in 
diameter and approximately 16Jin long wound with 155 
turns of 16swg, having a measured Q of 200. The coil was 
positioned 12in up from the feed point. Compared to a coil 
wound to the optimum form factor with a measured Q of 
400, the long loading coil produced almost twice the field 
strength. 

Although the effects of centre loading with such coils was 
not evaluated, it is evident from the base-loading experi¬ 
ments that this line of approach should be fruitful. It seems 
likely that the performance of a particular commercial 
centre-loaded whip, in which the loading coil has a long 
length compared to its diameter, arises from the radiation of 
the coil. 

Table 14.4 gives approximate details of loading coils for 
the lower frequency bands. The details must be approximate 
since every aerial system will need to be tuned in relation to 
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TABLE 14.4 
Starting details of loading coils for various frequency bands and 

positions on the whip. Overall length of whip is 8ft. 

Band 
(MHz) 

Position Dia 
(•n) 

T urns SWG Length 
(in) 

Notes 

18 Bottom 3 140 18 7 Q300 

18 Bottom* 14 260 16 17 Max radiation 

1-8 Centre U 475 22 27 Max radiation 

3-5 Bottom 24 75 14 6 Q300 

3 5 Bottom 24 55 18 24 Q35O 

3 5 Bottom* 14 155 16 164 Max radiation 

3-5 Centre 24 105 16 104 Q300 

14 Bottom 2 10 14 14 Q380 

14 Centre 2 16 14 2 Q35O 

21 Bottom 11 6 12 2 Q 300 

21 Centre 2 8 12 2 Q280 

* Coil mounted 12in above base of aerial. 

the vehicle with which it is to be employed, for it is 
impossible to estimate such factors as earth-loss resistance 
and car capacitance. 

Adjustment of Loading Coils 

Just as spending time on the construction of the loading 
coil will be worthwhile, so the care taken in tuning the 
system will pay dividends. 

Tuning to frequency will be made a great deal easier if the 
section of the whip above the loading coil is constructed so 
that the length can be varied. If this cannot be arranged, 
then a variable-size capacitance hat will almost certainly be 
required to achieve precise resonance on any particular 
frequency. The aerial should only be trimmed in its final 
position on the vehicle. 

The lower end of the whip should be earthed to the car 
body through a two-turn link, the length of wire between 
the whip and the link being made as short as possible. A 
grid dip oscillator is then offered up to the link and tuned to 
find the resonant frequency. The coupling between the gdo 
and the link should be as small as possible otherwise some 
inexplicable dips may be found. During this operation, the 
top section of the whip should be extended to within about 
6in of its full length. 

If the frequency is found to be very low, turns should be 
removed from the loading coil. If on the other hand the 
frequency is found to be high, this indicates inadequate 
turns. Where Table 14.4 is used, the frequency will be low in 
each case, for the specifications are on the basis that it is 
easier to remove turns rather than have to rewind the coil. 

Accuracy in the gdo is essential and, if it is an unfamiliar 
instrument borrowed for the purpose of setting up the whip 
prior to use, its calibration should be checked against a 
receiver of known accuracy, and over the frequency range of 
interest. A mental note can then be made of any calibration 
error. 

As the resonant frequency of the whip approaches the low 
side of the desired frequency, the frequency of the gdo 
should be continuously monitored if possible on a receiver. 
Normally the receiving equipment employed in the vehicle 
may be used. When within 10kHz of the low-frequency side 

of the desired resonant frequency, adjustment of the length 
of the top section of the whip should permit the whip to be 
precisely resonated to the desired frequency. To increase the 
frequency of resonance, the top section of the whip is 
reduced in length. 

Since the feed impedance of a loaded whip will be sub¬ 
stantially lower than the normal transmitter output im¬ 
pedance of 500, the base impedance of the aerial must be 
matched to the feed line impedance. Experience indicates 
that this is best accomplished by the use of a variable series 
loading coil as shown in Fig 14.24(a). This should preferably 
consist of a roller wheel making contact with the turns 
which, by rotating the coil, travels along the winding. Units 
employing this principle are sometimes available on the 
surplus market. To construct such a “roller-coaster” is 
usually hardly a practical proposition for the average radio 
amateur, and this being the case, a tapped coil will probably 
have to be employed. 

Fig 14.24. (a) The use of a series inductance to match the base of the 
aerial to the transmitter feeder, (b) For limited coverage a tapped 
inductance may be used in conjunction with a relay to adjust the 

inductance as the frequency of operation is changed. 

If the coil is constructed from 16swg tinned copper wire, 
the turns of which are spaced by one wire diameter, connect¬ 
ing lugs may be soldered into place every one-third of a 
turn. Closely adjacent taps are essential to achieve correct 
loading and, while the coil will not be very beautiful when it 
is completed, it will be efficient. Typically such a coil 
consists of 30 turns on a Ijin dia former. 

As the frequency of operation is changed from the reso¬ 
nant frequency of the whip, the whip should really be re¬ 
resonated by adjustment of the length of the top section. On 
l-8MHz a change in excess of 10kHz may well reflect on the 
transmitter loading, and a change of 20kHz produce a 
serious drop in performance. To some extent such changes 
may be taken up in the loading system. With the tapped 
coil, it is possible to incorporate a relay actuated from the 
driving position which changes the tap on the coil and so 
compensates for the change in frequency. This is shown in 
Fig 14.24(b). If this course is adopted, the control switch 
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Fig¿14.25. Use of a simple L network (a) to match a short vertical 
aerial to a feeder (b). Value of Cm is as follows 160m, 2,000pF; 80m, 
1,000pF; 40m, 220pF; 20m, 50pF. Cm is not required for the 10m and 
15m bands. Cm can be made up of a mica compression trimmer in 
parallel with silver mica capacitors to the appropriate value. 

is best marked with the actual resonant frequencies as a 
reminder of the range to which the aerial is tuned. 
Matching a loaded whip to the feeder can also be 

achieved by means of a simple L network (Fig 14.25). The 
values of Lm and Cm can be calculated using the method 
described on pl2.40. Lm can be combined with the loading 
coil if required. Cm can be made by using a mica compres¬ 
sion trimmer in parallel with silver mica capacitors to the 
appropriate value. This type of matching network is 
adjusted as follows: 
(i) Resonate the aerial with a loosely coupled gdo as 

described in the last section. 
(ii) Adjust Cm for minimum swr. 
(iii) Repeat (i) and (ii) until no further improvement can be 

made. 

Installing LF and HF Aerials 

In deciding the optimum position for mounting such 
aerials the following factors need to be taken into account: 

(a) For maximum efficiency, the feed point should be as 
high as possible. However, adequate clearance must 
obviously be left for bridges etc or the garage. 

(b) Mechanical stability requires a low fixing point. 
(c) To avoid obstructing vision, the aerial should be at 

the rear of the vehicle. 
(d) To avoid interference, the aerial should be as far as 

possible from the ignition system. 

The best positions are clearly the rear wings or the rear 
bumper bar, and examples of both these types of mounting 
are shown in the photographs. Commercially made bumper 
mounts are available and can considerably lessen the risk of 
unsatisfactory mounting. 

The aerial fixing must be mechanically strong enough not 
to be damaged when the vehicle is travelling at high speeds, 
or succumb to a blow caused by a low-hanging branch, or 
entering the garage before dismantling the aerial. Further, if 
the vehicle is not to lose some of its resale value, careful 
thought must be given to any idea of making fixing holes in 
the bodywork. Whatever fixing system is employed, it 
should be so arranged that the main support bracket can be 
removed, and the aerial system easily demounted. 

Care should be taken that the aerial does not project 
horizontally from the vehicle (even at speed) so that it 
becomes a danger to other vehicles or pedestrians. 

A centre-loaded whip for 35MHz: the G-whip Tribander with 
3 5MHz loading coil. 

VHF and UHF Aerials 

On frequencies of 70MHz and above aerials become 
simpler since it is possible to fit a full X/4 or even 5X/8 aerial. 
Under ideal conditions, and with the aerial mounted in the 
centre of the roof, it will act as a ground plane aerial, the 
feed impedance of which will be of the order of 35Q. It will 
also be out of range of prying fingers. However, and under¬ 
standably, there is usually considerable objection to cutting 
holes in the centre of the roof of a saloon car. 

If a roof-mounted aerial is impractical, a X/4 aerial may be 
mounted either on the apron surrounding the lid of the 
boot, or forward of the windscreen, without degrading the 
performance to any appreciable degree. If it is close to rising 
metalwork of the saloon, its polar diagram might be very 
distorted, and for this reason it should be positioned as far 
away from the rise of the saloon as possible. The polar 
diagram will still deviate substantially from a circle, but it 
will not have so many peaks and nulls in unexpected direc¬ 
tions. Atypical polar diagram of a 70MHz aerial installation 
is shown in Fig 14.26. 

Sometimes it is necessary to fit an aerial without any 
drilling of the vehicle metalwork. There are four main 
alternatives possible—a gutter mount, a window clip 
mount, a magnetic mount or a boot-lip mount. 

Gutter mounts take advantage of the fact that in most 
vehicles there is a gutter running the length of the roof 
above the window, and the mount is clamped to this ridge. 

A window clip mount is useful for temporary mobile 
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Fig 14.26. Polar diagram of a 70MHz A/4 vertical aerial mounted on 
the rear of a small saloon car. Maximum radiation takes place 
towards the rear, but that towards the front is not greatly lower. 
Note the deep nulls off the sides of the vehicle when the aerial is 
within 6in of saloon cabin (aerial A). Moving it further back so that 
it is 2ft from cabin (aerial B) substantially reduces nulls. When the 
aerial is mounted above the driver (aerial C) the forward field 

becomes more restricted. 

operation and is clamped to the top of the window pane. 
Magnetic mounts utilize the holding power of a large 

magnet in their base. Such a device can provide a surpris¬ 
ingly strong fixing, often able to withstand motorway 
speeds, but there are three disadvantages to this type of 
mount. In the first place the efficiency is lower than that of a 
directly mounted aerial placed in the same position. This is 
due to the fact that the magnetic base must necessarily be 
insulated from the car body, and the optimum ground plane 
effect is not obtained. Second, although secure enough in 
normal circumstances, an emergency stop could conceivably 
cause the mount to break loose. Third, there is often an 
annoying tendency for the assembly to “walk” across the 
roof if the vehicle passes over rough ground. 

A boot-lip mount is particularly useful when the trans¬ 
ceiver is boot-mounted. It consists of a small clamp fitting 
on to the lip of the boot lid, with the cable feeder passing 
into the boot interior. 

There is an additional problem common to all four types 
of non-drilling mount, and that is the question of the aerial 
feeder, which may have to go through an open window, thus 
rendering the car less secure when not in use, and also 
possibly letting rain into the interior. This problem can be 
minimized by using miniature coaxial feeder. 

Where possible, 350 coaxial cable should be used to feed 
the whip as this will give an almost perfect match. As an 
alternative the length of the aerial may be adjusted to 
present an impedance of 500 at its base. As an aerial is 
made longer than X/4, the base impedance rises, and at some 
point (about 0-275X) can be made to look like 50Q (Fig 
14.22). A halo aerial installation for 144MHz featuring the Jaybeam 2HM 

aerial. 
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Whip aerials for mobile use at vhf and uhf. Left to right : 70M Hz A/4, 
144MHz 5A/8 with air-spaced coil, 144MHz 5^/8 with coil on former, 
uhf A/4, uhf collinear with soring-loaded base. (Photo by courtesy of Pye 

Telecomms Ltd.) 

To arrive at this situation with any accuracy two instru¬ 
ments are required: an swr bridge for a line impedance of 
50ÍI and a field strength meter covering the band of interest. 
The swr bridge is connected in the feed line as near to the 
base of the aerial as possible, and the field strength meter is 
placed at a convenient distance. Do not stand the field 
strength meter on the vehicle itself, as rf currents in the car 
will result in misleading indications. Cut the aerial to a 
calculated 0-3 wavelength: 23in for 144MHz or 49in for 
70MHz. Switch the swr bridge to forward. Apply power 
to the transmitter, and adjust the transmitter output circuit 
for maximum forward reading. Slowly decrease the length of 
the whip to either (a) increase the forward reading on the 
swr bridge or (b) decrease the reflected indication. Once an 
apparent optimum point has been found, again adjust the 
transmitter output circuit for maximum forward indication 
of the bridge. Now carefully adjust the aerial length for 
minimum reflected power as indicated by the swr bridge. 

When correctly adjusted, minimum reflected power will 
coincide with maximum forward power and maximum indi¬ 
cation on the field strength meter. Using this method, the 
swr on the feed line can be expected to be better than 1-25:1. 

During the course of these adjustments it will be found 
that opening and closing doors and the lid of the boot will 
have a pronounced effect on the readings, as will walking 
near to the aerial or the vehicle. This is a practical demon¬ 
stration of how surrounding objects affect the operation of a 
mobile aerial. In all cases the readings should be made from 
inside the car and with all the openings closed, and if 
possible, all adjustments conducted with the car in an open 
space. 

5A/8 WHIP AERIAL 

The “5X/8 whip” aerial is very popular among mobile 
operators, due to its low angle of radiation, and this is in 
reality a 3X/4 aerial with the bottom X/8 made in the form of 
a coil. This also allows a standard 50/75Q feed to be used 
without matching problems. 

Fig 14.27 shows a typical design for the base of a 2m 
version. The loading coil consists of four turns of 16swg 
wire wound jin inside diameter and length approximately 
jin, fitted as a close fit inside a short piece of thin plastic 
tube (such as pvc pipe). The whole assembly is enclosed in 
two cups made to fit, with the top terminal rod cemented 
into the top cup. Both cups should be cemented to the inner 
sleeve after the assembly has been checked for performance. 

In Fig 14.27 a 2in top terminal is shown to mount a 
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telescopic aerial that will provide a 48in length. If preferred 
a single 49in length of whip may be used, in which case J or 
¿in diameter stainless steel would be suitable. 
The most suitable connector is a uhf type with locking 

spigots to prevent it shaking loose in service. 
Such an aerial is also suitable for base station use in 

conjunction with four or more X/4 radials. 

MINI-HALO FOR 144MHz 

As an alternative to a vertical whip, a halo aerial may be 
employed on 144MHz. Being virtually a horizontal dipole, 
this aerial should show a performance superior to that of the 
X/4 whip when working to ssb base stations using horizontal 
polarization. Standard halo aerials are often uncomfor¬ 
tably large even on 144MHz and this led to the design of a 
miniaturized capacitance-loaded halo, the construction of 
which is illustrated in Figs 14.28-14.30. 

The most important part of the design is the tuning 
capacitor, and this must be constructed with care. To allow 
sufficient threads to be cut in the wall of the outer adjusting 
sleeve, this is tapped at 6BA. It should be noted that the 
inner of the two tube sections making up the capacitor is 
secured to one end of the circular element by a screw which 
force fits into the bore of the tube. The polythene or ptfe 
lining of this inner tube is fitted to the other end of the 
circular element by cutting a thread on its outside diameter 
and force screwing the lining over this thread. To assemble, 
the outer sleeve of the capacitor is slipped over the ptfe end 
of the element sprung away from the sleeve end, and then 
inserted into the bore of the capacitor inner sleeve. 
The gamma match is of the same dimensions as would be 

used on a full-sized version, that is approximately 4 jin long. 
In setting the system up the outer sleeve of the capacitor is 
used to bring the aerial to resonance, and then in con¬ 
junction with an swr bridge the gamma match is set for 
minimum swr. 

Contrary to what might be expected, the mini-halo is not 
particularly frequency conscious, and tuning the 144MHz 
band does not show any decrease in signal strength from 
one end of the band to the other. 

MOBILE SAFETY 
While it is to the credit of mobile operators that no 

accidents have been attributed to the operation of mobile 
radio equipment, in the event of such an accident there 
could be no valid defence. 

One item which could cause such an accident is the fist 
microphone and its trailing lead. Anyone who has foolishly 
tried to negotiate a sharp turn or a roundabout while 
clinging to a microphone with a press-to-talk switch will 
readily verify that the hand-held microphones can in these 
circumstances be particularly dangerous. 

One microphone arrangement which goes a long way to 
solving this problem is that used in some radio-taxis and in 
which the microphone is fitted to a length of flexible tubing. 
Even this is not perfect for while it leaves both hands free 
for control of the vehicle, the head has to be maintained in 
almost a fixed position for close speaking, resulting in a 
restricted field of vision for the driver. 

A solution to this is to employ a halter as shown in Fig 
14.31. This fits over each shoulder and runs round the back 
of the neck of the wearer, and incorporates a boom upon 

Fig 14.28. Looking down on top of the completed mini-halo aerial 
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Fig 14.29. Side elevation of the completed halo, with drilling details 
of the gamma match support and Perspex mounting rod. 

Fig 14.30. Cutaway view of the capacitor. 
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Fig 14.31. General view of the combined halter and microphone 
mounting boom. 

which is mounted the microphone, and a section to carry the 
microphone lead clear of the user. Any of the usual micro¬ 
phone inserts may be fitted, and the lead run through the 
bore of the copper tube. If it is desired to incorporate 
transmit/receive switching with this halter, this can be ac¬ 
complished by fitting a small box containing such a switch 
to the end of the halter where the microphone lead leaves 
the tube. 

In use, as the driver/operator turns, so the microphone on 
the boom turns also, and over a very wide range of move¬ 
ments, the microphone will remain in close proximity to the 
mouth. Leaving both hands free, there is no interference 
with the process of driving, nor feeling of being encumbered. 

Mention should also be made of one other safety aspect : 
all radio equipment should be switched off when the vehicle is 
being fuelled, in close proximity to petrol tanks, or near 
quarries where charges are detonated electrically. 

PORTABLE EQUIPMENT 

While equipment for mobile use is now reasonably stan¬ 
dardized, that for true portable operation can vary from a 
matchbox-sized vhf transceiver to an hf contest rig “running 
the legal limit.” Consequently no hard and fast rules can be 
given regarding choice of equipment and/or mode, for in 
theory any base station equipment can be used for fixed 
portable work, given the necessary power supply and trans¬ 
portation. 

However, there are other practical considerations which 
limit the choice considerably. Portable equipment shares 
with mobile equipment the prolonged exposure to vibration 
in cars which soon reveals mechanical resonances and 
loosens fastenings. It is also subjected to the additional 
hazards of hasty erection and dismantling, of snatch loads 

when radiators become trip wires, and of fatigue failures in 
connections that have to be made and broken repeatedly. 

Transceivers 
Table 14.5 shows the three main classes of portable trans¬ 

mitting equipment, as used in practice. The first class con¬ 
sists generally of completely self-contained equipment in one 
enclosure and specially made for that particular type of 
operation. The second class covers a wide range of equip¬ 
ment, but the most suitable will often be mobile transceivers 
with add-on pre-amplifiers or power amplifiers if required, 
in which case mobile operation can also be readily utilized. 
The third class comprises main station equipment generally 
delivering close to the maximum legal power. 

Careful thought should be given to which type of portable 
operation is really intended, and the station planned accord¬ 
ingly. For instance, if high-power portable operation is the 
eventual goal, it may be worth considering purchasing a 
generator and using base station equipment from the outset, 
rather than obtaining a low-power transmitter and adding 
on successively higher-power amplifiers. On the other hand, 
if the main interest is in hand-portable operation with 
occasional mobile work, an attractive possibility is an add¬ 
on power amplifier, which may be left permanently con¬ 
nected in the vehicle ready for service. Such amplifiers, 
which contain circuits that detect rf from the transmitter 
and then switch the amplifier into circuit, are now readily 
available. An example of a medium-power design for 
portable operation is given in Chapter 7. 

DC-DC Voltage Conversion 
Occasionally the need arises to use valve equipment which 

requires upwards of 250V ht, and to run this from a 12V 
supply. The conversion of 12V to 250V was formerly carried 
out using dynamotors, which are electric motor-driven gen¬ 
erators, or vibrators, which use a vibrating reed contact to 
“chop” the 12V de into pulses which are then stepped up to 
the higher voltage in a transformer and rectified. Both 
devices have now been superseded by the transistorized de 
converter (or inverter). This utilizes one or more power 
transistors oscillating at a frequency of 500Hz or more, the 
resulting ac voltage being stepped up to the required voltage 
and rectified. Because the oscillation is at a relatively high 
frequency, the transformer can be efficient and of smaller 
size, and with suitable circuits conversion efficiency is at 
least 80 per cent. 
The circuit of a simple transistorized de converter is 

shown in Fig 14.32. The supply voltage is applied to the 
centre of the primary winding, the outside ends of which are 
connected to the collectors of TRI and TR2 respectively. 
Switching within the transistors takes place between the 

TABLE 14.5 
Choice of mobile and portable equipment in the UK 

Operation Power output range 
(continuous) 

Power supply T ransportation Alternative operation 

1. Hand-portable (pedestrian) Low (50mW-3W) Dry batteries or nicad 
rechargeable batteries (6-12V 
de) 

Pocket or shoulder Mobile (add-on pa) 
Base station (add-on pa) 

2. Fixed portable (vehicle 
mobile) 

Medium (3W-5OW) Vehicle battery (12V or 13-8V 
de) 

Vehicle Base station (12V or 138 V de 
psu) 

3. Fixed portable High (50W-100W) Petrol or gas generator 
(11O-25OV ac) 

Vehicle Base station 
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RFC 

Fig 14.32. An example of the 
circuit of a high-efficiency tran¬ 
sistorized de converter operating 
around 1kHz. T1 is generally a 
toroidal transformer to minimize 
external fields. With circuits of 
this type efficiencies better than 
80 per cent are to be expected. 

12V de 500 
25V 

collector and emitter connections and depends on the for¬ 
ward bias applied to the base; when the transistor is driven 
into saturation, the resistance between collector and emitter 
is effectively zero. Separate feedback windings feed the 
switching currents to the bases of the transistors. 

Since transistors TRI and TR2 are connected in push-pull 
they conduct on alternate half cycles of the primary oscil¬ 
lation. When the base of TRI is driven negative, the base of 
TR2 will be driven positive, and hence TR2 becomes non¬ 
conducting. During the next half cycle TR2 is driven 
negative, and hence conducts, while TRI is cut-off. 

Such a circuit needs to be designed with a number of 
points in mind. First, the transistors selected must be able to 
switch the primary current without difficulty. Second, since 
the amount of feedback will decrease as the load on the 
transformer is increased, the feedback circuit must be 
designed so that when the transformer is supplying its rated 
load, the feedback level is sufficient to maintain oscillation. 
Third, under lightly loaded conditions, the feedback voltage 
to the bases of the transistors will be at its highest, and the 
transistors must be able to withstand the reverse base¬ 
emitter voltage which will appear across this junction during 
the cut-off condition. Fourth, the transistors must be rated 
to withstand any peak transient voltage occurring during the 
switching process, as any such spikes will cause failure of the 
transistors if they are not adequately rated. A good rule of 
thumb is to employ transistors in which the collector voltage 
is specified as at least three times the maximum supply 
voltage. In the case of mobile operation the line voltage may 
rise to 14-5V in a 12V nominal system when the generator is 
charging fully, and this implies using transistors with a Vee 
of at least 45V. 

From the foregoing it will have been noted that the 
feedback conditions are equated for full load, and from this 
it follows that under reduced loading conditions, the 
efficiency will be lower since TRI and TR2 are being 
switched for a greater current than that which the primary 
will actually need to handle to meet the demand. 

It is sometimes thought that transistorized de converters 
do not cause interference, this conclusion being based on the 
premise that since there are no moving parts, and no 
contacts opening and closing and arcing in the process, there 
is nothing to be suppressed. This is a fallacy, as explained 
earlier in this chapter. While it is true that there is no 
interference due to contact areing, the waveform within the 

generator is basically a square wave. Thus harmonics are 
present and these can produce a buzz similar to that of a 
vibrator unit. For this reason rf suppression is essential. 
Furthermore, there is often a strong magnetic field around 
the transformer, and the audio circuits should be positioned 
well clear of the converter if pick-up of the converter 
frequency is to be avoided. 

Transistors used in de converters must be mounted on an 
adequate heat sink, and if germanium types are used they 
must be operated in such a manner that under full load 
conditions their cases feel only warm to the touch. If there is 
any sign of overheating, either the load is too heavy for the 
type employed, or they are being overdriven. In the first case 
a larger transistor should be fitted, and in the second, the 
degree of base feedback should be investigated with the 
object of reducing it to a lower level. 

Sometimes a transistor de converter may operate satisfac¬ 
torily for months and then, for no accountable reason, fail. 
Such failures are invariably due to transients on the 12V 
vehicle system created by some other electrical device. To 
absorb such spikes, it is essential to include a high-value 
capacitor across the supply line to the de converter, as 
shown in Fig 14.32. Another line of approach is to clamp 
the collector-emitter potential with a zener diode having a 
breakdown voltage somewhat less than that of the Vee rating 
of the transistors used. The arrangement is shown in Fig 
14.33. It should be noted that a zener diode must be placed 
across the collector-emitter connections of each transistor. 

One effect which is sometimes noted with transistorized de 
converters is that they show a reluctance to start under load 
but, once running, perform in a satisfactory manner. This is 
invariably due to the feedback being set at a critical level. If 

Fig 14.33. Use of zener diodes across the collector-emitter junction 
to limit transient voltage spikes. The diodes should be rated for a 
breakdown voltage slightly less than the Vee rating of the transistors. 
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is approximately 500Hz the smoothing required is much 
’output reduced compared with mains circuits, so with the values 

shown very low ripple voltages are achieved. 
Other refinements added in the prototype include RLA1 

which gives a choice of two outputs for transmit/receive. 
The unit can be used with either a positive or negative 

earth, the connection being made at the input terminal 

r -ZD2 
. .4-7V 

there is no way of increasing the level of the feedback in a 
convenient manner, sequential switching of the supply and 
the load will usually provide a solution to erratic starting. 
This entails employing a double-pole relay, one set of con¬ 
tacts of which are in series with the supply, and the other set 
in series with the ht output to the load. The contacts in series 
with the supply are carefully adjusted so that they close 
before the ht contacts. With this arrangement even the most 
reluctant circuit should start without difficulty. 

GENERAL-PURPOSE REGULATED DC CONVERTER 

The unit to be described was originally designed to run 
small klystrons from a car battery on portable excursions, 
but is easily adapted to supply small valve linear amplifiers 
requiring an anode supply of 25O-35OV. 

Circuit Description 

The circuit (Fig 14.34) is quite straightforward and 
consists of a basic oscillator (TRI and TR2) driving a 

only. The output voltage will be slightly reduced on the 
positive earth version as the supply volts are effectively 
added to the feedback loop. 

Construction 

The unit can be constructed in a small box. The power 
transistors except for TR8 are mounted on the rear panel, 
and the transformers and the inverter board are mounted on 
a chassis within the unit. The valve heater regulator is built as 
a separate unit and fitted inside the box towards the front. 

Printed circuit layouts of the regulator board and the 
inverter board are given in Figs 14.35 and 14.36. 
The exact layout of the transformer and choke on the 

chassis will depend on the size and shape of the transformer 
purchased. The transformer used in the prototype was an 
ex-equipment potted toroidal type, probably from a Pye 
Ranger, with a tapped secondary. Such components are 
readily available on the surplus market. The requirement is 

TABLE 14.6 

transformer. The secondary outputs are rectified by DI and 
D2 and smoothed by Cl, C2, C3, and the 10H choke; the 
negative output is further stabilized by ZD I. The positive 
voltage is applied to a potential divider chain and fed to the 
base of TR5, the emitter of which is stabilized to 4-7V by 
ZD2. Any increase of voltage on the secondary output thus 
reduces the voltage on TR4 base which acts as a Darlington 
pair with TR3 and reduces the voltage on TR3 emitter. TR3 
is the series regulator transistor which provides TRI and 
TR2 with their emitter voltage, so negative feedback is 
applied to the oscillator and the system stabilizes at an 
output voltage controlled by RVl. 

TR6, TR7 and TR8 form a conventional series regulator 
to supply 6-3V de for valve heaters. As the inverter frequency 

Components list for regulated inverter 

C1 \ 20 + 20mF 450V 
C2j electrolytic 
C3 50mF 275V 
C4 2mF 150V 
C5 2,500/t F 16V 
C6 125mF16V 
C7 100/tF 10V 
C8 001 /t F 
D1 1,000V piv 
D2 BY100 
ZD1 150V 400.nW zener 
ZD2 4-7V 400m W zener 
ZD3 3-3-3 9V 400m/V zener 
TR1, TR2 NKT404 or 2G220 
TR3, TR8 2N3O55 
TR4, TR7 2N3053 
TR5, TR6 2N3705 or BC109 

R1 200kQ 
R2 2-7kQ 
R3 1 kQ 
R4 560Q1W 
R5 10Q1W 
R6 220kQ* 
R7 680Í2 
R8 470Q 
R9 3-3kQ 
RV1 3-3kQ 
RV2 3-3kQ 

* R6 is chosen to drop the 
output voltage to the zener; 
in the prototype R6 dropped 
25V. 
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Printed circuit board viewed from component mounting sid'» — 
copper track on reverse side 

Fig 14.35. 300V regulator pcb. 

for a transformer with 12V input and 400V and 250V 
outputs. 

A 2,500(xF 16V electrolytic capacitor across the input 
from the battery, and a 10A diode in one input lead, are 
useful additions to the basic inverter unit. 

Testing and Performance 

On completion, the 12V input should be applied with both 
outputs open circuit, whereupon the inverter should start 
immediately, and RV1 can be adjusted to provide the re¬ 
quired output voltage. 

The input voltage is then removed and a load applied to 
the outputs. The inverter should start and give the full 
output immediately the input is applied. Should this not be 
the case some adjustment of the ratio R4:R5 will probably 
cure this, although in the two versions built by the original 
author no such problems were encountered. RV2 is adjusted 
to give 6-3V from the output of the low voltage regulator. 

The performance of the final prototype was as follows: 
Input voltage (V) 13-5 
Output voltage (V) 250-380 open circuit, depending on 

setting of RV1 
Output noise (mV) 2 
Output current (mA) 0 30 60 
Output voltage (V) 300 295 285 
Input current (A) 0-5 1-5 2-25 
Noise (mV) 2 5 10 

Although the output noise is very low, great care in 
construction and filtering must be taken if sensitive vhf 
converters are to be used from the same 12V source as the 
inverter while it is running. On the original author’s 6cm 
klystron receiver the low noise pre-amp picked up severe 
interference from the inverter until all inputs to and outputs 
from the unit were filtered and the unit was fully screened. 
The above figures are typical of the performance when 

RV1 is set to its approximate mid-position. With an input of 
12V, the maximum likely output is 380V when RV1 is 
adjusted to the limit. If the input falls to 10-4V, it is still 

Fig 14.36. 6 3V regulator pcb. 

possible to obtain 300V output by adjusting RV1, but in 
this case the regulation with varying loads will be poor. 

With RV1 set to give an off-load output of 320V from a 
12-8V input, the following figures show how the output volt¬ 
age varies with fluctuations of input voltage. 

Input(V) 
11 
12 
12-8 
14 

Output (V) 
280 
305 
320 
340 

By substituting a different transformer, and changing 
ZD1, other stabilized voltages may be obtained. 

Aerials 

It is an old adage that the aerial is the most important part 
of the station, and in portable operation with low-power 
equipment “the odd length of wire slung from a tree” is just 
not good enough if reliable communication is to be achieved. 
On the other hand, portable aerials have to be simpler and of 
lighter construction than those used in permanent installa¬ 
tions: constant coiling and uncoiling of heavy-gauge 
cadmium-copper wire is not good for the wire—or the opera¬ 
tor. Other factors include ease of tuning up and, perhaps 
surprisingly, space occupied, for sometimes the roadside is 
the only accessible common land. 

As before with mobile aerials, the reader is referred to 
Chapters 12 and 13 for the theory and typical construction of 
aerials and their feeders, and only points peculiar to portable 
operation will be touched upon here. 

Three popular aerials for portable work on the hf bands 
are the inverted-V dipole, the short loaded vertical and the 
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ground-plane, and these will now be briefly discussed in 
turn. 

A horizontal dipole for the lower frequency bands needs 
to be under considerable tension if it is not to sag in the 
centre, and many masts may be too flexible to support 
such an aerial. The answer is to use an inverted-V configura¬ 
tion, allowing the mast to support the weight of the coaxial 
feeder, and cancelling the sideways pull on it by having the 
legs of the dipole under equal gentle strain. This arrangement 
also has the merit of requiring only one mast. A dipole 
complete with feeder is an awkward aerial to carry around as 
it tends to become tangled. However, if the feeder is kept 
separate the aerial may be wound on to a piece of plywood 
or hardboard and easily run out when required. To keep the 
weight down, insulators may be made from small pieces of 
Perspex, a coaxial socket being mounted on the centre 
insulator. The legs of the dipole may be sloped down to 
bushes, fence posts or even pegs in the ground, but if 
possible they are best positioned about 7ft high; apart from 
the danger to passers-by it is a well-known fact that given 
several hundred acres of hill country, sheep will insist on 
grazing the small areas near one’s dipole. 

Short loaded vertical aerials, described earlier in this 
chapter, have the attraction that if they are made in inter¬ 
changeable sections it is possible to achieve all-band opera¬ 
tion. They can be made self-supporting and take up little 
space. However the pi-tank circuit commonly used in 
transmitters will only load into short vertical aerials if they 
are accurately resonated at the operating frequency and 
present a low impedance at the feedpoint. Unfortunately the 
process of resonating the aerial under portable conditions 
requires considerable patience if an atu is not available. 
Almost any variation in configuration will alter the resonant 
frequency; even pouring water over an earth spike in dry 
ground will alter the loading considerably, and it may be 
necessary to use the vehicle as an electrical counterpoise. 

The ground-plane aerial is an attractive possibility for 
single-band hf operation. As discussed elsewhere in this 
book, it is a low-angle radiator which works perfectly well 
at ground level provided it has a satisfactory ground plane 
and, although this latter condition is comparatively rarely 
found in practice, useful amounts of low-angle radiation can 
be still achieved. The Z-match described in Chapter 12 may 
be used to match the low-impedance feedpoint to the trans¬ 
mitter or alternatively the electrical length of the radiator can 
be increased slightly (see Fig 14.22) and the reactance tuned 
out capacitively. This latter method also improves the low-
angle radiation. On 14MHz any length from 19ft to 25ft 
can be tuned capacitively (or with a Z-match)—the most 
useful length being about 25ft. Beyond this the impedance 
rises rapidly and a low swr is unobtainable by simple means. 

On the other hand the aerial can be shortened below X/4 
and tuned inductively—15ft is the limit that some Z-matches 
will tune on 14MHz, but this still produces low-angle 
radiation. 

A portable ground-plane aerial of about 18ft can be con¬ 
structed simply from lengths of scrap steel conduit and 
screwed connectors. If the mast is made up of five pieces of 
roughly equal length it will fit into the average car. It is 
inadvisable to try anything much more ambitious with this 
material, as the conduit snaps off readily at the start of the 
threaded sections. A glass jar will serve as a base insulator, 
and string and iron spikes form the four guys (somehow it is 
much easier to put a mast up single-handed with four guys 

than with three). In the UK, government surplus “29/41-foot 
aerials” have also been modified and utilized by some 
amateurs for ground planes and also short loaded verticals. 
If such an aerial is acquired it will be found that the rope 
guys and chain-link insulators supplied are extremely 
clumsy. These should be removed from the two stay plates 
and replaced with line made of polypropylene or similar 
insulating materials. Quite thin line, about ¿in diameter, 
can be used and this will look much neater. 

Four radials are the minimum for omnidirectional cover¬ 
age and eight, at least in portable work, the maximum. 
Note that if the aerial is tuned capacitively the feeder will 
act as a radial, whereas if a Z-match or other transformer 
coupling is used, the feeder will make little contribution. 
The radials are probably best made from single-strand wire 
of sufficient stiffness to roll up easily, and with brightly 
coloured insulation (they are not earthed) so they show up 
on the ground. They can be pegged down with short lengths 
of fence wire. 

Most vhf and uhf aerials for fixed portable operation 
consist of small Yagi or cubical quad arrays mounted on 
15—20ft vertical masts, but the HB9CV aerial is also worth 
considering for this service. In the same way, a normal-mode 
helical aerial is an attractive alternative to the more usual k/4 
whip for hand-portable work. 

ALL-BAND PORTABLE AERIAL 

Primarily the aerial consists of three lengths of 20 gauge 
aluminium tubing of lin diameter, two coils ria base 
plate that acts as insulator and earth connector. The earth 
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Fig 14.38. Coil construction details. 

rods double as guy pegs for aerial support. The aerial can be 
erected by one person in approximately 10min. The overall 
construction is shown in Fig 14.37. It will be seen that the 
lengths of aluminium tubing are linked by a piece of Jin 
diameter Perspex, which is a close inside fit. The selected 
coils are constructed to fit over this link, and are electrically 
connected to the aluminium. 

Tests with an impedance bridge indicate that the base 
impedance varies between 25 and 35Í2 and vswr checks indi¬ 
cate that the worst figure is 1-3 to 1 using 50Q coaxial cable 
as a feeder. 
The aerial is adjusted to the desired band as follows: 
28MHz 
21 MHz 
14MHz 
7MHz 
35MHz 
18MHz 

8ft 3in section only. 
8ft 3in + 2ft 9in sections (linked). 
8ft 3in + 8ft 3in sections (linked). 
8ft 3in + coil "A” + 8ft 3in sections. 
8ft 3in + part of coil “B” + 8ft 3in sections. 
8ft 3in + all of coil “B" + 8ft 3in sections. 

Construction 

The coils are constructed as follows: 
Coil “A” consists of 24 turns of lOswg copper wire wound 

Fig 14.39. Detail of base plate construction. 

on a 2in diameter former and the turns spaced over 5Jin 
of the length. 

Coil “B” consists of 90 turns of 20swg enamelled copper 
wire close wound on a 2Jin diameter former and tapped at 30 
turns for the 3-5MHz band. Both coil formers are exactly 6in 
long, made of Paxolin, and have discs in the end of the 
coils. The centres of the discs are drilled out to jin diameter to 
fit over the Jin diameter centre Perspex rod of the aerial 
system (see Fig 14.37). The discs themselves are glued and 
pinned to the coil former. 

Fig 14.38 shows the method of construction of the coils. 
The base plate is made from Jin or Jin Perspex. From 

Fig 14.39 it can be seen that the top two pieces of Perspex 
have lin diameter holes drilled into them but the third piece 
is left whole to act as the base insulator. The bottom sheet (of 
aluminium) acts as a connection between the four nuts and 
bolts and strengthens the base as a whole. The four bolts are 
left long in order that they press into the ground to prevent 
the base from moving. The 4ft lengths of flexible lead are 
made from thick copper braid covered with the outer sheath 
of some old coaxial cable. 

A 2iin by 2Jin piece of Perspex acts as a spreader and 
aerial insulator and has a lin hole drilled into the centre and 
four small holes drilled in the corners to which are tied four 
10ft lengths of nylon cord to act as guys. The aerial insulator 
is passed over the lower 8ft 3in section of the aerial and 
secured by a Jubilee clip at a height of about 8ft. 

Assembly and Erection Procedure 

To erect the aerial proceed as follows: 
(a) Make up the aerial to the required band. 
(b) Set the base plate in the desired position. 
(c) Stretch out the four lengths of earth line and knock in 

the earth rod/guy pegs. 
(d) Tie two of the nylon guys to two of the earth rod/guy 
pegs. . . 

(e) Insert base of aerial into the base plate and hold it tn 
the vertical position by pulling on the other two guys. 

(f) Tie one nylon guy to the third earth rod/guy peg. 
(g) Tie the fourth guy to the last peg and square all up as 

required to keep the aerial vertical. 
(h) Connect the feeder inner to the aerial and the outer 

braid to one of the nuts and bolts of the base plate. 
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Distance between elements — 
and gamma match 4mm y Direction 
Gamma match 2mm dia 
Elements 6mm dia ±20*7. Boom dia 6 to 10mm 
X and Y Feedpoint and trimming capacitor 

Fig 14.40. Details of HB9CV two-element beam designed by PAOTBE. 

It can be observed that if additional guys are secured near 
the top of the 16ft 6in section, the aerial can double as a 
good mast for a 2m Yagi array. 

The ¡in diameter rod which joins the two aluminium parts 
of the aerial could equally well be made from ebonite, 
Paxolin, or any good insulating material. 

Results obtained during portable operation with this 
aerial fed with approximately 20W of rf have been extremely 
satisfying and rewarding for the effort made in construction. 

HB9CV AERIAL FOR 144MHz 

Relatively few 144MHz enthusiasts know about the 
attractions of the HB9CV array, which is a development 
of the ZL-Special and has been known and used (mostly on 
hf) for many years. This two-element version, designed by 
PAOTBE, provides some 5dB gain and is very much easier 
to carry around than a three- or five-element Yagi or quad. 
Details are shown in Fig 14.40. 

6mm diameter tubing is used for the centre parts of the 
elements (ie between points Z-Z which are approximately 
400mm apart). Bolts that will take 4mm tubing are soldered 
at points Z; the four sections shown as QI, Q2, Q3 and Q4 
are then made of 4mm tubing threaded at one end to fit 
the bolts. A 30pF trimmer is connected between points X and 
Y and adjusted for minimum swr; for convenience this trim¬ 
mer can then be replaced by a fixed capacitor of approxi¬ 
mately the same value. The coaxial cable can be of 50, 60 or 
70(1 impedance 

NORMAL-MODE HELICAL AERIAL 

Helical aerials may be constructed for operation in one 
of two modes: the axial mode and the so-called normal-mode. 
When the circumference of each turn and the pitch (ie the 
distance between turns) are comparable to a wavelength, 
the helix functions as a beam aerial with maximum radiation 
along the axis of the helix. For this reason the helix is said 
to be operating in the axial mode, and the radiation is 
circularly polarized (see Chapter 13). 

If the diameter and pitch of the helix are reduced below 
X/2 the radiation pattern is drastically changed, and maxi¬ 
mum radiation then occurs in a direction normal (ie at right 
angles) to the axis of the helix ; hence its name. Axial radiation 
under these conditions is negligible. The polarization is in 
general elliptical but by appropriate choice of dimensions 

40 turn steel spring i 

\ L- -14 cm-T 
Sub-miniature coaxial plug (Belling-Lee L1465/AFB) 

Fig 14.41. Example of a home-made normal-mode helical aerial for 
145MHz. 

can be made very closely linear. In fact the radiation pattern 
of the normal-mode helix can be very similar to that of a 
straight wire and it is therefore possible for it to simulate 
aerials such as X/2 dipoles, X/4 monopoles and ground planes. 
The important ditference, however, is that the overall length 
of such aerials when made with a helix is appreciably less 
than when made with ordinary linear elements. 

A recent application of the normal-mode helix has been 
as a replacement for telescopic whip aerials on hand-portable 
vhf transceivers. Telescopic X/4 whips are fragile and cumber¬ 
some and have a nasty tendency to be trapped in car doors 
or poke people in the eye. 

Normal-mode helical aerials are available commercially 
but these tend to be rather bulky and inflexible. The design 
to be described makes use of any available ordinary steel 
spring and an example of a completed aerial is shown in 
Fig 14.41. The spring is simply soldered to the inner of the 
miniature coaxial plug. 

Assuming a suitable steel spring is available, the number 
of turns required is determined as follows. First the number 
of turns for a helix with diameter 1cm and with the desired 
length is determined from Fig 14.42 and then this number 
is multiplied by a factor obtained from Fig 14.43. Five per 

Number of turns in helix 

Fig 14.42. Graph showing the way in which the number of turns (N) 
is related to the overall length (h) for a normal-mdoe helix resonant 

at a constant frequency of l4SMHz. 
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Fig 14.43. Graph relating the ratios N 2/N! and d./d^ 

cent extra turns are added to the calculated number and 
these turns are removed one at a time (and the tank circuit 
then adjusted each time) until maximum radiation occurs 
from the aerial as shown on a field strength meter. 

As an example, suppose one requires a helix 20cm long 
with l-2cm diameter to be resonant at 145MHz. From Fig 
14.42 the number of turns required if the diameter were 1cm 
would be 35. The ratio of the actual diameter d2 to the 
standard diameter di is 1-2/10 and the ratio of the actual 
number of turns N2 to the number for a 1cm diameter helix 
(M) is read off from Fig 14.43 as 0-81. Thus 

N2 = 35 X 0-81 = 28. 

A suitable starting point for the aerial, allowing for trimming 
to resonance, would be a coil with 32 turns. 

When an aerial is required for a frequency other than 
145MHz, Figs 14.42 and 14.43 can still be used. Since 
shortened aerials of this type are especially convenient for the 
4m band, a useful example would be a helix resonant at 
70MHz with length 30cm and diameter 1 -3cm. Steps in the 
calculation are: 

1. Scale the length and diameter of the desired aerial (for 
frequency to find the dimensions of the required aerial 
at 145MHz. In this case the latter would have a length 
equal to 

70 30 X —— = 14-5cm 
145 

and diameter equal to 
70 1-3 X — = 0-63cm 
145 

2. Referring to Fig 14.42 again one finds a 145MHz helix 
14-5cm long and 1cm diameter has 34 turns. 

3. Finally, a helix with the same length but with diameter 

Various helical aerials contrasted. All except the longest spring 
aerial are designed to work at 145MHz, the latter operates at 
8SMHz. The two aerials at the rear are home-made whips, while 

the two in the foreground are home-made “spring” aerials. 

O-63cm has 34 x 1-75 = 59 turns. (The factor 1-75 is the 
value of Ni/Ni which corresponds to 

di _ 0 63 
di “ TÕ 

and was obtained from Fig 14.43). 
A suitable starting point for the 4m aerial would thus 

be a helix with 63 turns, l -3cm diameter and 30cm long. 
Naturally one cannot expect the same performance as 

with a straight whip, but the difference is acceptably small. 
For example, compared with the straight k/4 whip made from 
steel wire shown in the photograph, the steel spring helix 
also shown gives a loss of very roughly half an S-point. 

DIRECTION-FINDING EQUIPMENT 

The recent popularity of df contests has in turn led to the 
development of highly directional portable receivers for use 
on the amateur hf bands. 

Two bands commonly used for this activity are 18MHz 
and 3-5MHz, and df receivers for these frequencies utilize 
the marked directional properties of a horizontal ferrite-rod 
aerial. 

Fig 14.44 shows that two fairly sharp nulls exist along the 
axis of the rod, and because they are much easier to determine 
by ear than the corresponding maxima, it is these nulls that 
are used as the basis for direction finding. 

Obviously the ferrite rod used alone gives ambiguous 
results in that the hidden transmitter could be in either of two 
opposing directions. To resolve this difficulty, a small non-
directional sense aerial is placed on one side of the ferrite 
rod. The output of this aerial is connected, either directly 
or via an rf amplifier, to the ferrite rod in such a way that it 
modifies its overall directional pattern (Fig 14.44). A mini¬ 
mum of 6dB front-to-back ratio is required for reliable 
determination of the true direction of the hidden trans¬ 
mitter. 

The sense aerial and/or amplifier is usually left switched 
off until required as it can affect the sharpness of the nulls. 

Another necessary feature of a df receiver is some provi¬ 
sion for rf attenuation, in order to prevent overloading 
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of the rf amplifier stage when the equipment is being operated 
in close proximity to the hidden transmitter. 

Ordinary vhf receivers are suitable for vhf df work in 
conjunction with small hand-portable beam aerials. Although 
small quad and Yagi arrays have been used, the HB9CV 
beam (see page 14.24) is now often preferred for this 
application. 

1-8MHZ DF RECEIVER 

The receiver described below is based on the Mullard 
TAD100 integrated circuit and the LPI175 470kHz a.m. 
block filter (see Fig 14.45). The Toko CFU filter has also 
been used successfully and an alternative arrangement for 
the printed circuit board is shown in Fig 14.46. The Toko 
MFH41T, which has superior selectivity and bandwidth 
characteristics, has not been tried but will almost certainly 
produce a superior result, albeit at an increased cost. 

General Details 

The receiver must be housed in a metal or screened cabinet ; 
the well-known double-U construction is easy to reproduce. 
The beauty of this method is that only one important 
dimension is associated with the bending process and small 
errors are usually easily corrected. 

The TAD100 provides the frequency changer and oscilla¬ 
tor. i.f. amplifier, detector and af driver. This is followed by 
a Class B output pair of transistors. A bfo is included in the 
main pcb. The sense amplifier is separate. Miniature compo¬ 
nents must be used unless the sizes of the pc boards are 
increased, but the latter practice is not recommended. 
Providing suitable components are used the boards will not 
be found to be overcrowded. The original receiver used one 

Fig 14.44. The directional properties of a ferrite rod aerial used alone 
(a) and in combination with a sense aerial (b). 

rotary switch to turn on the bfo or the sense amplifier, or 
both. Miniature toggle switches would be more satisfactory, 
but are slightly more expensive. The rf attenuator consists 
simply of a loop of wire which is moved on to the rod aerial 
when required. 

Construction 

Starting with the largest pcb, use only a good, single-sided, 
heat-resisting material. Unless the etching process is to be 

Fig 14.45. Circuit diagram of the 18MHz df receiver. 
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Slot for one tag 

Fig 14.46. Main pc board, actual size. 
The section above shows the modifica¬ 
tions required to part of the main pcb 

for the Toko CFU filter. 

Fig 14.47. Main pcb con¬ 
nections. 

TABLE 14.7 
Components list 

R1 22kQ 
R2 1kQ 
R3 100ki2 
R4 100Q 
R5 820Í2 
R6 150Q 
R7 82ki2 
R8 82kí2 

R9 220kí 2 
R10 39OÍ2 
R11 2 7kí2 
R12 1kQ 
R13 470Í2 
R14 27kí2 
R15 10kí2 
R16 100Í2 

R17 680Q 
R18 47Í2 
R19 2 2Í2 
R20 2-2Í2 
R21 15kí2 
R22 10d2 
All min ¿W 
RV1 6 7kí2log 

CI Select C9 
C2 47nF C10 
C3 10nF C11 
C4 100nF C12 
C5 100nF C13 
C6 100nF C14 
C7 47nF C15 
C8 47nF C16 
IC1 TAD100 
TR1 2N3819 
TR2 BC107, BC108 

100pF 
330pF 
47nF 
10mF6-4V 
100nF 
47nF 
250nF 
320mF10V 

TR3 AC1«7,AC141 
TR4 AC154.AC142 
Block filter LP1175 

C17 10nF 
C18 32mF6 4V 
C19 220mF10V 
C20 320mF6 4V 
C21 22nF 
VC1. 
VC2 25pF airspaced 

Ferrite rod jin dia, 8 in long 
Speaker 8Í2, 2|in dia 
Epicyclic slow motion drive 
Insulated jack socket, 3-5mm 

Miniature toggle switch off/on, 3 off 
i^in dia coil formers and slugs 
Battery clips 

Fig 14.48. Sense ampli¬ 
fier pcb and connec¬ 

tions. 
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L4,5,6,7 and 8.wound with 40swg enamelled copper wire 

The completed 1 8MHz 
df receiver. 

Screen 

L3. 
3 turns 

lllllllllllliiiiiiiil.HQ 
L2....3O turns 

L1.2 turns over 
end of L2 

a 11 b Wdia 
ferrite rod 

c| d 

L1, 2 and 3.wound with 30 swg enamelled copper wire 

Fig 14.49. Coil winding details. 

done photographically it is suggested that the board be 
drilled before etching. 

First use a piece of 01 in pitch Veroboard as a drilling jig 
and drill the 14 holes for the TAD100 using a 1mm drill. An 
Eclipse pin chuck is useful for holding small drills and 
preventing breakage. Only about a ^in length of drill need 
be exposed. Other holes are then added to accommodate the 
components to be used. One or two holes drilled in error will 
not usually matter. The holes should then be connected with 
the resist material. In the designer’s experience cellulose paint 
provides the most reliable protection, and if the holes are 
drilled first as suggested the use of one of the special resist 
pens is not recommended. 

Internal view of the instrument. 

The paint is applied with a fine artist’s brush or a loop of 
fine wire. When the paint is dry and the circuit has been 
checked, the board should be floated upside down on the 
surface of a strong solution in water of ferric chloride. 
Etching is often completed in 10 to I5min. The resist is then 
cleaned off with cellulose thinners. The sense amplifier board 
is made in the same way. 

The oscillator and bfo coils (Fig 14.49) are wound on i«in 
diameter formers of the type often found in old radio¬ 
telephone equipment or offered for rewinding by firms 
advertising in Radio Communication. They should be wound 
as shown and preferably checked for resonance together 
with their respective tuning capacitors with a gdo. The 
oscillator coil has its tuned winding pile wound on top of the 
15-turn winding. The other 6-turn winding is put on last. 
The number of turns made by the last winding may be modi¬ 
fied to obtain the best result in individual cases. If the 
circuit does not oscillate, try reversing the direction of this 
winding. 

When complete, both coils should be painted with poly¬ 
styrene cement. The coils, other components and flyleads 
connecting pin 4 of ICI to the junction of R14 and R15, and 
pin 5 of ICI to the junction of R21 and R22, are then 
soldered on to the boards. 

If V bending equipment is available it may be more con¬ 
venient to fit the back of the cabinet separately—this was 
done in the original. Bending can be done very successfully 
over blocks of wood, providing that bending-quality 
aluminium is used. If the lid does not fit well, the inside 
dimension is easily adjusted as shown in Fig 14.50, providing 
there is a small radius at the bend. Precise dimensions of the 
front and back panel layouts have not been given because 
these will depend on the components available. 
The directional aerial is wound on an 8in long, Jin 

diameter ferrite rod. The number of turns for this diameter is 
shown but may be adjusted for other rods. Again, it is a good 
idea to check the result with a gdo. The screen is made from 
aluminium cooking foil and, by insulating the ends with 
varnished paper, care can be taken to avoid a short-circuited 
turn. The screen is then connected to the case. The rod is best 
protected in a handle made from an srbp tube (Fig 14.51). 
The sense aerial is made from a telescopic portable aerial and 
need only be 6-9in long. 

The main pcb is mounted above the floor of the cabinet on 
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63/4*inside 2/4 

213/l6' 

23ZT 

1/2 "f lange 
Hammer-head 

Wood — 

Two blocks 
in vice-jaws 

Tuning 
capacitor 

Slow-motion 
drive 

Method of 
mounting 
tuning capacitor 

Correcting an inside 
dimension error 

Fig 14.50. Constructional details. 

two suitable spacers, and the sense amplifier is carried on a 
small bracket screwed to the back. A suitable epicyclic slow-
motion drive is required for the tuning capacitor, and is 
probably best held in position with an aluminium ring and 
self-tapping screws. The tuning capacitor is mounted on a 
separate bracket as shown. 

When the receiver is wired up and working, check the 
effectiveness of the sense aerial. There should be a minimum 
signal when the transmitting station is at right angles to the 
axis of the rod, and a maximum when the receiver is turned 
through 180°. With the sense aerial switched off a sharper null 
is found in the direction of the axis of the rod. 

Sense Mechanism 
A signal derived from the vertical aerial is amplified by a 

single fet before being added to the signal obtained from the 
ferrite rod. The effective strength of this received signal is 
almost independent of the horizontal position of the receiver, 
provided that the number of turns in the rod which forms 
the coupling winding are few in number (as indicated in the 
rod winding diagram). 

The amplitude of the sense signal is adjusted by altering 

Fig 14.51. Details of directional aerial and mounting plate. 

the length of the vertical whip, and when this is of the correct 
magnitude it will almost cancel the signal from the rod when 
the receiver is at right angles to the direction of propagation 
of the wanted signal in one position. The two signals are 
additive when the rod is turned through 180°. Thus it is pos¬ 
sible to roughly determine the direction of the hidden station, 
but the null is not normally sharp enough to be used for 
taking an accurate bearing. Once a rough indication is 
obtained, the sense amplifier is switched off and the receiver 
is turned through 90° to obtain a more accurate result. 

Using the Receiver 
Results are sometimes more reliable when the receiver is 

near to the ground. Avoid wire fences and other metal objects 
which might distort the signal field pattern. In a walk-round 
hunt it is hardly worthwhile taking compass bearings, and a 
follow-your-nose technique may best be used; otherwise 
bearings may be taken with an oil-damped compass and 
plotted on an Ordnance Survey map. Note that the compass 
needle points to magnetic north, which does not correspond 
to true north and the grid lines on the map, but there is a 
simple method of making allowances for this on every map. 
The designer uses a Swiss Recta compass which is set to allow 
automatically for the error; no doubt others have the same 
facility. 

REPEATERS 

Over the past few years repeaters have had a considerable 
impact on vhf and uhf mobile (and low-power portable) 
operation. The purpose of this section is to describe the 
basic concepts of the system as used for mobile operation 
in the UK, together with the equipment required by the 
user. A note on operating procedures is also given. 

Advantages of Repeater Operation 
A repeater is a device which will receive a signal on one 

frequency and simultaneously transmit it on another 
frequency. Thus a low-power transmitter in a vehicle can 
transmit on the repeater’s input channel and the signal will 
be faithfully re-transmitted on the repeater’s output channel. 
Repeater channels used in Europe and the UK are given in 
Tables 14.8 and 14.9. 

In effect, the receiving and transmitting coverage of the 
mobile station then becomes that of the repeater and, since 
the latter is favourably sited on top of a hill or high mast, the 
range is usually greatly improved over that of unassisted 
or simplex operation (see Fig 14.52). Typically, the effective 
range is increased from the order of 5-15 miles from the 
mobile station to something like 30 miles in any direction 
from the repeater depending upon terrain and band used. 
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TABLE 14.8 
IARU Region 1 vhf and uhf repeater channels 

Channel Input frequency 
(MHz) 

Output frequency 
(MHz) 

RO 
R1 
R2 
R3 
R4 
R5 
R6 
R7 
R8 
R9 

145 000 
14501' 
145 050 
145 075 
145-100 
145 125 
115-150 
145 175 
145 200 
145 225 

145 600 
145 625 
145 650 
145 675 
145 700 
145 725 
V5 750 
145 775 
145 roo 
145-825 

RUO 
RU1 
RU2 
RU3 
RU4 
RU5 
RU6 
RU7 
RU8 
RU9 

433 000 
433 025 
433 050 
433 075 
433-100 
433125 
433 1 ;0 
433 175 
433 200 
433-225 

434 600 
434 625 
434 650 
434 675 
434 700 
434 725 
434 750 
434 775 
434 800 
434 825 

Another advantage is that contact with other stations 
becomes more predictable. The coverages of stations A and B 
in Fig 14.52 continually change shape as the two stations 
pass through different terrain. Thus it is never easy for the 
mobile operator to estimate his or her simplex range. In 
contrast, the repeater service area is a known and much less 
variable factor. 

One further advantage is that mobile “flutter” is usually 
diminished due to the superior aerial location at the repeater 
site. 

It should be noted that these advantages are not gained at 
the expense of operating convenience, access to the repeater 
and the offset in transmit and receive frequencies being 
accomplished automatically by the user's transceiver. 

How a Repeater Works 

The major components of a repeater are an aerial system, 
a receiver, a transmitter and a control system. The receiver 
and transmitter do not differ greatly from those in use at a 
conventional amateur station, although a high professional 
standard is commonplace. The main differences lie instead 
in the aerial and control systems used, and these will now be 
discussed. 

Aerial system 
Because the same band is used for simultaneous trans¬ 

mission and reception, special arrangements have to be made 
so that the repeater transmitter does not seriously degrade 
the nerformance of the associated receiver. 

TABLE 14.9 
UK uhf repeater channels 

Channel Repeater input 
(MHz) 

Repeater output 
(MHz) 

RB0 
RB2 
RB4 
RB6 
RB8 
RB10 
RB14 

434 60 
434 65 
434 70 
434 75 
434 80 
43485 
43495 

433-00 
433 05 
433 10 
433 15 
433 20 
433 25 
433-35 

These frequencies are the reverse of the lARU-recommended frequencies. 
Other channels have been allocated to repeaters but these are the only ones 
in use at the time of going to press. RB8 is reserved for Radio Amateur 
Emergency Network (Raynet) mobile repeaters. 433-2MHz is used in some 
areas as a simplex channel (SU8). 

Fig 14.52. The improved range of communication available between 
mobile stations using a repeater. The simplex coverage areas of 
stations A and 8 shown are constantly changing shape as the two 
vehicles pass through different terrain, and thus station B would 
have to be quite close to station A before reliable simplex 

communication was possible. 

Fig 14.53(a) illustrates the two-aerial approach. The two 
aerials are physically separated from one another and, 
depending on the frequency in use and the distance between 
the aerials, a certain amount of isolation can be achieved. 
This is further improved by the use of high-pass and low-
pass filters as shown, these usually being of extremely 
high-ß cavity construction. 

Fig 14.53(b) shows the single aerial configuration, com¬ 
monly used where space is at a premium on the aerial mast. 
A device called a circulator is used to prevent the receiver 
from “seeing” the transmitter and vice versa. 

Whichever repeater configuration is used, good isolation 
between the transmitted and received signals in the aerial 
system is vital for satisfactory service. 

Control system 
A repeater is an unmanned relay station and therefore 

requires an automatic system to control its operation. This 
system must ensure as far as possible that the repeater only 
relays signals which are intended for that repeater, and that 
those signals it does relay come up to an acceptable standard 
in respect of frequency, strength and deviation. 

To ensure that signals which are not intended for relaying 
cannot activate the repeater transmitter, UK repeaters 
require a short audio tone (or toneburst} of precise frequency 
and duration at the beginning of each transmitting over. 
This signals to the repeater that this signal is intended for 
relaying, and also sets in operation timing circuits within 
the control system. It should be noted that this requirement 
is by no means universal throughout the world. For example, 
Australian repeaters do not require a toneburst at all, while 
Continental European repeaters only require one initial 
toneburst to switch the repeater on. 

A typical sequence of events during a transmitting over 
is as follows. The repeater receiver is switched on continually 
and monitors the input channel, using a squelch system. 
When a signal appears on the input the control system 
determines whether or not: 

(i) the signal has tripped the squelch. 
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Fig 14.53. Block diagrams of repeaters using (a) two aerials and (b) a single aerial for simultaneous transmission and reception. The repeaters 
shown here are operating on channel R7 (see Table 14.8). 

(ii) there was an audio tone of correct frequency and 
duration present, 

(iii) the received signal is correctly deviated. 

If these initial conditions are satisfied (known as a valid 
access) the control system will switch the repeater trans¬ 
mitter on and allow the receiver audio output to modulate it 
by opening what is known as the talk-gate. During the over, 
the control logic continuously monitors the incoming signal 
level and its deviation and, if either of these parameters fall 
at any time below the standard required for valid access, 
may switch off the transmitter or disconnect the receiver 
audio from the modulator by closing the talk-gate. 

When the over is finished and the incoming signal dis¬ 
appears from the input channel, the repeater squelch will 
close and indicate to the control logic that it must ready 
itself for the next over. After a short delay the repeater will 
signal it is ready by transmitting either a “K” in morse code 
or a tone, and the next over may then commence. 

The short delay between the end of an over and the “K” 
is quite important. During this interval the repeater will 
relay any new signals on the input channel (irrespective of 
whether they are preceded by a toneburst or not). Conse¬ 
quently this interval may be used by a third station to quickly 
announce its presence. This practice is termed tail-ending 
and is a good way of inserting urgent or emergency messages 
between overs (see later). 

If the repeater has relayed a signal for more than a certain 
period of time (typically set between 60 and 90s) the control 
system will go into the time-out mode, close the talk-gate, and 
may transmit some form of busy signal until the incoming 
signal disappears off the input channel. This is done solely to 
prevent overs from being too long. When the input signal 
finally clears, the repeater will stop its busy signal, ready 
itself and respond with a “K” when it has done so. 

Sometimes a perfectly valid access is made without being 
followed by a proper transmission. This is termed an 

erroneous valid access and the repeater may send its callsign 
and then switch off its transmitter. 

The flow chart of Fig 14.54 is a diagrammatic summary of 
the sequences described above and illustrates their relation¬ 
ships in a basic control system. Many repeaters have much 
more sophisticated control logic than is implied here. For 
example, some send a telemetric indication if the incoming 
signal is off-frequency or over-deviated. Again, some 
repeaters have slightly more stringent conditions for valid 
access and require the user to give his or her callsign immedi¬ 
ately after the toneburst. Repeaters which have provision 
for automatic switchover to emergency power may indicate 
they have done so by some form of telemetry. 

Further discussion of repeater logic and facilities is beyond 
the scope of this book, but most repeater groups have 
literature available which fully describes their repeater and 
prospective users are advised to study this carefully, and 
then spend some time listening to the repeater in use. 

Toneburst Circuits 
As stated above, UK repeaters require a short audio tone 

of precise frequency at the beginning of each transmitting 
over. Although the type of circuit required to produce this 
tone is quite simple, few things cause more discussion among 
repeater operators than toneburst circuits and their adjust¬ 
ment. 

Fundamentally, there are only three requirements for a 
toneburst unit able to access all UK repeaters—it has to 
produce a tone of 1,750Hz ± 5Hz lasting for about 500ms 
and deviating the carrier by about 2-5kHz. The tone fre¬ 
quency of 1,750Hz is standard in Europe, but the duration of 
the tone required varies from repeater to repeater, some 
requiring as little as 200ms, others (including some in 
Continental Europe) requiring much longer. However 500ms 
will be sufficient in the UK. 

These three requirements may be quite easy to achieve 
indoors at a fairly steady temperature of around 20°C, but 
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Fi ’ 14.54. Flow chart illustrating the method of operation of a simple repeater control system. The starting point is the “Rest state" box (top 
left). Diamonds denote interrogation of the receiving system by the control logic and the answers it obtains, while rectangles denote the 
resulting action taken. In practice, most repeater control systems are more complex and may include facilities, for example, to indicate if 

the incoming user signal is off-frequency. 

the interior temperature of a car can range from — 10°C 
on a cold winter morning to 40°C when it has been standing 
out in the sun on a summer’s day. Even some commercial 
units are incapable of meeting the requirements over this 
temperature range. Add to this the fluctuations in battery 
voltage and the constant vibration encountered in mobile 
service and it can be seen that problems can readily occur. 
There are two approaches widely used to solve this 

difficulty. One is to use an RC oscillator but with high-
quality components, the other to use a crystal-controlled 
oscillator and divide its frequency down to the toneburst 
frequency. An example of each type of circuit is described 
later. 

If the toneburst unit is of the RC type it will require 
setting on to the correct frequency of 1,750Hz. This can 
easily be done with, for example, a digital frequency meter, 
but this type of test equipment may not be to hand. In this 
case one possible method is to ask a station with a correctly 
set toneburst to transmit the tone on a simplex channel and 
beat this against the tone from the circuit being aJjusted, 

which for this purpose should have its output connected 
to an audio amplifier and loudspeaker. If possible both 
toneburst units should be set to run continuously as it is 
more difficult to adjust a half-second bleep accurately. 

If another station’s co-operation cannot be enlisted then 
the next best method is to listen on the input frequency of the 
local repeater and compare the toneburst frequency with 
those of the stations using the repeater. 

Only when it is considered that the toneburst is on the 
right frequency should a test call be made into the repeater, 
eg “G4XYZ testing access through GB3ZZ”. If access is 
achieved the repeater will respond with a “K” or some other 
indication. If it does not the toneburst should be re-adjusted 
off-the-air. Under no circumstances should a continuous 
transmission be made to the repeater while adjustment of 
the tone frequency is being carried out. 

G3VEH “SUPER-BLEEP” 

This circuit, shown in Fig 14.55, uses two gL741 opera¬ 
tional amplifiers. ICI is connected as an oscillator using a 

Fig 14.55. Circuit of G3VEH 
“Super-Bleep" toneburst unit. 
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Fig 14.56. Crystal-controlled toneburst unit. 

T network to derive the frequency, while IC2 is arranged as a 
timing device. 

The frequency of the oscillator is set by RV1 and the out¬ 
put level by RV2. Keying is achieved by either switching the 
12V positive line or by grounding the negative line on trans¬ 
mit. When this occurs the oscillator will start sending a tone, 
C7 will commence to charge up and the voltage at pin 2 will 
rise. When it passes the voltage at pin 3, set to half the supply 
voltage by potential divider R7 and R8, IC2 will switch off 
the oscillator. Thus the values of R6, C7 determine the 
duration of the tone—increasing the value of C7 will give a 
longer burst and vice versa. When at the end of the trans¬ 
mission the 10V supply is switched off, C7 will discharge 
through DI, thus resetting the timer ready for the next 
transmission. 

There is no need to stabilize the power supply as the oscil¬ 
lator does not vary in frequency by more than a few hertz 
over a supply range of 5-15V. However, it is essential that 
Cl, C2 and C3 are polystyrene capacitors and RI, R2, R3, 
R4 and R5 are metal film resistors. 

When initial adjustments are being made to RV1 and RV2, 
it will be found convenient to temporarily ground pin 2 of 
IC2, thus ensuring a continuous tone. 

CRYSTAL-CONTROLLED TONEBURST 

Crystal-controlled tonebursts have two great advantages 
over those using RC oscillators: they are not so temperature¬ 
sensitive and they usually require no initial frequency 
adjustment before use. 

This toneburst design (Fig 14.56) uses a simple crystal-
controlled oscillator, the output of which is divided down to 
1,750Hz in a emos divider, type CD4020AE. This particular 
device is capable of dividing by 2n, where n = 7 to 12, 
according to which output pin is selected. Consequently 
there is a choice of crystal frequencies possible; Table 14.10 
gives details. It will be seen that it is possible to use 450kHz 
FT241 crystals from the junk box and Table 14.11 shows 
those channel numbers which will give the required 1,750Hz 

TABLE 14.10 
CD4920AE divider connections 

Crystal frequency 
(MHz) 

Division Output pin for 
1,750Hz 

7-168 
3-584 
1-792 
0-896 
0-448 
0-224 

4,096 (2‘* 
2,048 (2“ 
1,024 (210

512 (2’) 
256 (28) 
128 (2’) 

) 
) 
) 

1 
15 
14 
12 
13 
6 

TABLE 14.11 
FT241 crystals suitable for toneburst use 

Channel 
number 

Marked Fundamental 
(kHz) 

Toneburst 
(Hz) 

54th harmonic 
series: 

41 
42 
43 

24 1 
24-2 
24-3 

446-296 
448-148 
450000 

1,743-3 
1,750-6 
1,757-8 

72nd harmonic 
series: 

321 
322 
323 
324 

32-1 
32-2 
32-3 
32-4 

445-833 
447-222 
448-611 
450000 

1,741 -5 
1,746-9 
1,752-4 
1,757-8 

when divided by 28. If these older crystals or other low-
frequency crystals aie used the oscillator may need to be 
modified by increasing its capacitances. A change of Cl to 
470pF, C2 to lOOpF and C3 to l,000pF has been found to 
work well with FT241 crystals. 

The reset facility connected to pin 11 on the ic permits an 
extremely simple timing circuit to be used. When C5 has 
charged up to above half the supply voltage (this takes 
about 400ms) the ic resets and mutes the tone automatically, 
although the oscillator continues to function. DI provides a 
fast discharge path for C5. 

The output from the divider is a square wave which is 
changed to triangular waveform by R4, C6. The output¬ 
voltage level is adjusted by RV1 to give about 2-5kHz 
deviation. 

Power for the unit may be taken from any 10V+ regu¬ 
lated source in the transmitter, such as that which often feeds 
the rf oscillator. Power consumption is minimal. If no such 
regulated source is available a simple zener diode and series 
resistor regulator will be sufficient—good regulation is not 
required but the unit should be protected against voltage 
spikes or over-voltage. 

TIME-OUT INDICATOR 

Not everyone can mentally time overs accurately, especi¬ 
ally while driving a car, and this simple indicator will be 
found a useful addition to some mobile installations. 

The circuit is a standard monostable or pulse generator 
(Fig 14.57). The only components which affect the time delay 
are C2 and R3, and since the time involved is fairly long, 
the capacitor should have low leakage and thus preferably 
be a tantalum type. Various combinations of R and C are 

Fig 14.57. Simple time-out indicator. TR1 can be almost any npn 
transistor. 
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TABLE 14.12 
Code of practice for repeater operation 

1. Before attempting to transmit, ensure that: 
(a) your transmitter and receiver are on the correct frequency, 
(b) your toneburst is operating correctly, 
(c) your peak deviation is correctly set. 
Any adjustment to the transmitter or toneburst required should 
be carried out off-the-air, not through a repeater. 

2. Check you will only access the repeater you wish to use (especially 
important in lift conditions). 

3. Listen to the repeater before you transmit to make sure it is not 
in use or in beacon mode. If you hear a local station you wish to 
call, listen on the input frequency to check whether the station is 
within simplex range before calling. 

4. Unless you are specifically calling another station, simply announce 
that you are "listening through”, eg "G4XYZ listening through 
GB3ZZ”. One announcement is sufficient. If you are calling another 
station, give its callsign followed by your own callsign, eg "G2XYZ 
from G4XYZ”. 

5. Once contact is established: 
(a) at the beginning and end of each over you need give only your 

own callsign, eg “From G4XYZ”; 
(b) change frequency to a simplex channel at the first opportunity 

(especially if you are operating a fixed station); 
(c) keep your overs short and to the point or they will time-out 

and do not forget to wait for the "K”; 
(d) do not monopolize the repeater as others may be waiting to 

use it; 
(e) if your signal is very noisy into the repeater, or if you are only 

opening the repeater squelch intermittently, finish the contact 
and try later when you are putting a better signal into the 
repeater. 

6. If the repeater is busy emergency calls may be made by tail-ending 
before the “K”, and announcing (a) that you have emergency 
traffic, and (b) which facilities you wish a station to provide. This 
will normally in most "risk-to-life” situations be a telephone so 
that the other station can alert the emergency services. Do not 
reply to an emergency call if you cannot provide the services 
requested. 

usable, provided a limit of 3-3MÍ2 for R3 is not exceeded. 
The formula for on-time is T = I l RC, R in megohms, 
C in microfarads, provided the leakage of C is negligible. 
The values given provide a time of 54s, but if a slightly 
shorter time is required reduce the value of R3 slightly. 

Output voltage at pin 3 is high while timing is in progress, 
falling to zero at the end of the timing process, and is able to 
source up to 200mA. A suitable lamp would in many trans¬ 
ceivers be the transmit lamp, and if this were used, no 
drilling of the front panel would be necessary. 

The timer is switched on by a short negative pulse at 
pin 2, which is normally held at Fee. This can usually be 
conveniently obtained from the receiver supply voltage, 
which will drop from 10-12V to zero on transmit. The pulse 
is formed by Cl and R2. The timer is switched off by 
grounding pin 4, the reset line, and this is accomplished by 
TRI, which may be almost any npn transistor, inverting the 
positive transition of the receiver supply. 

The timer should be permanently connected to a filtered 
source of +10V to avoid transients that occur in the power 
supply. 
The only problem that may be encountered with this 

circuit is that of capacitor leakage. Even if C2 is a tantalum 
type, it will need several cycles of charge and discharge 
before its leakage settles down to its normally very low value 
of under 1mA, and until this happens the timing period 
will vary. This will show up in the period being too long 
when the timer is first activated each day, but it will settle 
down to the correct value after two or three operations. 
There is nothing much that can be done about this without 
greatly complicating the circuit, and in practice the effect 
does not seem to matter very much. 

Using a Repeater 

The proper use of a repeater requires a high standard of 
operating ability and courtesy. Knowledge of the way in 
which repeaters work and confidence that one’s own equip¬ 
ment is “spot-on” does help, but also required is an ability 
to think reasonably quickly and express oneself concisely, 
this being especially important on a repeater with a high 
level of activity. Such skills can be developed, but it does 
take time. If the reader is a newcomer to repeater operation, 
it will be found that there is no substitute for listening to a 
repeater and noting the best ways in which to operate. 

A spell of listening will soon show that the two most 
common errors are “timing-out” and forgetting to wait for 
the “K”. In each case the repeater will eventually interrupt 
communication and the user, quite unaware of this, may 
spend up to a minute or so blocking the repeater to no avail. 
If it is found difficult to time overs mentally it may be worth¬ 
while buying or building a simple time-out warning device 
as described in the previous section. 

Table 14.12 gives a suggested code of practice for repeater 
operation in general. Certain repeaters, especially those 
outside the UK, may have different requirements, but if the 
rule “listen before transmitting” is followed this should 
present no particular problem. Repeater groups usually have 
available literature giving full details of their repeater and 
its facilities, which is well worth studying. 

It should be noted that although a repeater may provide 
a telemetric indication that a user’s transmitting equipment 
is operating incorrectly this does not mean that equipment 
should be aligned through the repeater, nor is a lack of 
indication necessarily a cause for complacency. For example 
over-deviated signals having deviations in the range ± 2-5kHz 
to ±5kHz will often pass through a repeater without 
actuating its audio blanking circuits. All indications should 
therefore be regarded as a warning, not as a substitute for 
off-air alignment. 
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CHAPTER 15 

NOISE 

TN every receiver there is a continuous background of noise 
-1 which is present even when no signal is being received. 
This noise is caused partly by the valves and circuits of the 
receiver and partly by electrical impulses which reach the 
aerial from various sources: ie it is partly interna! and partly 
external. In general, the more sensitive the receiver the higher 
the noise level, and increasing the sensitivity beyond a certain 
point brings no further increase in range. It is then possible 
to receive at adequate strength any signal not submerged in 
the noise, and further amplification will be of no assistance 
since both noise and signal will increase together. The 
sensitivity is then described as being noise limited, and this 
is the normal condition in modern receivers intended for 
weak-signal reception. 

The purpose of this chapter is to discuss the characteristics 
of the various kinds of noise and to outline the broad 
principles of receiver design which must be followed if a 
high performance is to be achieved. Detailed treatment of 
special noise suppressors or noise limiters for reducing 
interference from ignition systems and other impulse 
generators will be found in the various chapters dealing with 
receivers. 

An account is given here of the general characteristics of 
noise, the way it affects reception, the various sources of 
noise, and the principles involved in reducing its effects to 
a minimum. Finally the application of this knowledge to the 
needs of the average amateur is discussed, and it is hoped that 
this may prove of value to those who have not the time or 
are not sufficiently interested in the “whys and wherefores” 
to read the earlier parts of the chapter. 

THE NATURE OF NOISE 

The noise contributed by the receiver can be minimized by 
careful design, but it is important to appreciate that internal 
noise tends to increase with frequency whereas noise from 
external sources usually decreases. By careful design receiver 
noise can usually be made negligible compared with external 
noise below about 100MHz. Internal noise is caused by the 
unavoidable random movement of electrons in valves and 
circuits, and occasionally by avoidable defects such as dry 
joints in the wiring, faulty valves, and partial breakdowns 
of insulation. External noise can be caused by electrical 
machines and appliances (man-made noise), by atmospheric 
electrical discharges (static or atmospherics) and by radia¬ 
tions from outer space. 

Most forms of electrical noise can be roughly pictured as 
a mixture of alternating currents of varying amplitudes and 
of all possible frequencies. Receivers, however, have a 
limited bandwidth and the observed noise level is a summa¬ 
tion of all the components occurring within this band. As 

Fig 15.1. Noise waveform at the output of an i.f. amplifier. The 
oscillations, which are at the intermediate frequency, are approxi¬ 

mately sinusoidal but have randomly varying amplitude. 

might be expected from this picture, the mean noise power is 
proportional to bandwidth, although at any given instant 
the noise amplitude can have any value depending on the 
extent to which the various components happen to be 
assisting or cancelling each other. 

Fig 15.1 shows a typical noise waveform such as might be 
produced at the output of an intermediate-frequency ampli¬ 
fier by random movements of electrons in early stages; the 
i.f. amplifier can only transmit frequencies within its pass¬ 
band, and the noise applied to the detector has therefore 
the character of an i.f. signal of fluctuating amplitude. 
Fig 15.2 shows the same noise after detection by a linear 
rectifier; this consists of a positive (or negative) voltage 
which fluctuates in accordance with the amplitude of the 
input noise voltage. The important features of this waveform 
are its mean level, its statistical properties (summed up by 
the right-hand scale on the diagram) and its rate of fluctua¬ 
tion which is such that if the bandwidth of the circuits 
preceding the detector is B Hz it requires a time of about 
1 IB seconds for the amplitude to change significantly in value. 
A steady carrier or the output from the beat-frequency 

oscillator when applied to the detector produces a steady de 

Fig 15.2. The same noise waveform after linear rectification. Note 
that it consists of the envelope of the original noise oscillations. 
The waveform as drawn has an average voltage amplitude of 1V 
and the “betting odds" against any particular instantaneous ampli¬ 
tude being exceeded are indicated by the right-hand scale: this 

applies to “white-noise” only. 
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VOLTAGE 

Fig 15.3. Output of linear detector when the input consists of a 
carrier (of voltage V) plus noise. Note that the average voltage 
remains equal to V as long as the noise peaks are less than V, ie as 
long as the noise-modulation of the carrier is less than 100 per cent. 

output voltage V, on which the noise waveform is super¬ 
imposed as shown in Fig 15.3. The noise adds or subtracts 
from this voltage depending on its relative phase, which can 
have any value and, like the amplitude, tends to change 
from one value to another in time-intervals of the order of 
l/B seconds. The noise fluctuations are now symmetrical in 
the sense that they leave the average voltage V unchanged. 

One common effect of the carrier is to change the apparent 
pitch of the noise. Thus the waveform of Fig 15.2 can be 
thought of as being produced by noise frequencies up to a 
bandwidth of B Hz beating together, while that of Fig 15.3 
is due (in the case of normal double sideband reception of A3 
signals) to a carrier in the centre of the passband beating 
with noise frequencies out to a distance of only B/2 away 
from it on either side. This causes a lowering of pitch, which 
rises again when the carrier or bfo is detuned as for ssb or 
single-signal cw reception. This behaviour is illustrated in 
Fig 15.4. With a little practice the operator can use this rise 
in pitch as a method of setting up the bfo. 

Frequently the presence of the carrier or the output from 
the bfo increases the noise level, and this is commonly 

mistaken for noise on the carrier. The correct explanation 
is that when the signal level is low all detectors operate in a 
square-law manner, which is relatively inefficient; frequently 
the noise level is too low to cause the deteclor to operate 
on the linear part of its characteristic, so that the increase in 
noise level when the carrier is applied indicates more 
efficient detection and not a noisy carrier. 

Noise originating externally to the receiver is often much 
more impulsive in character than the internal noise depicted 
in Fig 15.1. It can have a wide variety of characteristics, 
which makes it difficult to discuss in general terms, but the 
representation of Fig 15.1 can be applied to it, bearing in 
mind that (i) the dynamic range may be much greater and the 
“betting odds” of Fig 15.2 are not applicable, (ii) the enve¬ 
lope may show much slower variations, and (iii) there may 
be gaps in the noise waveform which can be exploited for 
reception particularly when, as is frequently the case in 
amateur working, low-grade communication is better than 
none. 

THE EFFECT OF NOISE ON RECEPTION 

The various random voltages originating in the receiver, 
together with certain kinds of externally-generated voltages, 
give rise to what is popularly known as white noise. It is 
described in this way because, like white light, its energy is 
uniformly distributed over the relevant frequency band. The 
manner in which such noise interferes with the reception of a 
signal is governed by certain elementary principles. Some 
discussion of these principles may prove interesting and 
helpful, although as will be seen their application to practical 
problems is not always straightforward. 

It is useful to start by considering the nature of the signal. 
Any signal waveform can be considered as being built up 
from a succession of impulses, and it is obvious that the 

AUDIO NOISE SPECTRUM 

(a) No carrier 

(b) Carrier at centre frequency of 
passband (carrier stronger than 
noise). 

Audio frequency (Hz) 

(c) Carrier at edge of passband, 
as for idealized ssb reception. 
This could also apply to the single¬ 
signal reception of cw signals. 

Fig 15.4. Frequency characteristics of noise in various receiving conditions. When the frequency of the carrier (or the bfo) is at the centre 
of the passband the noise-pitch is at its lowest, and when it is tuned to the edge of the passband the noise-pitch is at its highest. The band • 

width of the amplifier is assumed to be at least as great as the i.f. bandwidth. 
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NOISE 

more rapidly the voltage constituting the signal changes, 
ie the higher the frequencies in its modulation envelope, the 
shorter the impulses which must be used to obtain a reason¬ 
ably accurate representation of it. A cw signal, for example, 
could be built up from impulses equal in length to a morse 
dot, say 01s, whereas a telephony signal having frequencies 
up to 3kHz would need to be regarded as a succession of 
impulses not more than 1 /3,000s in length. If / is the duration 
of an impulse, an i.f. bandwidth of 1/r is needed for repro¬ 
ducing it, ie 3,009Hz in the case of a telephony signal. The 
use of the term i.f. bandwidth avoids any possible confusion 
due to factors arising in the detection process, such as the 
ratio of two between the overall and i.f. noise bandwidths 
which is illustrated in Fig 15.4(b), but it will be shown later 
that such distinctions are not important during the actual 
reception of normal amateur signals when these are inter¬ 
fered with by noise only. The rf bandwidth is usually much 
greater than the i.f. bandwidth and can therefore be ignored. 

The optimum bandwidth must be in the region of 1/r, 
since this value allows the wanted impulse to build up 
almost to full amplitude and a greater bandwidth can only 
increase the effective amount of noise and not the signal. 
On the other hand, a smaller bandwidth reduces the ampli¬ 
tude of the signal more rapidly than that of the noise. 

The noise in a bandwidth of 1/r also consists of impulses 
of duration t, but these vary in amplitude and phase in a 
random manner. Each impulse, before detection, normally 
contains a considerable number of cycles of rf or i.f. oscilla¬ 
tion, like those shown in Fig 15.1. When a waveform is 
represented by impulses in this way, the phase and ampli¬ 
tude are regarded as being constant for the duration 
of any one impulse but there need not be any similarity 
between consecutive impulses. It will be appreciated that 
this is merely a convenient approximation, since in practice 
there is usually a smooth transition from one value to the 
next. 

The size of any one noise impulse is a matter of chance, 
some values being more likely to occur than others, and 
Fig 15.2 shows the "betting odds” against any given impulse 
exceeding the indicated values. To see what this means in 
practice, consider the reception of a single morse dot, the 
bandwidth being just wide enough and no more; Fig 15.2 
shows that there is a reasonable chance of the noise ampli¬ 
tude reaching, say, three or four times the rms value, and 
unless the signal is even larger in amplitude it is likely to be 
mistaken for noise or vice versa. It is impossible to detect 
with certainty the presence of the morse dot in these circum¬ 
stances, either aurally or mechanically or by any means 
whatsoever, unless it is stronger than any likely value of the 
noise. In aural reception, however, with the stipulated band¬ 
width (about 10Hz), the noise has a rough musical pitch 
similar to the wanted beat-note, resulting in an unpleasant 
overall effect, and the discriminatory powers of the ear are 
not used to best advantage. Under normal conditions it is 
found that the bandwidth can be extended indefinitely, and 
although the noise level rises the ability to copy a given weak 
signal through it is unaffected. This is because the ear itself, 
from the point of view of discrimination between signals 
and noise, acts as a filter having a passband of about 50Hz 
and thus tends to determine the overall receiving bandwidth. 
The noise which is effective in masking a wanted 1,000Hz 
beat note is mainly that part of the noise spectrum between 
975 and 1,025Hz, and adding noise outside these limits 
has no adverse effect at normal audio levels. The usefulness 

of aural selectivity is not restricted to the separation of 
signals from noise, and most readers will be familiar with the 
fact that a weak morse signal can be read in the presence 
of a much stronger unwanted signal when the beat notes 
are well separated in pitch, whereas two signals producing 
nearly the same heterodyne frequency are much more 
difficult to copy. 

It has been explained above that the problem of separating 
weak signals from a noise background is in principle one of 
deciding at each instant whether a true signal or only noise is 
present at the output of the receiver. This is a useful way of 
visualizing the basic problem, but in aural or visual reception 
the process is not carried out consciously and deliberately in 
the manner stated, and a variety of subjective or intellectual 
influences are usually at work. These are dependent partly on 
“integration” and partly on the fact that large portions of 
most messages are redundant so that missing words and 
phrases can often be filled in simply because nothing else 
would make sense. A missing dot in a morse transmission 
may be serious if it occurs in a callsign, but in a group of 
figures, known to contain no letters (eg a contest number or 
RST report), the figures can often be correctly deduced even 
if several of the dots are missing. 

Integration is the process of adding together several 
signal impulses to give one larger one. This is largely the 
preserve of radio astronomers and radar engineers, but it 
also forms part of the subjective processes which are called 
into play while an attempt is being made to decipher a weak 
signal against a noise background. 

Because of these and other complexities (eg fading) it is 
difficult to give any useful figures of signal-to-noise ratios 
required for amateur communication: more-or-less agreed 
figures exist for various types of commercial service, but 
amateur requirements tend to be both more modest and 
more elusive. The ability to read signals through white noise 
is not possessed in the same degree by all operators, but in 
general the human ear is a very efficient device for this 
purpose. When, as in amateur communication, messages 
are in plain language and tend to have standardized content 
such as RST reports, names and greetings, the aural selec¬ 
tivity tends to be supplemented by discrimination of an 
intellectual kind and no improvement is obtainable by the 
use of additional filters or other devices. It must be empha¬ 
sized, however, that this applies only to white noise. It 
further assumes the absence of overloading in the receiver, 
adequate bfo injection voltage at the detector and a reason¬ 
able amount of audio gain. At very high volume levels the 
ear has a non-linear characteristic, reception is degraded and, 
if the bandwidth is increased at constant gain, the noise level 
will be further raised and the situation will be aggravated. 
On the other hand, if the volume is too low, signals com¬ 
parable with the noise level may not be loud enough for good 
intelligibility. In the case of impulsive noise (eg atmospherics 
and ignition noise) the ear can often be given considerable 
assistance by devices such as limiters which prevent over¬ 
loading and enable a signal to be copied through gaps in 
the noise (see Chapters 4 and 14). 

An understanding of the mechanism of detection (includ¬ 
ing the effects shown in Fig 15.4 and the relatively complex 
phenomenon of modulation suppression) is important to the 
understanding of many noise problems and leads, as we 
have seen, to correct interpretation of the ways in which the 
amplitude and the pitch of the noise vary during the tuning¬ 
in of a signal. However, in regard to the actual copying of 
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signals of the kinds met with in amateur radio, the problem 
can be very much simplified; this is because during such 
reception the detector is always operating as a mixer, ie 
there is always present a continuous signal or carrier which 
is strong compared with the noise, and the detector output 
is the beat frequency between the signal which conveys the 
intelligence and this strong oscillation. So long as this 
holds true, the detector, like any other frequency changer, 
is merely a device for shifting the frequency spectrum; 
it has no other effect on the signal or the noise, and no 
distinction need be made between post-detector and pre¬ 
detector selectivity, except where a factor of 2 must be 
introduced to allow for the superimposing of two similar 
sidebands in the process of detection, as indicated in Fig 
15.4(b). This argument breaks down if, in a.m. reception, 
the carrier is not strong compared with the mean noise 
level, but in the case of the narrow band receivers usually 
employed for amateur reception the signal is then too weak 
for normal speech signals to be readable. If, however, the 
predetector bandwidth is increased to an amount greatly in 
excess of requirements, the noise voltage may be increased 
so that it exceeds the carrier level of a weak signal; it then 
exerts a “capture effect” and the wanted modulation is 
suppressed. 

INTERNAL NOISE 

Noise originating in the receiver can usually be distin¬ 
guished from external noise by the fact that it persists after 
disconnecting the aerial, but this test can be misleading 
since the change in damping or tuning of the first circuit 
may alter the internal noise level, and it is better to make 
the experiment by changing over from the aerial to an 
equivalent dummy aerial. In the hf bands, where external 
noise levels are high, this gives a simple and accurate check 
of the noise performance of the receiver; thus a change of 
6dB (ie a ratio of 4 : I) in the noise level would mean that 
the receiver was responsible for a quarter of the total noise 
power, and the overall performance would be about IdB 
worse than with a perfect receiver. These figures, of course, 
assume linear detection and no overloading in the receiver. 

Provided that no part of the internal noise is due to faulty 
wiring or components, hf noise consists mainly of 

(a) thermal noise, 
(b) shot noise in valves and transistors, 
(c) induced grid noise in valves. 
Whichever variety of noise is being considered, it is of 

practical importance only when generated in the early stages 
of the receiver, since noise generated later in the receiving 
chain is not amplified to the same extent. 

Thermal Noise 

The electrons in a conductor are in continuous random 
motion at a rate which increases with the absolute tempera¬ 
ture (obtained in degrees Kelvin by adding 273 to the 
temperature in degrees Centigrade). The voltage produced 
by the electrons add together like other ac voltages, ie as the 
square root of the sum of the squares, and therefore if two 
similar conductors having equal resistances are joined in 
series the resultant noise voltage produced is V2 times that 
developed across either of the conductors considered singly. 
For any given conductor the noise voltage corresponding 
to a bandwidth of B Hz is equal to VHÄTß/?) where K is 
Boltzmann's constant (1-37 x IO-23 joules/deg K), Tis the 

Fig 15.5. Chart for determining the noise voltage developed in a 
resistance for a specified bandwidth Af at room temperature (20 C). 

Note that the scales are logarithmic. 

absolute temperature (in deg K) and R is the resistance of 
the conductor (in ohms). This relationship is plotted graphic¬ 
ally in Fig 15.5, but a handy figure to remember is 013¡j.V 
(approximately) for l,000fi at 1kHz bandwidth and at room 
temperature. The thermal noise generated in a tuned circuit 
can be calculated from the same expression if R is taken to 
represent the dynamic impedance: thus for a parallel 
resonant circuit R should be substituted by see 
Chapter 1—Principles. 

Thermal noise tends to be overshadowed in hf reception by 
noise picked up by the aerial, and in vhf/uhf reception by 
noise generated in valves or transistors. 

The concept of noise temperature is helpful in assessing 
and comparing noise from all sources; thus it is now custom 
ary to express the external noise level by assigning an 
equivalent temperature to the radiation resistance of the 
aerial, ie the temperature it would be required to have if 
it were to produce the observed amount of noise merely as a 
consequence of thermal agitation. Similarly, valve shot noise 
is expressed in terms of an equivalent (room temperature) 
noise resistance, and induced grid noise in terms of an 
equivalent temperature attributed to the resistive component 
of the valve input impedance. The advantage of these con¬ 
cepts becomes apparent in dealing with noise factor as 
discussed later in this chapter. 

Valve Shot Noise 

This can be pictured by thinking of the anode current as 
being due to electrons hitting the anode like a stream of shot, 
or to the impact of hail against a window-pane, rather than 
as a continuous smooth flow. If the anode current / flows 
through a resistance R, the noise voltage developed is 
y/ilelBRF2) where e is the charge on an electron and F2 

is the space-charge smoothing factor. Comparison of this 
formula with the thermal-noise formula is the basis of the 
noise-diode method of measuring receiver noise performance, 
F2 being unity when, as in the noise diode, all available 
electrons are drawn to the anode. This condition is particu¬ 
larly useful for the construction of standard noise sources 
for use in noise measurements, the noise output being 
accurately calculable. Almost any valve with a tungsten 
(including thoriated tungsten) filament can be used in 
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this way but coated cathodes are unsuitable. Temperature 
limitation is ensured by increasing the anode voltage until 
there is no further increase of current, and assuming 
adequate voltage (typically about 50V) the current, and 
therefore the noise output, may be varied by alteration of 
filament current. For amplifying valves operating normally, 
F2 is usually about 015 and it is convenient for comparison 
with aerial and thermal noise to represent the valve shot 
noise by a fictitious equivalent noise resistance (Req) such 
that a noise voltage \/(4KTBReq) applied between grid and 
cathode would produce the equivalent fluctuation of anode 
current. It should be noted that the equivalent noise resis¬ 
tance is a mathematical fiction, convenient for calculations 
but not a true resistance to which Ohm’s Law could be 
applied. Additional noise (“partition noise”) is generated in 
tetrode and pentode valves due to random sharing of the 
electron stream between anode and screen. This is aggravated 
at high frequencies by inverse feedback due to cathode-lead 
inductance and is the largest source of noise in such valves, 
which are now obsolescent for low-noise applications. 

Formulae for the calculation of the values of Req are 
given in Chapter 2— Valves. 

Induced Grid Noise 

At low frequencies the voltage on the grid of a valve due 
to an applied signal can be considered as being constant for 
the complete interval of time taken for one electron to 
leave the cathode space charge and arrive at the anode. 
As the frequency is raised this state of affairs ceases to exist 
and as the number of electrons approaching the grid is no 
longer equal to the number leaving it, a current is induced 
in the grid circuit giving the effect of a resistor Rt, which 
decreases as the square of the frequency in shunt with the 
grid circuit. This resistor also appears as a generator of 
thermal noise at an equivalent temperature comparable 
with that of the valve cathode, ie about five times the 
absolute room temperature. There is partial correlation in 
phase between the shot noise and the induced grid noise 
with the result that one can be partially balanced against 
the other by detuning the grid circuit and thereby altering 
the relative phases. In general the reduction in noise is small 
and the two sources can be treated as independent to a 
first approximation, although it is often found that the signal-
to-noise ratio tends to vary in an unsymmetrical way as the 
tuning of the input circuit is varied. 

Flicker (1//) Noise 

Amplifying devices normally exhibit additional noise at 
low frequencies, characterized by the property that noise 
power increases inversely as the frequency. It is negligible 
above some frequency, often known as the “corner fre¬ 
quency”, and tends to be proportional to current, being 
described by such terms as flicker noise, (1//) noise and 
“current noise”. The mechanisms are not all fully understood 
but “surface states” are often involved and there is some 
analogy between flicker noise and noise in carbon micro¬ 
phones where it is associated with variable contact between 
the granules. It can also be caused by temperature fluctua¬ 
tions, eg 2-3/tV per 0 001 °C for a semiconductor diode [I]. 
The “corner frequency” may vary between a few tens of 
hertz as for valves with tungsten filaments (eg a noise diode) 
and a megahertz or more for some semiconductor devices. 

It is not usually an important factor in amateur reception 
but will probably be encountered if an attempt is made to 
obtain as much as possible of the receiver gain at audio 
frequencies, as for example in direct-conversion receivers. 
In one instance it proved a major obstacle in the development 
of a transistorized version of an ssb transceiver having a 
filter constructed from "surplus” crystals; the high level of 
spurious responses required low level operation of the 
product detector which was followed by a high-gain audio 
amplifier, and satisfactory performance was not realizable 
until the advent of low-noise field-effect transistors. 

Semiconductor Noise 

Noise effects in semiconductors are largely analogous to 
those in valves though the situation is complicated by (a) 
base (or source) "spreading resistance" which is important 
mainly as a source of thermal noise in bipolar transistors 
but can also contribute to signal attenuation at very high 
frequencies, (b) the need in the case of bipolar transistors 
to take into account the shot noise associated with the base 
current and (c) a variety of effects difficult to take into account 
theoretically, such as leakage currents and the interdepen¬ 
dence as well as temperature and frequency dependence of 
various parameters; fortunately these can usually be 
ignored as a first approximation, at least when dealing with 
the silicon planar and field-effect transistors most likely to 
be selected for low-noise applications. With transistors, 
unlike valves, it is impossible to make a direct connection 
to the “control electrode”, and the base current has to find its 
way to the scene of action by spreading out from the base 
connection into the bulk of the semiconductor material, 
hence the term “spreading resistance”. The capacitance is 
also a rather complex phenomenon, being attributable in 
part to phase shifts associated with the inability of electrons 
(or “holes”) to move fast enough. An important practical 
aspect of this is the location of the capacitive reactance, 
which is more or less at the far end of the spreading resistance 
so that it is not accessible (even in part) for removal by 
tuning. 

Additional sources of noise in transistors include leakage 
currents, but these tend to be unimportant in modern tran¬ 
sistors intended for low-noise applications. 

Semiconductor devices benefit from the absence of a hot 
cathode so that the temperature of the electrons is lower, and 
Req for an fet is of the order of 0-7/gm as compared with 
2-5/gm for a triode valve, g„, being the mutual conductance. 
The noise of bipolar transistors may be represented [2] by a 
current generator ReqC = 2/3/^ plus a voltage generator 
Reqv = (rb + 1 /2g) where rb is the base spreading resistance 
and g the emitter-to-base diffusion conductance, \/g being 
given in ohms by 21 lie where I e is the emitter current in milli¬ 
amps. The value of rb may be obtained (sometimes) from 
manufacturers’ data sheets. As in the case of Req these are not 
actual resistances but descriptions of the noise voltages and 
currents in terms of the equivalent thermal noise generators. 
In these expressions ß is the current gain and ß/g the input 
resistance of the active part of the transistor, ie the resistance 
which would be measured if it were possible to get at the 
junction directly, without having to go through the spreading 
resistance, assuming grounded-emitter operation. The use 
of these concepts in the design of receiver input stages is 
explained in a later section and it will be noted that for best 
noise performance g should be as small as possible. This in 
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turn means that collector current must be kept as low as 
possible consistent with adequate gain, and values of 1mA 
or less are typical of medium frequencies, though higher 
values increase the upper frequency limit and tend to improve 
the noise performance as this limit is approached. On the 
other hand much lower values of current are usually desirable 
at low frequencies in cases where flicker noise is appreciable; 
as already noted, field-effect transistors are particularly good 
in this respect, but this applies only to junction types, not 
insulated-gate transistors, which suffer from surface-leakage 
problems at If. 

Due to the high input impedance of an fet the source 
spreading resistance rs is of negligible consequence unless 
the frequency exceeds 1/(2 Crs) where C is the input capaci¬ 
tance. 

AERIAL NOISE 

If a receiver is connected to a signal generator or to a 
dummy aerial a certain thermal noise voltage is fed into the 
receiver. This so-called aerial noise would determine the 
minimum usable signal level if the receiver itself generated no 
noise and if the real aerial produced the same noise as 
the dummy aerial. It has been found convenient to use the 
thermal noise level of the dummy aerial as a basis for the 
definition of noise factor as explained later in this chapter, 
because in this way the definition is directly related to the 
normal conditions of measurement. Unfortunately the noise 
levels of real and dummy aerials are usually quite different, 
so that both the definition and the measurements are not 
directly related to actuality and can be very misleading unless 
the appropriate allowances are made. 
When the impedance of a real aerial is measured, for 

example with an impedance bridge, it is found to consist of 
resistance and probably some reactance as well. The reac¬ 
tance can be ignored for the purpose of the present dis¬ 
cussion since it is usually tuned out in one way or another 
and does not itself contribute to the noise level. The resis¬ 
tance consists partly of radiation resistance and partly of loss 
resistance. The loss resistance is made up of the ohmic 
resistance of the aerial wire, leakage across insulators, 
losses in the immediate surroundings of the aerial, and also 
includes the resistance of the earth connection when a 
Marconi aerial is used; it is generally important in the case of 
If reception and when using indoor and frame aerials, and 
is one of the two factors (the other being the bandwidth) 
which determine the extent to which it is practicable to 
reduce the size of an aerial system. The loss resistance is a 
source of thermal noise corresponding to a temperature 
which is usually taken as 300°K, although it can of course 
vary by 10 per cent or more from this figure depending on 
the local climatic conditions. In the higher frequency bands 
the loss resistance can normally be made negligible com¬ 
pared with the radiation resistance, which in practical cases 
can be considered to have any noise temperature from less 
than 10°K up to thousands or millions of degrees depending 
on the frequency and other factors. 

Radiation Resistance 

There is no connection between the noise associated with 
the radiation resistance of an aerial and the actual physical 
temperature of the aerial or its surroundings, and to appre¬ 
ciate why this must be so it is necessary to understand the 
meaning of radiation resistance. 

When power is fed into a load, it is absorbed in the resis¬ 
tance of the load, and this is just as true for a transmitter 
feeding power into the radiation resistance of an aerial as it 
is for any other generator and load; but as is well known, 
power radiated from an aerial may travel immense distances, 
even to outer space, before being absorbed. The radiation 
resistance of an aerial therefore tends to be a property of the 
whole of space of which the local features occupy merely a 
trivial part. The radiation resistance as such depends only 
on the fact that power is dissipated, regardless of whether 
it is “consumed” by terrestrial objects or travels on into space 
to be eventually absorbed or “lost without trace”. Any 
object capable of absorbing power from an aerial tends to 
radiate thermal noise power back to it, and “aerial noise” 
arises also due to radiation from a variety of terrestrial 
and extra-terrestrial processes. 

EXTERNAL NOISE 

The main sources of noise external to the receiver which 
affect communication may be grouped under three headings : 

(a) man-made, 
(6) atmospheric, and 
(c) cosmic. 
During periods of intense solar disturbance, radio noise 

from the sun also tends to interfere with normal reception. 

Man-made Noise 

In remote rural areas, the level of man-made noise may be 
pleasantly low or even negligible, whereas in congested towns 
it may be intolerably high. The various kinds are often 
identifiable by reason of their time characteristics. Most of 
them originate in domestic electrical appliances or in indus¬ 
trial equipment. Common sources of this kind of noise are 
high voltage power lines, light switches, vacuum cleaners, 
refrigerator motors, advertising signs, electric drills, petrol 
engines, trolley buses and electric trains. 

Intermittent clicks, such as those produced by switches and 
well-designed thermostats—unless very frequent—do not 
cause serious trouble: isolated noise impulses destroy only 
occasional short elements of the signal and comparatively 
little of the information content is lost. 

Continuous interference, such as that caused by commu¬ 
tators or faulty discharge-tube lighting, is much more 
damaging to good communications. Such interference 
spreads over a very wide frequency range, although some 
fluorescent tubes generate a broadly tunable noise band of 
unstable frequency. 
The type of noise associated with commutators, often 

known as hash, is only partly impulsive in character and 
cannot be dealt with successfully by any noise-limiting 
device in the receiver. The true impulse type of noise, such 
as ignition interference, is much easier to suppress. One of 
the advantages of the frequency-modulation system is that 
if the receiver is correctly designed and adjusted, interfer¬ 
ence from high-amplitude impulse noise is virtually elimi¬ 
nated, though a similar result can be achieved in the reception 
of a.m. signals if sufficient i.f. bandwidth and appropriate 
limiters are used. Individual sources of man-made noise 
usually have a relatively small range, and considerable 
improvement may be obtained by raising the aerial system 
as high as possible and by using a screened feeder. In the 
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Fig 15.6. Variation of external noise level with frequency, 
Curve A shows that during the day in temperate zones 
the noise is mainly man-made at frequencies below 
about 12MHz. In these zones, atmospheric noise adds 
considerably to the total noise level at night (curve B). 
In tropical zones the atmospheric noise is relatively 
severe: curve C represents the worst conditions in these 
zones. The vertical scale indicates the number of decibels 
by which the noise level in a perfect receiver would 
increase if it were disconnected from a dummy aerial 
and fed from an efficient aerial of similar impedance. 

lower hf range, however, man-made noise from the large 
numbers of distant sources tends to be a limiting factor even 
at some distance from main centres of population. 

Atmospheric Noise 
The primary source of atmospheric noise (or static) is the 

ordinary lightning discharge. When propagation is world¬ 
wide, noise may be received from large numbers of different 
thunderstorms all over the world, and if the number of 
discharges is large enough the general appearance and 
statistical properties will have some resemblance to those of 
white noise. On the other hand, a local thunderstorm will 
produce large “crashes” with intervals between them so 
that the ratio of peak-to-mean noise level can be very large. 
The noise from local storms is naturally much more intense 
and is considerably greater on the lower radio frequencies; 
ol course this is only intermittent and does not require to be 
taken into account in the design of the “front end” of 
receivers, though some form of crash limitation is necessary 
to avoid “aural overload” and usually exists by virtue of age 
action or audio limiting. 

A not infrequent, but usually short-lived, form of inter-
feience is due to rain static, ie currents induced in the aerial 
by electrically charged raindrops. 

Cosmic (Galactic) Noise 
Considerable noise radiation is received from the Milky 

Way and other galaxies, some of which are so remote that 
they are not visible even in the most powerful optical tele¬ 
scopes. At the wavelengths mainly used for long-distance 
communication the ionosphere is transparent except at the 
fairly low angles of incidence responsible for the propaga¬ 
tion of wanted signals. Over the range 14-28MHz, galactic 
noise is usually about 2O-3OdB greater than the internally 
generated noise of a triode or transistor rf stage designed 
for minimum noise factor (Fig 15.7). Apart from the varia¬ 
tion with frequency, cosmic noise is similar in character to 
thermal noise. 

Total Noise Level 
A general idea of the variation of atmospheric, man¬ 

made and cosmic noise levels with frequency over the 
hf and vhf bands is given in Fig 15.6. These curves have been 
somewhat freely adapted from previously published data, 
bearing in mind the need for a simplified presentation. 
Below 14MHz the diagram should be regarded only as a 
rough guide, since atmospheric and man-made noise levels 
are extremely variable, and the noise is generally more 
impulsive in character. As explained earlier, impulsive 
noise tends to be relatively less serious the lower the grade of 
communication, and for amateur purposes the effective 
lower-frequency noise levels may be lower than indicated 
although some slight “weighting” in this direction has taken 
place in the course of adapting the data. 

The marked difference in atmospheric noise levels between 
day and night is due to the more efficient propagation at 
night from distant storm centres located mainly in the tropics. 
Above 100MHz the external noise level continues to decrease, 
being much less than room-temperature thermal noise in the 
432MHz band, and frequently equivalent to only a few 
degrees absolute in the microwave bands. 

NOISE PERFORMANCE OF RECEIVERS 

When it is desired to measure the sensitivity of a receiver, 
some form of test signal is fed in through an impedance 
which simulates that of the aerial from which the receiver 
is designed to work. Such an impedance is known as a 
dummy aerial and is a source of thermal noise at room tem¬ 
perature, T. If the receiver were perfect the noise at its output 
terminals would consist only of amplified noise from the 
dummy aerial, but in practice the receiver adds a certain 
amount of noise as previously explained. 

Actual aerials may produce more or less noise than equiva¬ 
lent dummy aerials, depending on the frequency and other 
circumstances. This may be taken into account by assigning 
the appropriate “noise temperature” Ta to the aerial, eg from 
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Fig 15.7. Approximate relationship between 
aerial noise and receiver noise over the 
amateur frequency bands. The valve and 
transistor noise curves represent typical 
good designs. Considerably higher noise 
levels may be observed with narrow-beam 
aerials directed at the sun or towards the 

centre of the galaxy. 

Fig 15.6 or 15.7. Similarly any increase of noise due to 
imperfections in the receiver can be represented by an 
equivalent increase Tr in the aerial noise temperature. The 
ratio TriTa is then the true measure of noise performance 
of the receiver, which is 3dB worse than perfect if Tr = Ta, 
or IdB (ie 24 per cent) worse if Tr is 24 per cent of Ta. By 
expressing Tr in decibels relative to room temperature T, 
it can be directly compared with the noise levels indicated 
in Figs 15.6 or 15.7 to establish whether it is significant in 
relation to the external noise level. 

The valve and transistor curves in Fig 15.7 illustrate the 
lowest values of Tr which can be achieved without undue 
difficulty compared with the lowest likely external noise 
levels, as a function of frequency. As explained later, 
however, it is not always desirable to aim at a low value of 
Tr, and hf receivers almost always have much higher values 
than vhf receivers. 

Noise Factor 
The equivalent-temperature concept of receiver noise is 

not yet universally adopted: the noise performance of 
receivers is usually specified in terms of noise factor, this 
being the number of times by which the total noise power 
effectively exceeds that part of it attributable to the aerial 
(which, for this purpose, is assumed to be at room tempera¬ 
ture corresponding to the usual conditions of measurement). 
Unfortunately extreme care is required in specifying the 
conditions of measurement and in interpreting the figures 

obtained. The advice offered in Chapter 18 on the subject of 
noise measurement should be closely followed; the method 
of measurement described there is based on the definition 

Noise Factor = (T + TrfT 

where T is the room temperature. This can of course be 
arranged in the form 

Tr = (Noise Factor — \)T 

to enable the noise factor as normally measured to be 
expressed directly as an equivalent aerial temperature. 

The object of good receiver design is to reduce Tr until it 
is negligible compared with the aerial noise temperature but 
not necessarily to make Tr as small as possible; any further 
possibility of improvement can generally be used instead to 
improve the receiver in other respects as discussed later, or 
perhaps to reduce its cost. The value of Tr is obtained from 
the measurement in the form Tr/T = (F — 1) where F is the 
noise factor expressed as a numerical ratio, in other words 
T, is obtained in units of “room temperature” and there is 
no need to multiply by 290, thus converting it to degrees 
Kelvin, unless using data which is also expressed in degrees 
K. Thus if the receiver noise level read from Fig 15.6 is 3dB, ie 
a numerical ratio of 2, we have Tr = 2 “room temperatures” 
or 2 X 290 = 58O°K according to choice. 

For the rest of this chapter “room temperature” will be 
used as the basic unit so that Tr = (F — I), ie F = (1 + Tr). 
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It is important to note that in this case Tr and F are both 
numerical ratios, F being used directly as measured, ie 
without the complication of converting it to the more usual 
logarithmic form: 

F(dB) = 10 log (1 + Tr). 

The advantage of using “temperature” rather than F is 
demonstrated by the following example. If Ta is nearly zero 
and Tr for two receivers is 0-3 and 0-6 respectively, it is 
immediately obvious that the second receiver produces 
twice as much noise power as the first, and the real difference 
in performance is 2 : 1 or 3dB. The ratio of the noise 
factors, however, is only 1-6/1-3 = 1-23 or a difference of 
only 0-9dB and, as a comparative figure, this is clearly 
misleading. 

Use of “temperature” is now universal in professional 
low-noise applications such as satellite communications and 
radio astronomy but continued use of F(dB) in the literature 
and manufacturers’ data sheets makes conversion necessary, 
eg with the aid of Fig 15.8. In plotting curves of Tr covering a 
wide range of values it becomes necessary to use a logarith¬ 
mic scale as in Figs 15.7 and 15.8. 

Optimization of Noise Performance 

In designing a low-noise input stage for a receiver the basic 
problem is to amplify the aerial noise without adding noise. 
This may seem a curious way of stating the problem since 
noise, whatever the origin, is by definition unwanted; 
obviously, however, if aerial noise is amplified without any 
additions, so is the signal. Some readers will be familiar with 
definitions of noise factor in terms of signal-to-noise ratios 
and the complexity to which this can lead both in the 
definition itself and in its subsequent application to design 
problems. The approach used in this chapter is simplified 
by the fact that all the voltages to be compared are described 
“in the same language” so that bandwidth (which also 
involves problems of definition) becomes a common factor 
which can be eliminated. It is a basic assumption that all 
noise sources are subject to the same narrow-band amplifica¬ 
tion and caution is needed if, for example, an ssb filter is 
preceded only by a mixer and followed by a broad-band 
amplifier. It should also be noted that double-sideband 
reception of ssb or cw signals involves a 3dB increase of 
noise which is not reflected in the noise factor. A further 3dB 
loss would be incurred in the absence of image-rejection. 

The relationship of noise sources and impedances at the 
input of a receiver can be represented by an equivalent cir¬ 
cuit such as Fig 15.9(a), which shows an aerial connected to a 
triode valve through a “transformer” (consisting, for example, 
of a tuned circuit) arranged so that the aerial impedance 
Ra as “seen” by the valve can be adjusted to any desired 
value. R c is the parallel resonant impedance of the tuned 
circuit, including any damping due to the valve input impe¬ 
dance, and Req is the valve noise resistance as defined above. 
The noise produced by the resistances is represented by 
separate thermal noise generators, so that a noisy resistance 
such as Rc becomes a noiseless resistance in association with 
a voltage generator vn = \(4kTcBRc), the temperature Tc 

being assigned to allow for the possibility that Rc may be 
“hotter” than room temperature, as explained in the 
section on induced grid noise. To avoid confusing the issue 

by uncertainties in regard to the aerial temperature, Ra is 
assumed to be at “room temperature” which, apart from 
conforming to the usual conditions of measurement, pro¬ 
vides as we have seen a convenient unit of temperature. 
Ignoring any large differences in “temperature” between the 
three resistances, it will be obvious from inspection that Tr 

is negligible provided R c Ra Req', in this case Rc does 
not appreciably attenuate the aerial noise but is itself virtu¬ 
ally short-circuited by the aerial. This only leaves Req, which 
is negligible compared with Ra, so that virtually all the noise 
comes from the aerial. 

Fig 15.8. Comparison between noise temperature and noise factor. 
Use dotted curve for very low values. At higher values N and Tr 
become nearly equal when both are expressed in the same terms. 

This is typical of what can be achieved with practical 
circuits at low frequencies, but note that the tuned circuit 
will be heavily damped because its natural impedance R c 

is shunted by the relatively low resistance R a. This is equiva¬ 
lent to “overcoupling” the aerial and produces a loss of 
selectivity which may not always be acceptable. The aerial 
itself is badly mismatched, but the consequent reflections 
do not affect reception of narrow-band signals. With a 
matched aerial, given that Ra/2 Req and Tc = T, we have 
Tr — T, ie F = 3dB. In this case the selectivity is only 3dB 
worse than that of the unloaded input circuit. At vhf and 
uhf, low noise is of primary importance and the design of 
the input circuit needs careful optimization. RcTc is then 
accounted for mainly by the transit time damping and asso¬ 
ciated induced-grid noise, typical values for Rc (approxi¬ 
mately equal to Rt) and Tc being 1,000(2 and 57” respectively. 
There is obviously now an optimum value of Ra since if 
Ra is very small there is a large value of Tr given by Real Ra, 
and if Ra is large the aerial noise voltage is attenuated by a 
factor RatRc relative to the large noise voltage produced 
by (RcTc + Req), again giving a large value of Tr. Between 
these extremes there is an optimum value of Rn given by 

I _J^q_ 

y TcRc 4" 
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Fig 15.9. Equivalent circuits for receiver input stages, (a) Triode valve. Rc includes circuit losses Re and transit-time damping Rt. The ratio 
Tc/T given by (Rt 4- 5Re)/(Rt + Re) is approximately equal to one at hf and five at vhf/uhf. (b) Grounded-grid triode. Feedback through the 
internal resistance Ra causes the noiseless resistance Rf to appear across the input terminals AB. (c) General-purpose equivalent circuit using 
voltage and current noise generators. Applicable to bipolar transistors by including the thermal noise generator rb in Reqv. (d) Represen¬ 
tation of bipolar transistor showing spreading resistance and input capacitance. 

and with this value of Ra

F^ = (Tr + l)|min) = 1 + 2^ + ) 

At large values of Rc this gives Tr = 2\ZTcReql Rc and at 
small values (ie at very high frequencies) Tr $ReqIRc. The 
disappearance of Tc means that the valve input resistance, 
though now heavily attenuating the aerial noise (and of 
course any signals) relative to valve noise, is no longer itself 
a significant noise source. Since Rc at vhf is proportional to 
1/F2, the value of Tr increases with frequency at 6dB per 
octave. The value of Ra is not critical and a 2 to 1 error 
increases F by a maximum of O5dB. Low values of F are 
reduced by much less than this. 

In the case of a grounded-grid triode the inverse feedback 
from anode to cathode operates equally against signals and 
all the sources of noise, leaving their ratio unaffected. This 
means that Ra(ppt) and F(min) are exactly the same as for 
grounded cathode operation, although the reduction of level 
is equivalent to the small resistance 7?/in Fig 15.9(b) and the 
input resistance is very low. The input circuit is now of course 
heavily damped and provides little or no selectivity, but this 
makes no difference to the need for a high-ß circuit, the 
dependence of Tr on Rc being unchanged. So far, however, 
no account has been taken of stages after the first, and the 
reduced gain with grounded-grid operation means that 
noise from later stages is more likely to be important; it 
should also be noted that if resistance networks are used to 
provide feedback they may contribute some extra noise. 

Use of Pentode RF Stages 

In the case of pentode valves Req is greatly increased due to 
random sharing or “partition” of the electron stream 
between anode and screen, as explained earlier. The equiva¬ 
lent circuit of Fig 15.9(a) is applicable in this case at low and 
medium frequencies, but must be elaborated to take into 
account the inverse feedback due to cathode lead inductance 
which discriminates against the signal and in favour of the 
partition noise, thus even further degrading the noise factor 
at high frequencies. In the case of hf receivers it is still 
possible to obtain an acceptable noise factor but, in order to 
override the valve noise, signals have to be presented to the 
valve at a higher voltage level and, other things being equal, 
cross-modulation effects and intermodulation products are 
greatly increased. 

Mixer Noise 

When a valve or transistor is used as a mixer there is less 
gain for a given output current than when the same device is 
used as an amplifier, so that signal is reduced relative to 
noise. This is another way of saying that Req is increased, so 
that the input signal voltage must be stepped up to a higher 
value and the risk of generating intermodulation products 
is thereby increased. In the case of hf receivers this tends to 
make low-noise design of mixers more important than that 
of rf stages unless the interfering signals are far enough off-
tune to be rejected by the extra rf selectivity made possible 
by use of the rf stage. This is unfortunately not the case at 
the hf end of the 7 and 21 MHz bands where strong broad¬ 
casting signals are likely to be found in adjacent channels: 
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use of an rf stage is then a disadvantage depending on the 
rf gain setting, since it either adds to the noise level or 
alternatively amplifies unwanted signals, thus increasing 
the risk of intermodulation occurring at the mixer. Low-
noise design of mixers is also a requirement at uhf and vhf, 
due to the relatively low gain of rf stages. The design of 
mixer stages for low noise is similar to that of rf stages, 
allowing of course for the higher values of Req and any rele¬ 
vant circuit differences. It is usually necessary for de operat¬ 
ing conditions and oscillator injection voltage to be opti¬ 
mized by trial and error. 

Second-stage Noise 

When two stages contribute to the internal noise level, the 
overall noise factor is given by 

Noe = Nt + 
N2 - 1 

Gi 
where N¡ and N2 are the noise factors of the first and second 
stages and G, is the gain of the first stage. Similarly the 
contribution of a third stage would be (N3 — l)/(GtG3) but 
this is usually negligible. 
The lower N3 is, the less is the need for a high value of Gt. 

Bipolar Transistors 

Fig 15.9(a) is not in a convenient form for evaluating the 
performance of bipolar transistors but this can easily be 
remedied by transforming it into Fig 15.9(c), using the fact 
that the noise of a resistance may be represented either by a 
noise voltage generator of zero resistance, in series with the 
resistance, as in Fig 15.9(a) or a noise current generator of 
zero conductance (ie infinite resistance) in parallel with it 
as in Fig 15.9(c). Like the “noise resistance" Req, the current 
noise resistance Reqc can exist as a generator without 
necessarily having an “ohmic” origin. To make Fig 15.9(c) 
into the exact equivalent of Fig 15.9(a) however, it is necessary 
to add the resistance Rc in parallel with Reqc- The magnitude 
in this case of the current noise generator is given by 
in = VAkTcB/Rc, this being the current which would flow 
due to the thermal noise in the resistance Rc when Rc is 
short circuited, and Reqc is identical with Rc/Tc- Analysis 
of Fig 15.9(c) leads to the simple results 

Ra (opt) = VReqc • Reqv 
and Tr (min) = F (min) — 1 = VReqdReqc 

To apply these results to transistor input circuits at medium 
frequencies it is only necessary to substitute the values given 
in the section on semiconductor noise, in which case 

s. _ ß 
NJ g \ 2g NJ g

and Tr = V(T+ 2grb)/ß ~ 

With typical hf transistors operating at IB 1mA, 2grb is 
about 4 and, using the simpler formula, Tr will be under¬ 
estimated by about 10 per cent only. On the other hand low-
noise transistors at If may operate with currents of 100/lA or 
less in which case it is the (grb) term which can be neglected. 

These formulae allow for thermal noise in rb but not for 
attenuation of signals which, as evident from inspection of 
Fig 15.9(d), is negligible provided rb < ß/g. This condition 

r f J ! r 
'K (LF) 'n lzk (HF) 

Log f 
Fig 15.10. Variation of noise with frequency for bipolar transistor*. 
General tendencies are indicated. Large variations are possible not 
only between types of transistor but for a given transistor with 

different operating conditions. 

is normally met except at very high frequencies, ie near cut¬ 
off, where the effective grounded-emitter current-gain drops 
to a low value. 

The grounded-base connection is closely analogous to 
grounded-grid operation of triodes, optimum values for Ra 
and Tr being identical with those for the grounded-emitter 
connection and in this case also there is considerable input 
mismatch due to the low impedance. The consequent reduc¬ 
tion of gain will increase the importance of any second-stage 
noise. The hf noise performance of bipolar transistors 
cannot be calculated accurately owing to the large number of 
interdependent variables, rb for example being to some extent 
frequency dependent. The general behaviour of Tr with 
frequency is shown by Fig 15.10, the corner frequency fK 
being the point at which F is 3dB greater than its low 
frequency value. It is usually between 3 and 6 times fN for 
modern transistors and the region from fN to perhaps a little 
above is likely to be the one of main interest since it 
includes the 144 and 432MHz bands, assuming appropriate 
choice of transistors. 

The upper frequency limit for useful operation may be 
described in various ways as explained in Chapter 3, the 
most convenient for noise calculations being the gain¬ 
bandwidth product Ft given in terms of Fig 15.9(d) by 
gl(2ttC). The frequency fN is the one at which the effective 
grounded-emitter current gain ß' = ß/2 and is given by 
ft/Vß, ß' for any other frequency /being obtainable by 

dividing 1 + j into ß. At fx, the value of Tr is exactly 

double the midband value. The reduction in effective ß 
corresponds more or less to the attenuation of signal 
relative to transistor shot noise and a rough estimate of 
optimum Ra and Tr, below fs, may be obtained by using 
ß' in place of ß in the low-frequency formulae. Well above 

ft, Tr tends towards the value —— I — | which is consistent 
P \Jx I 

with the 6dB per octave slope of Fig 15.10. 
For greater accuracy, particularly near fK, it is advisable 

to use the Nielson formula [3]. In its usual form this looks 
rather complicated, but can be simplified to 

Tr(mln) ~ O[1 + V1 + A/D] 
by putting D = (1 + grb)/ß' and A = (1 + 2grb)/(l + grb). 
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The value of A must of course lie between 1 and 2, but 
with modern hf transistors there is a bias towards the upper 
limit. 

Field-effect Transistors 

In the case of the fet, data sheets give the actual noise 
voltages corresponding to Req or R eqv, but these can also be 
obtained from the formula given earlier. In the hf region it 
would be a simple matter to make Rc large compared with 
Req so that Tr is negligible, but in practice Rc is likely to be 
reduced in the interest of selectivity to the point where Tr 
is only just negligible compared with Ta, and Fig 15.9(a) is 
appropriate to this situation. When the value of Ra is chosen 
on grounds other than optimization of noise performance 
and R c consists entirely of circuit or other losses at room¬ 
temperature 

Ra / . 2Req Req 

T “ Ra Rc 

& Ra/Rc if Req is small compared with Ra and Rc. 

These conditions are representative for a field-effect 
transistor rf or mixer stage at hf. 

The induced gate noise at high frequencies is accounted 
for [4] by putting Reqc = 4gm l<»2C 2 where C is the input 
capacitance, and since Reqv « O'Vgm we have 

Ralopt) = 1'65/wC 
and (F — 1) = Tr = O i^C/gm-

Values of gm  and C are given in data sheets and gm/C is 
the high-frequency figure-of-merit for an fet. In a typical 
case (2N3823), gm = 5mmho, C = 6pF and at 100MHz 
RA opt) = 4300 and Fm in = 21dB in good agreement with 
the specified upper limit of 2-5dB. There is some variation 
in figures quoted in the literature for the constant in the 
noise-factor formula, the lowest figure [6] being 0-52 which 
gives F = 4dB for the Plessey GAT1 gallium-arsenide fet 
at 2-2GHz in close agreement with the claimed performance. 
As with valves the input resistance of field-effect transistors 
decreases as I//2 at high frequencies, but, as the above 
examples demonstrate, it remains high enough to be ignored 
in typical applications. 

Other Types of Low-noise Amplifier 

(a) Tunnel diodes: These are in effect “negative resistances” 
which amplify by neutralizing some of the positive resistance 
in a tuned circuit, thereby increasing the circulating current, 
and hence the voltage across the circuit, at the expense of 
bandwidth. This is exactly the same process as regeneration 
(eg as used in Q-multipliers) and, since noise and signals 
are in general affected equally, the noise factor does not 
depend directly on the degree of amplification. Typically, 
the tunnel diode is used as a negative resistance in series 
with the aerial and load resistances and must be almost equal 
to their sum. The diode contributes shot noise and the best 
noise-factors so far obtained with tunnel diodes at vhf and 
uhf are of the order of 3dB (ie Tr = 1). In general, better 
results are likely to be achieved with field-effect transistors. 
Practical disadvantages of tunnel diodes include poor 
strong-signal performance, critical adjustments which are 
highly sensitive to aerial and load impedances (with possible 
instability) and the difficulty of using more than one stage. 
(b) The parametric amplifier: Parametric amplifiers also 

work on the negative resistance principle, but this effect is 
achieved by the use of a capacitance which is "pumped” by 
means of an oscillator at a relatively high frequency. In one 
comparatively simple form [5] a cavity resonates at the 
signal frequency fs and simultaneously at the much higher 
frequency fi known as the idler frequency. A reverse-biased 
diode is connected across the resonator and acts as a voltage¬ 
dependent capacitance, the value of which is varied by means 
of a large signal from a pump oscillator at the frequency 
fp= fi + fi. Some of the pump power is converted to energy 
at the signal frequency, thus providing amplification, and 
the mechanism is inherently low noise since a reactance is 
not a noise generator, though thermal noise is contributed 
by the signal and idler circuits. Tr values of about 1 0 were 
obtained in this way at 400MHz with pumping at 900-
2,000MHz, but the limit of possible performance for more 
elaborate types of parametric amplifier with very high pump 
frequencies is in the region of Tr = 01 at 1,000MHz and 
10 at 10,000MHz. Because of the critical adjustments 
required for stable amplification these very low-noise 
amplifiers are difficult to adapt to amateur requirements. 
In commercial use the value of Tr can be yet further reduced 
by a factor of 3 or 4 using an idler load resistance cooled 
down to liquid nitrogen temperature. Even lower values 
of Tr, down to about 0 04, can be obtained with masers, 
but these require refrigeration at liquid helium temperature 
and are restricted to such applications as satellite communi¬ 
cation and radio astronomy. 

Parametric amplifiers can take various other forms, the 
most important of these being the up-converter. This does not 
rely on negative resistance, is inherently stable, and provides 
even better noise performance, but practical difficulties 
arise from the high value of output frequency, the gain being 
determined by (and nearly equal to) the frequency ratio. 

PRACTICAL ASPECTS OF NOISE 

Every amateur will wish to ensure that the performance of 
his station is not handicapped by avoidable defects in the 
receiver. This situation can arise from the following causes: 

(a) Gain is not sufficient to make certain that the useful 
sensitivity is noise-limited; 

(6) Receiver contributes significantly and avoidably to the 
noise background level. 

In the case of insufficient gain the trouble and the remedy 
are both obvious. Those designing their own receivers 
should have no difficulty in making a rough estimate, with 
the aid of Figs 15.5 and 15.6 and the foregoing explanations, 
of the amount of rf and i.f. gain required to give a reasonable 
working level (say IV) at the detector, and hence of the 
amount of audio gain needed to bring the rectified noise 
(about 0-4V rms, assuming a diode detector with IV input) 
up to a reasonable listening level. 

Above about 100MHz, low noise factor is all-important 
and Fig 15.7 gives a guide to the performance which should 
be achievable by using various types of low-noise amplifier. 
The curves for valves and transistors are based on the most 
appropriate choice of type. For example, an expensive 
microwave device would not be used at 144MHz where the 
improvement, if any, is not likely to be cost-effective. On 
the other hand, to get the high cost of low-noise amplifiers 
for 1,296MHz and higher frequencies into perspective, the 
cost per dB should be compared to that of a similar increase 
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of transmitter power. The dotted curve for parametric 
amplifiers [5] is unlikely to be realizable with amateur 
resources and it may be difficult to obtain much improve¬ 
ment compared with the best fet. The very low external noise 
levels at microwaves, indicated in Fig 15.7, will be swamped 
in practice by aerial thermal noise due to losses and “spill¬ 
over.” A feeder loss of 3dB brings the minimum value of Ta 
up to T/2 and at 144MHz increases the total noise level 
with a good fet input stage by IdB, which is additional to 
the feeder loss. 

On the hf bands it is the external noise which limits the 
ability of the receiver to deal with weak signals, provided of 
course that the aerial is a good one and that the receiver is 
functioning correctly. In this case, provided a low-noise 
mixer is used, there is usually no need for an rf stage and, as 
previously discussed, it may aggravate intermodulation 
interference. One danger, unless the rf gain is offset by 
additional preselection, is that of an apparent increase in the 
noise level caused by intermodulation at the mixer involving 
large numbers of moderately strong signals within the pass¬ 
band of the rf circuits. On the other hand, if it is necessary 
to use an inefficient aerial, such as a wire fastened to the 
picture rail, or a miniature beam having appreciable loss¬ 
resistance in the elements or the feeders, the external noise 
level will in most cases be lower; the receiver noise must 
therefore be reduced in proportion and an rf stage may be 
necessary. Indoor aerials are sometimes responsible for 
increased pick-up of man-made noise from local sources, and 
in such cases this reasoning will obviously not be applicable. 

In defence of the standard practice of employing rf stages 
in hf receivers, it must be added that they provide a margin of 
safety against the consequences of inefficient coupling 
between the receiver and the aerial. Moreover, the disad¬ 
vantages associated with rf stages can often be mitigated by 
making sure that rf gain control is not advanced beyond the 
point where external noise just swamps the internal noise 
as judged by a simple check, eg by disconnecting the aerial. 

Aural Discrimination 

When the above conditions have been satisfied, discrimina¬ 
tion between signals and noise becomes mainly a job for the 
ear and brain working together, and except in a few special 
cases very little can be done in the receiver to assist this 
process. If the overall bandwidth is greater than necessary, 
decreasing it reduces the noise level but does not make 
copying any easier, because it is only the noise which occu¬ 
pies the same acoustic band as the signal that is effective 
is preventing it from being copied. 

This argument, however, must not be carried too far; it 
can, for example, be used to justify the normal practice of 
using bandwidths of several hundred kilohertz for the sound 
channel of television receivers, but it is not valid when applied 
to amateur vhf receivers. The reason for this is that the 
amateur is able to make use of low signal levels, and it is 
possible by increasing the pre-detector bandwidth to reach a 
point where the noise voltage at the detector becomes com¬ 
parable with the carrier voltage of, say, a just-readable 
telephony signal. The situation at the detector is then as 
depicted in Fig 15.4(c), but with the signal overmodulated 
by the noise, the wanted modulation of the carrier tends to be 
destroyed. The effect is the same as modulation suppression, 
a well-known property of linear detectors whereby the pre¬ 
sence of a strong carrier destroys the modulation of a weaker 

one. There is no advantage in using a square-law detector, 
since this also by its nature discriminates in favour of strong 
signals. 

Effects of Overloading 

Another possible cause of deterioration in the ability to 
copy signals through noise is overloading, particularly of the 
i.f. stages, by noise peaks which may reach several times the 
mean noise level and will increase in amplitude if the band¬ 
width is increased. If a reduction of bandwidth appears to 
give improved reception of weak signals, it is possible that 
some such effect may be taking place and the gain should be 
reduced. 

In the case of impulsive noise like that due to ignition 
systems or isolated atmospherics, the dynamic range is 
relatively large and noise limiters are useful in the prevention 
of overloading, particularly if the bandwidth is large so that 
the impulses are not lengthened and caused to overlap—as 
they may be by the ear itself—before being limited. The time 
intervals between atmospherics are frequently long enough 
to enable words or syllables, or morse characters, to be read 
through the gaps, and it may thus be possible to sustain 
low-grade communication through a relatively high noise 
level; in suitable circumstances this may allow some dis¬ 
counting of the lower-frequency noise levels plotted in 
Fig 15.6. 

SSB Reception 

In the reception of morse and sideband signals, the voltage 
injected into a conventional diode detector from the beat 
frequency oscillator must be large compared with the mean 
noise voltage, but a ratio of 8-10 times in voltage is sufficient 
in regard to the signal-to-noise ratio, whereas for maximum 
discrimination against strong signals an even higher injection 
level is necessary. 

11 is possible to employ ssb reception of ordinary amplitude 
modulated signals in order to remove interference which may 
be present on one sideband. This unfortunately entails a 
reduction in the signal-to-noise ratio since the two sidebands 
of a double-sideband signal add up in phase and therefore 
the removal of one of them halves the signal voltage; at the 
same time, the noise power which accompanies the rejected 
sideband is eliminated. This halves the total noise power so 
that there is a decrease of 3dB in the noise level to offset the 
decrease of 6dB in the signal level, leaving a penalty of 3dB. 
As a corollary to this, it follows that ssb, dsb and a.m. 
signals should give equal signal-to-noise ratios for equal 
tsul sideband power. 

Effects of Aerial Characteristics 
The gain of an aerial, in terms of the signal-to-noise ratio, 

is the same as its transmitting power gain if there are no 
losses in the aerial and if the noise is non-directional. In 
relatively rare circumstances the external noise will be stron¬ 
ger from one direction than another, and the effective gain 
of the aerial will then be reduced for signals in the same 
direction as the noise and increased for signals in other 
directions. The removal of high-angle lobes should tend to 
reduce the external (cosmic) noise level in the 14-28MHz 
bands. Losses in the aerial and feeder system are subtracted 
from the transmitting power gain but do not affect the gain 
in terms of the signal-to-noise ratio as long as the receiver 
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noise can be kept well below the external noise level : thus, 
referring to Fig 15.6, the external noise level at 14MHz is 
25dB so that an aerial loss of 18dB would still leave the 
external noise 7dB above thermal noise, ie 6dB above the 
receiver-plus-thermal noise for a noise factor of IdB, and the 
signal-to-noise ratio would be degraded only by about 
IdB compared with that for a loss-free aerial. This permits 
the use of much more compact aerial systems for reception 
than for transmission. 

A very interesting point arises in the case of rhombic 
and certain other long-wire aerials, since the terminating 
resistance absorbs half the transmitter power and, of course, 
half the received noise power. On transmission the power 
which is absorbed is that which would otherwise be radiated 
in the backward direction, and the forward gain is unaffected. 
The elimination of noise from the backward direction, 
however, doubles the signal-to-noise ratio provided that the 
receiver noise level is low enough for advantage to be taken 
of the lower aerial noise level. Thus, in general, a terminated 
rhombic operating at frequencies below about 30MHz has 

an effective gain 3dB greater for receiving than for trans¬ 
mitting. 
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CHAPTER 16 

POWER SUPPLIES 

A MATEUR radio equipment usually derives its power 
supply from one of three sources. These are: 

(a) Public ac mains 
(b) Primary or secondary batteries 
(c) Engine-driven generators 
For normal fixed station operation the ac mains is readily 

available and cheap, and is by far the most commonly-used 
system. Transformers, rectifiers and smoothing circuits can 
provide the wide range of de voltages and currents required 
for amateur equipment. Various circuit configurations are 
described later in this chapter together with appropriate 
design data and component characteristics. Electronic 
regulators are also described which cope with cases requiring 
a high degree of voltage regulation. 

Batteries have always provided a convenient source of 
power for low-power portable equipment and some items of 
test gear. It is not always convenient to use batteries of 
appropriate terminal voltage to supply power directly, and de 
to de converters are normally employed to change the 
voltage (see Cnapter 14). 

Engine-driven generators may be ac or de. The most 
popular units, however, are those which produce mains 
voltage and frequency, and will therefore power fixed station 
equipment directly when used for portable operation. 
Present-day de generators usually generate 12V or 24V and 
are normally used for battery charging on portable stations. 

The safety of operation of power supplies and protection 
against misuse are important topics which are also discussed. 
Attention is also drawn to the Amateur Radio Safety 
Recommendations in Chapter 19. 

RECTIFIER CIRCUITS 

A rectifier is necessary when ac is to be converted to de. The 
essential property of a rectifier is to pass current in one 
direction only. When an ac voltage is applied across such a 
device, current flows for alternate half-cycles, ie for one 
polarity of voltage. During the complementary half-cycles 
the rectifier exhibits a high resistance and current flow is 
negligible. The conventional symbol for a rectifier, as shown 
in Fig 16.1, includes an arrow head pointing in the direction 
of conventional current flow, ie anode to cathode. It is ob¬ 
vious that an ac voltage applied to the anode results in 
positive half-cycles only appearing at the cathode. For this 
reason semiconductor rectifiers often have a red mark or + 
sign at the cathode terminal. 

Fig 16.1. Rectifier symbol. 

Fig 16.2 shows three types of rectifier circuit which cover 
most of the applications in amateur equipment, together with 
curves indicating the shape of the current wave delivered by 
the rectifier to a resistive load. The output current is seen to be 
unidirectional but pulsating in character, and may be shown 
to consist of a de component plus an ac component. The ac 
component is composed of the fundamental and harmonics 
of the supply frequency, the fundamental being predominant 
in the half-wave circuit and the second harmonic in the full¬ 
wave circuit. This ac component is termed ripple and may be 
removed or attenuated to any desired degree by the filter 
which follows the rectifier. 

Fig 16.2. Rectifier circuits showing the output current waveforms 
with resistive loads: (a) half-wave (b) full-wave or bi-phase half-wave 

(c) bridge. 

The half-wave circuit (Fig 16.2(a)) is best suited to low 
current applications such as grid bias supplies and the eht 
supply for cathode ray tubes. When used to supply current of 
the order of tens of milliamperes and higher, the half-wave 
circuit has disadvantages in that the ripple content is high, 
necessitating a large filter. In addition, the de load current 
flows through the secondary winding of the transformer 
feeding the rectifier and can saturate the core, giving rise to 
low transformer efficiency. The regulation or variation of 
output voltage with load current is also poor. 
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The full-wave circuit (Fig 16.2(b)) is known more 
correctly as the bi-phase half-wave circuit. A centre-tapped 
winding is used to supply the rectifiers and must provide 
twice the ac voltage applied to each rectifier. The load is 
connected between the centre tap of the transformer and the 
strapped output terminals of the rectifiers. Each rectifier 
conducts on alternate half-cycles and contributes one half of 
the total load current. The de component of the load current 
flows through each half of the transformer secondary in such 
a direction as to cancel the de magnetization of the core, 
enabling a smaller and more efficient transformer to be used 

than is possible in a half-wave circuit providing the same 
output. 

The bridge circuit (Fig 16.2 (c)) is preferred for higher 
voltage supplies since the peak inverse voltage across each 
rectifier is only half of the bi-phase half-wave arrangement 
for the same de voltage output. The peak inverse voltage, 
referred to as piv, is the voltage appearing across the rectifier 
diode in the non-conducting condition. During each half¬ 
cycle of the input voltage, the rectifiers in opposite arms of 
the bridge are conducting and supply half the total load 
current. The de magnetization of the transformer core is 

TABLE 16.1 
Operating conditions of single phase rectifier circuits 

Circuit 
DC 

output 
vol tage 

PIV 
across 
diode 

Diode 
DC 

current 

Diode 
peak 

current 

Secondary 

RMS 
current 

II 

:rl 0.45Vac 1-4Vac II 3-14 I L 1-57I t_ 
If 
Vac ■ 

I 
i 

¿1 

•Rl 
0.9Vac 2-8Vac O«5 I L 1.57 I L 0.785 I L° 

1 
Vac 

♦ 
4 

Vac 

II 

:rl
O.9Vac 1.4VOC 0-5 I L 1*57 I L 1-11 II 

; V 

° V< 

Rs 
-vw—H—< 

II 

n ■Ri 1.4Vac 
(No load) 

2-8Vac

Maximum II 
See Fig 

16.8 

= Diode RMS 
current 

See Fig 16.7 

° V 

R 

A 

3C 

_ It 

Tc
• Ri 

1.4Vac 
(No load) 

See Fig 
16.6 

1.4Vac 
Maximum 

0»5I l
See Fig 
16.8 

= Diode RMS 
current x 1.4 

See Fig 16.7 

3 C 

L 
= Il 

r >Rl 
0.9Vac 1-4Vac 0.5I L

2Il 
when 

L = LC

1.22 I L 

when L=L[ 
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effectively cancelled, as the de component of the load current 
flows through the ht secondary winding in opposite directions 
during each half-cycle. The advantage of the bridge is seen in 
the simplification and reduction in cost of the transformer. 
Relative to the bi-phase half-wave circuit, the rms current 
rating is increased by about one-third, and the turns on the 
winding feeding the rectifiers are reduced by half. In practice 
this results in a smaller transformer used more efficiently. 

Table 16.1 gives the operating conditions of rectifier 
circuits. 

VOLTAGE MULTIPLIER CIRCUITS 

The voltage multiplier is a form of rectifier circuit where the 
output voltage may be two or more times that obtained from 
the conventional half-wave or full-wave rectifier with capaci¬ 
tor input when supplied with the same ac input voltage. A 
combination of rectifiers and capacitors is used such that the 
capacitors are charged in parallel via the rectifiers and then 
discharged in series, the rectifiers acting as switches in 
addition to their normal function. The regulation of these 
circuits is poor as a result of this mode of operation, but the 
use of large value capacitors will assist in maintaining a 
reasonable regulation if the load varies appreciably. 

Fig 16.3. Voltage multiplier circuits: (a) half-wave voltage doubler; 
(b) full-wave voltage doubler; (c) voltage tripler; (d) voltage quad¬ 
rupler. V = peak value of the ac input voltage. The working voltages 

of the capacitors should not be less than the values shown. 

Half-wave and full-wave voltage doubler circuits are 
illustrated in Fig 16.3(a) and (b). The full-wave circuit has 
better regulation but has the disadvantage of not having a 
common input and output terminal. As in all full-wave 
circuits, the ripple component is at twice the supply fre¬ 
quency and is therefore easier to remove. At zero load the 
output voltage is very nearly twice the peak value of the 
input ac voltage but falls rapidly to a value approximately 
twice the rms input voltage when appreciable current is 
drawn. The regulation may be improved by increasing the 
size of the capacitors, but care should be taken to ensure that 
the peak current ratings of the rectifiers are not exceeded. 

Semiconductor rectifiers are more convenient for use in 
these circuits although valve rectifiers may be used if desired. 

Voltage tripler and quadrupler circuits are illustrated in 
Fig 16.3 (c) and (d). The tripler is a form of half-wave circuit 
where the output of a half-wave doubler is added to a 
normal half-wave rectifier. The quadrupler circuit is also 
known as the Cockcroft-Walton multiplier and, if required, 
additional stages may be added to provide higher output 
voltages. 

When used to provide appreciable currents (up to 50-
60mA) the capacitors shown in the circuits of Fig 16.3(a), 
(b) and (c) should be at least 8pF to provide reasonable 
regulation of the output voltage. Lower values (0-1 to 
0-5[aF) will be satisfactory when the load is not more than 
l-2mA as in eht supplies. The polarity of the output voltage 
may be reversed in all the circuits shown by reversing the 
connections to each rectifier. 

RECTIFIER CHARACTERISTICS 

The following are the important parameters of rectifiers 
and the symbols shown comply with IEC recommendations 
and BS9000/1969: 

Ifsm — maximum peak forward surge current (non-
repetitive) 

Io -— average rectified output current 
I erm — maximum peak forward surge current (repetitive) 
Vrsm — maximum reverse voltage (non-repetitive, maxi¬ 

mum time duration 5ms) 
Vrrji — maximum reverse voltage (repetitive), ie piv 
Toase — case temperature for maximum rating. 
It is important not to exceed any of these ratings. The 

characteristics of some typical modern silicon diodes are 
given in Table 16.2. 

TABLE 16.2 
Characteristics of some silicon diodes 

SMOOTHING CIRCUITS 

The behaviour of the rectifier circuit depend ! on the input 
element of the filter which follows the diodes. The two com¬ 
mon types are the capacitor input filter and the choke input 
filter. The capacitor input filter has an output voltage which 
is equal to the peak value of the rectified voltage (or 1-4 
times the rms voltage applied to the rectifier) on no load, and 
somewhat less when loaded. The choke input filter produces 
an output voltage which is the average value of the rectified 
voltage (or 0-9 times the rms voltage applied to a full-wave 
or bridge rectifier), but the voltage regulation is better. The 
choke input filter has the added weight and circuit compli¬ 
cation of the additional inductor but it imposes lower peak 
currents on the diodes than the capacitor input filter and can 
therefore supply higher output currents without exceeding 
the peak current rating of the diodes. 

Capacitor Input Filter 
The operation of a rectifier circuit feeding a capacitor is very 

complex because of the complex nature Of the waveforms 
involved. A bridge rectifier circuit with capacitor input filter
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is shown in Fig 16.4, and Fig 16.5 shows the voltage and 
current waveforms. It will be seen that the current through 
the diodes is in the form of narrow pulses occurring near the 
peaks of the input ac voltage. It is also obvious from these 
waveforms that the de output voltage is equal to the peak 
value of the rectifier output voltage when there is no output 
load, because the capacitor is not discharged at all between 
the voltage peaks. When loaded, the output voltage is 
governed by the total series resistance Rs, capacitance value 

Fig 16.4. Bridge rectifier with capacitor input filter. 

Fig 16.5. Curves illustrating the output voltage 
and current waveforms from a full-wave rectifier 
with capacitor input filter. The shaded portions 
in (a) represent periods during which the rectifier 
input voltage exceeds the voltage across the 
reservoir capacitor causing charging current to 

flow into it from the rectifier. 

C and output load resistance RLas well 
as the supply frequency f. The graphs in 
Fig 16.6 show the de output voltage as 
a percentage of the peak ac input voltage 
for a number of series resistance and load 
resistance combinations plotted against 
mCRl where » = 2nf. The series resist¬ 
ance Rs is made up of the effective trans¬ 
former resistance, two diode resistances 
in series and any added resistance. The 
effective transformer resistance is: 

Secondary resistance + 
n2 (primary resistance) 

where n is the ratio of secondary turns 
to primary turns (or secondary voltage 
to primary voltage on no load). 
The diode resistances may be deter¬ 

mined from the forward voltage/forward 
current characteristics in the manu¬ 
facturer’s data sheetsbut for high voltage 
supplies where the load resistance RL is 
greater than 500Q the resistance of 
silicon diodes may be neglected. In the 
case of low voltage supplies, however, 

Fig 16.6. Output de voltage as a percentage of peak ac input voltage for a bridge rectifier 
with capacitor input filter. 
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the resistance of a silicon diode can represent a significant 
percentage of the load resistance and should be included in 
the design. For example, in a power supply with a de output 
of 20V at 1A (ie RL = 20Q) a diode resistance of IQ 
represents five per cent of the RL value and has a marked 
effect on the output voltage. 

It is usual to select a value of capacitance such that “CRL 
lies well to the right of the upper knee on the curves of 
Fig 16.6. In this way operation is on a flat portion of the 
curves and the output voltage is not influenced by changes in 
capacitance but is determined entirely by the value of Ra. 

The total series resistance Rs is also an important factor in 
determining the peak current which the rectifiers must 
handle and the rms current rating of the transformer for any 
given de current output. These quantities increase with 
increasing capacitance up to wCRl values of approximately 
10 but thereafter become independent of capacitance and 
relate only to the ratio of Rs to RL. The ratio of diode rms 
current to diode de current is shown in Fig 16.7, and the 
diode peak current as a ratio of diode de current is shown in 
Fig 16.8. In the bridge rectifier circuit the diode de current is 
half the load current since only one pair of diodes conducts 
during alternate half-cycles. For the same reason the total 
rms current supplied by the transformer secondary is the 
diode rms current multiplied by 1-4. 

Fig 16.7. Relationship between diode rms current and percentage 
Rs/Rl for values of <oCRl greater than 10. (co = 314 for 50Hz mains). 

The dotted line applies to half-wave rectifiers. 

A typical design makes use of a value of Rs which is five 
per cent of RL and a value of oCRL of 100. Reference to 
Fig 16.6 indicates that a power supply of such a design using 
a bridge rectifier produces a de output voltage which is 84 per 
cent of the transformer peak ac voltage. Thus for any 
rejaired output voltage, the transformer secondary voltage 
is specified. Fig 16.7 shows that the diode rms current is 
approximately 2'6 times the diode de current, enabling the 
transformer secondary current rating to be specified, and 
Fig 16.8 shows that the diodes must handle a peak current 
which is eight times the diode de current. 

As an example, consider a power supply using a bridge 
rectifier and reservoir capacitor to supply 300V at 100mA. 

Rl 
300 X 1,000 

¡00 3,0000 

Fig 16.8. Diode peak current as a ratio of diode de current for values 
of uCRl greater than 10. Note: in a bridge rectifier circuit, diode de 
current is half the load current. The dotted line applies to half¬ 
wave rectifiers; in this case the diode de current is equal to the load 

current. 

Choosing Rs/Rl = 5 per cent then Rs = 150Í1 
Diode de current = 0-5IL = 50mA 
Diode peak current (see Fig 16.8) = 8 x 50 = 400mA 
Diode rms current (see Fig 16.7) = 2-6 x 50 = 130mA 
Transformer rms current = 1-4 X 130 = 182mA 
Transformer peak secondary voltage (see Fig 16.6) 

300 X 100 
= “84“ = 357V

Transformer secondary rms voltage = — = 255V 

Choose <oCRL = 100 
2í X 50 x C X 3,000 = 100 (C in farads) 

100 X 10s
C (lxF) - 27t x 50 X 3,000 “ 

100(xF 

A transformer should be selected which will supply 255V 
at a current of at least 182mA. The effective transformer 
resistance should be computed as previously described and 
subtracted from the Ra value of 150Q above. A resistance of 
the value found should be connected in series with the 
transformer secondary. The circuit of the finished power 
supply is shown in Fig 16.9. 

Fig 16.9. Circuit diagram of a power supply for 300V at 100mA. 
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The ripple voltage appearing at the reservoir capacitor may 
be found from Fig 16.10. In the bridge rectifier example 
above in which <oCRL = 100, the rms ripple voltage is 
approximately 0-7 per cent of the output voltage or 21V. 

Fig 16.10. Percentage ripple voltage (rms) against values of uiCRf 
(to = 2rrf where f is the mains supply frequency). 

The ripple current in the capacitor is obtained by dividing 
this voltage by the reactance of the capacitor (1/wC) at the 
ripple frequency of 100Hz. 

21 X 2- X 100 y 100 
Ripple current -——-132mA 

r i no 

If greater smoothing is required a higher value of capaci¬ 
tance may be used. The ripple current however does not 
increase, since the decrease in ripple voltage is accompanied 
by the lower reactance of the larger capacitance. Doubling 
the capacitance, for example, halves the ripple voltage but of 
course the reactance is also halved, resulting in no change in 
ripple current. A good rule of thumb in full-wave or bridge¬ 
rectifier circuits operating with a 50Hz input is to regard the 
rms ripple current as 1-3 times the de output current. 

The requirements for the diode in this example, of 50mA 
de current and 400mA peak repetitive current, put it in the 
low current class. It is likely that the amateur workshop 
component stock will contain some of the inexpensive 
general-purpose diodes such as the 1N4OO7 (see Table 16.2) 
with high peak repetitive current ratings. It is then possible, 
when using these devices in power supplies with relatively low 
load currents, to decrease the required series resistance Rs 
considerably without exceeding the diode peak current 
ratings. In mmy cases the transformer itself may provide 
sufficient series resistance. The advantages of a low series 
resistance arc higher output voltage for a given transformer 
secondary voltage (see Fig 16.6), and improved regulation, 
but it must be remembered that the transformer secondary 
rms current is increased (see Fig 16.7). 

It is impartant to ensure that the non-repetitive peak 
current rating IFgM of the diode is not exceeded. A current 

surge occurs when the mains is switched on to a power 
supply with its reservoir capacitor discharged. The peak 
current in these conditions is found by dividing the trans¬ 
former secondary peak voltage by the total series resistance. 
This current surge is exponential in character and has a time 
constant which is the product of the series resistance and 
filter input capacitance. In practice this pulse is likely to be 
of shorter duration than the one half-cycle for which the 
diode IpsM is specified. The calculated value is therefore a 
pessimistic value. A diode with IFSM high enough to cope with 
this current therefore has a safety margin. 

Choke Input Filter 

In the choke input filter rectifier circuit an inductor is con¬ 
nected in series between the output of the rectifier circuit and 
the shunt capacitor as shown in Fig 16.11. With very small 
values of inductance approaching zero it is obvious that the 
arrangement is similar to the capacitor input filter and the 
operation is the same. Current flow in this case is in the form 
of short duration pulses with no current flow between pulses 
(Fig 16.5). To make the current flow contin uously the induct¬ 
ance requires to be greater than a certain value, us tally called 
the critical inductance, an d at least this inductance is required 
if the circuit is to have the properties of a choke input filter 
rectifier including good regulation. The critical inductance 
Lc may be calculated from the expression which relates to 
bridge or full-wave rectifier circuits: 

where Rs is the total resistance in series with the diodes 
including the diode resistance, RL is the output load resist¬ 
ance and f is the supply frequency. 

For 50Hz supply and when Rs is small compared with RL: 

c " 940 
The voltage and current waveforms in a choke input filter 

circuit with the critical value of inductance are shown in 
Fig 16.12. 

With light loads (ie large values of RL) the required 
critical inductance is large and approaches infinity as the 
output de current approaches zero. In order to limit the 
rcqtiired inductance to some maximum value it is usual to 
connect a bleed resistor across the output. The resistance 
may be calculated by re-arranging the critical inductance 
formula to read : 

Bleed resistance 940 x maximum inductance value. 
In applications where there are large variations in output 

current, as in the case of a supply for a Class B amplifier, a 
special choke called a swinging choke with an unusually small 
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airgap is used. The inductance of this type of choke de¬ 
creases when the de current through it increases so that the 
inductance varies with output load in keeping with the 
requirements of the critical inductance formula. 

The peak diode current in a bridge circuit feeding a choke 
input filter with inductance = Lc is 2IL, as can be seen in 
Fig 16.12, where IL is the output load current including bleed 
current. The transformer rms current under these con¬ 
ditions is 1-22 IL and the de current per diode is 0-5 IL as 
always in a bridge configuration. 

Fig 16.12. Waveforms at rectifier output (point X in Fig 16.11) in a 
choke input circuit: (a) voltage waveform; (b) current waveform 

(L = Lc). 

The output de voltage is the average value of the full-wave 
rectified voltage waveform, which is 0-9 Vac if voltage drops 
are neglected. Including voltage drops, the output voltage Ede 
may be calculated from: 

Edc = 0'9 Vac - Il (Rc + Ri) - Er 
where Va0 is the transformer rms secondary voltage, IL is the 
output load current, Rc is the resistance of the choke, Rt is 
the resistance of the transformer secondary and Er is the 
voltage drop of two diodes in series. In high-voltage supplies 
the voltage drop in the diodes may be neglected but in low-
voltage high-current supplies the manufacturer’s diode 
characteristics should be consulted to estimate this voltage. 

The value of the filter capacitance is chosen to achieve 
some specified low level of rms ripple voltage EK according 
to the formula: 

p Edc 
Er = 0-8LC 

where L is the inductance in henrys and C the capacitance in 
microfarads. 

Care must be taken to avoid a condition of resonance of 
the series circuit composed of L and C. In a bridge system 
where the ripple frequency is 100Hz, the LC product for 
resonance is 2-53. However, it is usual to aim for a ripple 
voltage of less than 10 per cent of the de output voltage so 
that LC is usually greater than 12 and well removed from the 
resonance value. 

The rms ripple current in the capacitor is determined by 
dividing the ripple voltage by the reactance of the capacitor 
at the ripple frequency. However, for any given inductance 
value the ripple current is approximately constant and 
independent of the capacitance value, because an increase in 

capacitance results in a proportionate decrease in ripple 
voltage but the capacitive reactance decreases in the same 
ratio. This allows ripple current IK to be found from the 
formula: 

IR = 0-7Il

This value of ripple current applies to cases where the 
inductance is the critical value. When larger values of in¬ 
ductance = kLc are used, the ripple current is further 
decreased and becomes: 

, 0 7Il
Ir - k 

Additional Smoothing 

The simple capacitor input and choke input filters described 
will not reduce the ripple voltage to a sufficiently low level for 
some applications such as receivers, variable frequency 
oscillators, audio pre-amplifiers and the early stages of 
transmitters without the use of unreasonably large capacitors. 
For most cases one additional section comprising a series 
inductor and shunt capacitor as shown in Fig 16.13(a) will be 
adequate, and in low current supplies or in applications 
where large voltage drops can be tolerated the resistance¬ 
capacitance filter shown in Fig 16.13(b) may be used. 

Fig 16.13. Additional smoothing sections to follow circuit of Fig 16.4 
or Fig 16.11. 

The ripple voltages at the outputs of these additional 
sections expressed as a percentage of their input ripple 
voltages are shown in Figs 16.14 and 16.15 for various 
ripple frequencies. At a ripple frequency of 100Hz the ratio 
of output to input ripple voltage can also be calculated from 
the formula: 

- = (L in henrys, C in microfarads) 
e, 04LC 

in the case of the LC filter and: 

e, 1 
— = „ (R in kíí, C in microfarads) ej O-63RC v

in the case of the RC filter, where e! and e2 are the input 
and output ripple voltages respectively. 

The capacitors in both types of filter sections should have a 
voltage rating at least equal to the peak ac voltage. The ripple 
currents are not high so the capacitors need not be as large 
physically as those immediately following the rectifiers. In the 
LC filter the choke is a constant inductance type rated to 
provide the required inductance at the maximum load 
current. The resistor in the RC filter requires a wattage rating 
sufficient to avoid overheating, and the required RC product 
should be obtained by using the largest practicable capaci¬ 
tance in order to minimize the resistance value and conse¬ 
quently the voltage drop. 
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R (Ohms) X C (Microfarads) 
Fig 16.15. Relationship of percentage ripple and product of RC. 
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DUAL POWER SUPPLY 

Transmitters and transceivers of the thermionic valve type 
generally require a high voltage supply for the pa anode and 
a lower voltage supply for the earlier stages. An attractive 
alternative to two separate supplies or to wasteful voltage 
dropping is the dual voltage supply shown in Fig 16.16. This 
type of circuit combines the principles of the bridge rectifier 
and the bi-phase half-wave rectifier. The diodes DI and D2 
provide the bi-phase half-wave rectification with the inter¬ 
connection of the two diodes grounded and the output taken 
from the transformer centre tap. This arrangement is the 
reverse of normal but with the diode polarity shown a 
positive output is obtained. Since the diodes DI and D2 
function in both rectifier circuits, their currents are higher 
than the D3 and D4 currents, although this is only likely to be 
of practical interest if the diodes are operated near to their 
maximum ratings. With capacitor input filters at both out¬ 
puts as shown in Fig 16.16, voltage V2 is approximately half 
that of voltage Vr Sometimes it is necessary to provide a low 
voltage which is less than half the high voltage, as for 
example in a transmitter requiring 900V for the pa anode and 
300V for the driver stages. A choke input filter at the V2 out¬ 
put is then more appropriate. This simply entails the removal 
of C2 shown in Fig 16.16 and ensuring that the choke LI has 
an inductance which is at least the critical value for the load in 
question. (See page 16.6). 

Fig 16.17. Circuit of a simple 
zener diode regulator. 

usually available with zener voltages in the EI A ±5% series 
of preferred numbers, like resistors, starting at 3-3V and 
extending to 220V. When in the zener conducting state the 
impedance of the diode is very low and this zener impedance 
(Zz) is an important parameter since it determines the 
voltage change caused by a current change through the 
diode. 

TABLE 16.3 
Characteristics of some zener diodes from the Texas 1S3000 series 

Type No. 
Zener 

Voltage Vz 

Test 
Current 
Iz mA 

Zz Ohms 
at Iz 

1S3OO6A 
1S3010A 
1S3O2OA 
1S3039A 

6-8 
10 
20 
39 

50 
20 
10 

1-5 
5 

30 
80 

VOLTAGE REGULATORS 

There are many circuits which require a power supply of 
constant voltage for their proper operation. These include de 
amplifiers, variable frequency oscillators, receiver local 
oscillators and some logic circuits. A regulated power supply 
is also very desirable for the bias supply for Class AB2 and 
Class B amplifiers used in modulators and ssb transmitters. 

Zener Diode Regulator 
The simplest form of voltage regulator, which is sufficient 

for many purposes, uses a zener diode as shown in Fig 16.17. 
Zener diodes have the characteristic property that they 
exhibit very little conduction when a reverse voltage is 
applied, as with normal diodes, but when the reverse voltage 
is increased the conduction increases markedly when a 
certain voltage is reached. This voltage, known as the zener 
voltage, is very well defined and very stable. Zener diodes are 

Table 16.3 shows the zener impedance of some regulator 
diodes from the Texas 1S3000 series and the current at 
which the impedance measurement is made. The effect of 
small changes in input voltage on the output voltage may be 
calculated by regarding the series resistor Rs and the zener 
impedance as the components of a potential divider. The 
fraction of input voltage change appearing at the output is : 

Zz 
Rs + Zz 

Any ripple voltage on the input voltage is also decreased 
by the action of the zener diode. 

In the circuit in Fig 16.17 the zener diode should provide a 
regulating action even when the load current (I L) is maximum 
and the input voltage (Vra) is minimum. In this extreme 
condition the zener diode current is minimum and the series 
resistance value must be such that this current is sufficient to 
ensure satisfactory regulation. This requirement enables the 
series resistance (R9) to be calculated using the formula: 

„ Vin (mln) —  Vz 
— "ï THi *L (max) T <z (mln) 

the units being volts, amps and ohms. A suitable minimum 
zener diode current is lO.nA. The opposite extreme condition 
occurs when the input voltage is maximum and the load 
current minimum. This condition is used to calculate the 
power ratings of the series resistor and zener diode since the 
power dissipated in each is maximum. The total current (IT) 
through the series resistor in these circumstances is: 

Vix (max) —  Vz 

1T= Rs 
and the power dissipated by the resistor is: 

(V)N (max) - Vz)2

Rs 
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(b) 

Fig 16.18. A series transistor regulator. 

The total current divides between the load and the zener 
diode so the maximum diode current is: 

Iz (max) “It II (min) 
The power dissipation of the zener diode is then: 

Iz (max) vz watts. 
As an example, consider the design of a regulated supply of 

10V derived from a power source with voltage varying from 
22V to 28V. The full load current is 50mA but the load can be 
disconnected (ie IL (min) is zero). 

First calculate Rs

22 - 10 
Rs = so ,-q X 1,0000 = 200Q 

Then calculate power ratings 
28 - 10 

Ir = —7ÄÄ- = 009A 90rnA

(28 - 10)2
Resistor power dissipation = ——— = I-62W 

„ . 90 X 10 
Zener diode dissipation = —= 0-9W 

A 2W resistor and a 1W zener diode such as the 1S3010A 
would be suitable components. 

Series Transistor Regulator 

A regulator with performance superior to the simple shunt 
zener diode type just described uses a series transistor as 
shown in Fig 16.18(a) with a zener diode circuit to stabilize the 
base voltage. The zener diode circuit is only required to deal 
with the low base current since the load current flows in the 
emitter circuit of the transistor. The transistor behaves as an 
emitter follower and the output voltage is less than the 
stabilized base voltage by the base-to-emitter voltage (VBE ). 
Typical values of VBE are in the range 0-5 to 10V and the 
main causes of change in the output voltage are changes in 
VBE with current and temperature. 

The design of the zener diode base regulator circuit is carried 
out in the manner already described but of course its load 
current is the relatively low base current. The base current 

(1B) is related to the load current (IL) by the forward current 
transfer ratio hFE of the transistor at the load current in 
question, ie: 

The expression for the series resistance is then: 
„ Vin (min) — Vz 
R» “ 7 T- i iß (max) T Iz (min) 

• I (max) where 1B (max) = —r- and the other terms have the 
HFE 

same meaning as before. The wattages of the resistor and 
zener diode are calculated as for the simple zener diode 
regulator. 

Consider as an example a regulated power unit supplying 
100V at 400mA from a source which varies between 120V and 
150V, and using a transistor type 2N3583 with hFE = 20. 

A 100V zener diode is used and the VBE drop in the trans¬ 
istor may be neglected. (The actual output voltage is 
approximately 99V). 

First calculate the series resistance value 
400 

Iß (max) — — = 20mA or 0 02A 

120 - 100 20 
Rs ~ 0 02 + 0 01 ~ 0 03 = 6660

The preferred value of 6800 is used. 
The maximum zener diode current when the input voltage 

is maximum and the load current zero is 

Resistor dissipation -rr- = 3-6W 
680 

Zener diode dissipation 0 073 x 100 = 7-3W 
A 5W resistor and 10W zener diode are used in practice. 

The transistor dissipation in the worst case of 150V input and 
400mA load current is 50 x 0-4 = 20W. The power supply is 
shown in Fig 16.18(b). Although in normal operation the 
voltage across the transistor is 50V, it is a wise precaution to 
use a device such as the 2N3583 which has a maximum Vce 
rating equal to the maximum input voltage of 150V, to cope 
with the case of switching on the power supply with an 
uncharged capacitive load. 
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It should be noted that the resistor and zener diode in this 
example require comparatively high power ratings. Com¬ 
ponents of lower ratings may be used if a second transistor is 
used as shown in Fig 16.19. The two transistors behave like a 
single device with hFE which is the product of the forward 
current transfer ratios of the individual transistors, and 
repeating the calculation above with two transistors with hFE 
of, say, 20 and 50 will show that a resistor of 2,0000 dissi¬ 
pating T25W can be useu. A disadvantage of the circuit is 
that the output voltage differs from the zener voltage by two 
base-to-emitter voltages and suffers the variations of these 
two. 

Fig 16.20. Diagram of a feedback-controlled series regulator. 

A more precise regulator is achieved by the use of circuits 
of the form shown schematically in Fig 16.20. In this 
arrangement, a fraction of the output voltage is compared 
with a stable voltage established by a reference element 
(usually a zener diode) and the difference voltage is amplified 
by a de amplifier. The amplifier provides the base current for 
the series transistor. Because of the high amplifier gain, only 
a very small decrease in regulator output voltage increases 
the transistor base current in response to a demand for in¬ 
creased load current. The power supply can therefore 
tolerate large changes in load current with very small 
resulting changes in output voltage. This will be recognized as 
a feedback control loop, and it is obvious that the greater the 
gain of the de amplifier the smaller the changes in output 
voltage. It is usual to describe the performance of these 
regulated power supplies by the expressions stabilization 
factor and output resistance. The stabilization factor is a 

measure of how the output voltage is influenced by changes 
in the input voltage, and it is the ratio of input voltage change 
to the resulting change in output voltage, ie: 

Change in input voltage 
Stabdization Factor —-:-:-Change in output voltage 

when the output current is held constant. The output 
resistance may be regarded as the internal resistance of the 
regulator and, when an output current flows, the terminal 
voltage drops by the voltage drop in this resistance. The 
resistance value may be calculated by dividing the change in 
output voltage by the change in output load current which 
causes it, ie: 

Change in output voltage 
Output Resistance = —-:-:—;-Change in output load current 

when the input voltage is constant. Stabilization factors of 
5,000 and output resistances of lOmif are common. 

In the simplest form the amplifier is just a single transistor 
stage and the reference zener diode is connected as shown in 
Fig 16.21(a), Fig 16.21(b) or Fig 16.21(c). 

The collector resistor for TR2 (shown as RI in the figures) 
has a value which is calculated by considering the situation 
when Vin is minimum and the output load current IL is 
maximum. In this extreme condition the output voltage is 
minimum and the collector current of TR2 is negligibly small. 
The base current of TRI is therefore equal to the current 
through RI and if the VBe voltage of TRI is ignored the 
voltage across RI is ViN (min) — VOut- The base cuirent in 
TRI necessary to produce an emitter current ot I I. tmax) is 
Il (max, divided by the hFE of TRI. This leads to the equation: 

Vis (mln) Volt II (max) 

Rd = hFE

and it follows that: 
(Vis (mln) — Volt) h FE

K.1 . 
>L (max) 

The other extreme condition, when Vin is maximum and 
the load current is zero, is used to calculate the maximum 
current in the resistor RI and in the collector of TR2 and 
hence to determine the wattage of these two components. 
This current Ic (max) is found from the equation: 

! Vin (max) — Volt 
•c (max) — -——-K1 

and the power dissipated in RI is: 
(Vin (max) — Volt)2 .. - watts 

RI 
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The collector-to-emitter voltage VCe of TR2 is obviously 
Vout in the case of the circuits in Fig 16.21(b) and (c), and 
less than Vout by the reference diode voltage in the circuit of 
Fig 16.21(a). The required power rating of TR2 is found by 
multiplying VCe by the calculated Ic (max) value. 

A practical circuit for a regulator operating from an input 
voltage of 55V and producing an output voltage adjustable 
from 27 to 35V is shown in Fig 16.22. The output current is 
30mA, the output resistance is IQ and the stabilization 
factor is greater than 100. 

Fig 16.22. A regulator with variable output voltage (27 to 35V) at 
33mA. 

More elaborate regulators may contain an amplifier with 
two or more stages, sometimes combined with two or more 
transistors in a compound configuration for the series control 
element. An emitter-coupled pair is the preferred type of 
amplifier stage, at least at the input of the amplifier, because 
the drift with temperature is less than in a single transistor. A 
Texas Instruments design for a regulator to supply 50V at 
currents up to 500 nA from an input which varies between 
65 and 85V is shown in Fig 16.23. The zener diode DI is a 
5-IV device and is chosen because reference diodes at this 
voltage have a temperature coefficient of voltage which is near 
zero. Three diodes in series (each with a zener voltage of 
5-6V) are chosen for the D2 position, rather than a single 
diode of 16V approximately, in order to provide a small 
temperature coefficient of opposite sign to the temperature 
coefficient of VBe in the transistor TR3. Another interesting 
feature of this regulator is the stabilized supply for the 

collector of TR3 (and base of TR2) which is obtained by 
adding a stabilized 10V supply to the output rail. The zener 
diode D3 and l-5kil resistor perform this function. The 
performance of the regulator is enhanced by this means 
because variations in the raw input voltage are not fed to the 
base of the series transistor as is the case in the simpler 
circuits of Fig 16.21. The stabilization factor of this regulator 
is greater than 4,000 and the output resistance less than 
0-68Q. The purpose of the 1 OOj^F capacitor is to prevent the 
high frequency oscillation which is a danger in any multi¬ 
stage feedback system. 

Regulators are vulnerable to damage due to excessive load 
current, particularly an output short circuit. The series 
transistor is most likely to suffer because the amplifier 
supplies maximum base current to the series transistor in an 
effort to maintain the output voltage in spite of the short 
circuit! Most of the circuit refinements in modern regulators 
are aimed at protection against such damage. Protection is 
usually provided in the form of fast switch-off in the event of 
an overload, or by output current limiting. High performance 
regulators containing these features are complex units, but 
fortunately integrated circuit voltage regulators providing 
such performance in very small packages are readily 
available. 

Integrated Circuit Voltage Regulators 

The ic voltage regulators are rugged devices which contain 
in monolithic form the series transistors, amplifiers, reference 
diodes and the protection arrangements already mentioned. 

LO36 typical characteristics. 
Output voltage.12V 
Input voltage.14.5V to 27V 
Stability factor.... 500 

Fig 16.24. Circuit diagram of a 12V SOOmA power unit using a 
regulator type L 036. 

Fig 16.23. Circuit diagram of a regulator for 50V at SOOmA (Texes 
Instruments). 

For example, the SGS-ATES L 036 voltage regulator has an 
output of 12V at 500mA and is designed to operate from an 
input which can vary from 14-5V to 27V. It is contained in a 
standard TO-3 case and has simply an input and an output 
connection apart from the grounded case. The circuit 
diagram of a 12V regulated power supply incorporating the 
L 036 is shown in Fig 16.24. The reservoir capacitor in a 
power supply of this type can have a smaller capacitance than 
normal, with a subsequent saving in physical size, because of 
the ripple reducing action of the regulator. The L 036 
decreases the input ripple by a factor of approximately 1,000. 
For overload protection this regulator uses a technique 
known as current fold-over. The voltage-current characteristic 
is shown in Fig 16.25 which demonstrates that, as the load 
resistance is decreased, the output voltage remains constant 
within narrow limits until a load current somewhat in 
excess of the full load value is reached. Further decreasing the 
load resistance causes the output voltage and current to 
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Fig 16.25. Voltage/current characteristic of the L 036. 

decrease rapidly until the current flowing in a short-
circuited output is only 100mA. The output resistance of the 
L 036 is approximately 20mQ and the stabilization factor is 
about 500. 

Another series of popular integrated circuit regulators is 
the Motorola MC 1460, MC 1461, MC 1560 and MC 1561. 
The first two will operate in any ambient temperature over 
the range 0°C to +75 °C and the other two over the range 
— 55 °C to +125 °C. All four are available with suffix G or 
suffix R indicating the type of package. Those in a type G 
package can deliver 250mA and in the type R package, which 
is a bolt-down flange type, up to 600mA. The maximum out¬ 
put voltages range from 17V for the MC 1460 and MC 1560 
to 32V for the MC 1461 and 37V for the MC 1561. These 
integrated circuits incorporate facilities for short-circuit 
protection and electronic shut-down. The latter feature 
allows a number of control and protection techniques to be 
applied to circuits employing these devices. For example, it is 
possible to arrange that automatic shut-down occurs if the 
temperature of the chip becomes excessive or when the out¬ 
put is momentarily short-circuited. All of the devices in this 
series have an output impedance of approximately 20mi2 in 
a typical case and a stabilization factor of about 3,000. 

A circuit for a power supply with output voltage adjustable 
from zero to 25V and capable of supplying up to 300mA is 
shown in Fig 16.26. The short-circuit current limit is 
determined by the resistor between pins 1 and 4. The value of 
1Í2 shown limits the short-circuited output current to 400mA. 

Fig 16.26. Circuit diagram of a regulated power supply with output 
voltage adjustable 0-25V (Motorola). 

The output current capabilities of these devices may be 
enhanced by the use of a series-pass transistor as shown in 
Fig 16.27. In this circuit a 2N3O55 series transistor boosts the 
output current to more than 4A. The 0-12Q resistor at the 
emitter of the series transistor sets the short-circuit current at 
5A. The output voltage is determined by the values of 
resistors RI and R2. A value of 6-8kil is normally selected 
for R2. Resistor RI is then calculated from the formula 
RI = (2V0 — 7)kû. The value of 20kQ shown sets the out¬ 
put voltage at 13-5V and the unit is then useful for the bench 
testing of mobile equipment. A suitable input supply could 
comprise a transformer with a 15V 6A secondary, a bridge 
rectifier to supply 5A de and a 20,000|xF 25V wkg electrolytic 
capacitor with a ripple current rating of 6A. The 2N3055 
must be mounted on a heat sink with thermal resistance less 
than 2-5°C/W. If the leads to the output load are long, the 
problem of voltage drop can be overcome by connecting the 
sense leads to the actual load, rather than to the output 
terminals of the power supply. The extended leads are shown 
by the dotted lines in the figure. In this way the regulator 
maintains close control over the load voltage instead of the 
terminal voltage. In commercial practice the sense leads are 
typically labelled V+ and V — , the current leads 1+ and I —. 

Fig 16.27. Circuit diagram of a regulator with maximum output 
current 4A (Motorola). 

Regulated power supplies with output voltages higher than 
the specified maximum voltage of these integrated circuits can 
be constructed by the use of a series transistor with a zener 
diode to shift its required base voltage by the necessary 
amount from the ic output voltage. A circuit to produce 
100V at 100mA is shown in Fig 16.28. The MC 1561 G 
operates from an input supply of nominally 30V to provide an 
output at pin 1 of approximately 25V. The 75V zener diode 
in series with a 1N4001 adds on just more than 75V to 
operate the base of TRI at a little over 100V. The purpose of 
the 1N4001 is to prevent the MC 1561 G from supplying 
excessive current under output short-circuit conditions. The 
transistor TR2 in association with the 5-6Í1 resistor limits the 
short-circuit current to 100mA. 

It is important to remember that integrated circuits of this 
sort contain high-gain circuits of extremely small dimensions 
and consequently extremely small internal capacitances. 
This can lead to oscillations in the vhf region if care is not 
taken to use short leads and direct earthing, similar to the 
layout used in vhf amplifiers. Damping networks can be 
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used to inhibit such instability. These consist of a low 
resistance (2-7 to I0O) in series with a high quality 01 p.F 
capacitor. Two such networks are shown in the circuit in 
Fig 16.27, connected from pin 3 to ground and from pin 5 to 
ground. 

Switching Regulators 

The voltage regulators described earlier provide a high 
degree of regulation but are not very efficient. In the case of 
the series transistor regulator a considerable proportion of the 
input power is wasted as heat dissipated by the series tran¬ 
sistor, ie (Vin — Vo) IoW. The switching regulator offers a 
solution to this problem of power waste. The current to the 
base of the series transistor is switched repetitively between 
zero and a value which causes collector current saturation. 
The collector-to-emitter voltage in the latter condition is 
extremely small (ie = VCE (sat), typically less than 0-5V), so 
although the collector current is maximum the power dissi¬ 
pated is very small. The transistor operates like a fast 
repetitive switch and the control of output current is 
achieved by altering the ratio of on to off durations. A basic 
schematic diagram of a switching regulator is shown in 
Fig 16.29. The choke L and capacitor C are necessary to 
smooth the current pulses produced by the switch. The values 
of both L and C are quite small in practice because of the 
high frequency of the switching (eg 10kHz) as normally used. 
The control circuit comprises a multivibrator operating at 
the required switching frequency and a means of controlling 
the mark-space ratio of the generated pulses. The diode is 
necessary to protect the base-emitter junction of the tran-

Fig 16.29. Schematic diagram of a switching regulator. 

sistor against the back emf developed by the choke when the 
current is switched off. The regulation obtained from a 
switching regulator is not as good as from a series type 
regulator, and the speed of response to input voltage and 
output current variations is also inferior. For these reasons a 
switching regulator is often followed by a conventional 
series regulator when highest performance is required. 

COMPONENT RATINGS 

The components used in power supplies must be properly 
rated in the interests of reliability. In all cases increased 
reliability can be obtained by under-running the component 
in question. For example, the average life of electrolytic 
capacitors is more than doubled if they are operated at a 
voltage which is 50 to 75 per cent of the rated voltage, as 
compared with operation near the rated voltage. Ambient 
temperature also influences reliability, and operation of 
electrolytic capacitors in an ambient temperature of 45°C 
results in halving the average life obtaining when the ambient 
temperature is 25 °C. 

The voltage and current ratings of rectifier diodes has 
already been discussed and Table 16.1 may be used as a guide 
to design. Diodes of the same type may be connected in series 
to obtain a multiple of the peak inverse voltage rating but it is 
desirable to connect resistors of equal value across the diodes 
to ensure that the reverse voltage is shared equally. A 
commonly-recommended resistance value is 500D/V of 
reverse voltage. Diodes with a peak inverse voltage rating of 
1,000V, for example, should be shunted with 5OOki2 resistors 
or a near preferred value (ie 470ki2 or 560ki2). It is also 
desirable to shunt each diode with a 001 ¡xF capacitor of 
adequate voltage rating to ensure that transient voltages are 
properly shared between diodes. 

The smoothing capacitors must have voltage ratings at 
least as high as the voltages to which they are subjected under 
no-load conditions. They must also have ripple current 
ratings in excess of the maximum ripple currents which they 
are called upon to handle. The need sometimes arises for a 
high value electrolytic capacitor with a voltage rating greater 
than the usual available maximum of around 600V. A 
suitable component can be constructed from two or more 
capacitors of equal value connected in series. Resistors of a 
value about 100Q/V of rated voltage must be connected 
across each capacitor to make the applied voltage divide 
equally. By this means a 16(xF capacitor of 1,000V rating, for 
example, can be obtained by connecting two 32¡xF 500V 
capacitors in series and shunting each with a 50kQ resistor. 
The capacitor connected to the 1,000V must have its can 
insulated from the chassis to withstand 500V. 

The calculation of transformer secondary rms current has 
been described, and Table 16.1 indicates the currents for 
various rectifier and smoothing circuit configurations. The 
current ratings of transformers are usually for continuous 
operation at normal ambient temperatures (+20°C) but very 
often in amateur applications these can be appreciably 
exceeded. For transmitter applications the duty cycle is so 
low that the mains transformers may be over-run by 50 per 
cent (eg a 200mA transformer can be used in a circuit 
requiring 300mA rms). 

Fuse Protection 

A power supply can be adequately protected against harm¬ 
ful overload by a fuse of suitable rating connected in series 
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with the transformer primary. The rms currents of all the 
secondary windings of the transformer should be ascer¬ 
tained under full load conditions and the current in each 
winding multiplied by the voltage of that winding. The VA 
figures of all the secondaries calculated in this manner should 
be added to give the total VA supplied by the transformer. 
(The magnetizing current can normally be neglected in this 
total.) The primary current can then be found by dividing 
this total VA figure by the primary voltage. A fuse with a 
rating 20 per cent greater than the primary current, or the 
nearest larger available rating, should be used. Anti-surge 
fuses are necessary to survive the high current transient at 
switch-on. 

BATTERIES 

Batteries are increasingly being used as a power source 
for amateur equipment because of their portability and the 
simplification possible in the supply circuitry of the equip¬ 
ment using them. The choice of a suitable battery depends on 
a number of factors. 

Primary batteries have a single life-span, thus demanding 
periodic replacement. Many different types are now available 
and often the choice of a battery is governed more by what is 
readily available than by what is most suitable, and this can 
lead to dissatisfaction with the subsequent performance. 
Alternatively, secondary batteries, which can be recharged, 
may be the best choice for certain applications. 

Battery Characteristics 
In order to select a battery correctly, consideration must 

be given to the following factors : 
Voltage. It is necessary to know both the initial and end 
point voltages. The lowest operating voltage of the equip¬ 
ment is an important factor in battery life. 
Type of service. This could be intermittent communications 
use or constant current, and the operating cycle must be 
considered. 
Load. The average current that the battery will be expected to 
deliver at the operating voltage. 
Size. This will depend upon the size of the battery compart¬ 
ment in the equipment. To a lesser extent the weight may 
have some influence on the choice. 
Storage life. This may or may not be a worthwhile considera¬ 
tion according to the usage of the equipment. 
Temperature. Maximum performance is usually obtainable at 
about 20 C. Temperature around freezing point will reduce 
the efficiency of certain battery types. 
Cost and availability. Obviously economy will be a major 
factor but it is necessary to consider both the initial cost and 
the battery life. It may be more economical to use a larger 
and initially more expensive battery but one which will give 
longer service and a lower running cost. When choosing a 
primary battery this should be of a type that is obtainable 
without difficulty. 

Types Available 

Primary cells 
The zinc carbon or Leclanché battery is the most popular 

type available and is usually the least expensive. Among its 
characteristics are: 
(a) It should not be discharged beyond the end of its useful 

life or left in equipment in a discharged state because of 
the possibility of leakage; 

(b) a “rest” period is required. Continuous drain will 
effectively reduce battery life; 

(c) the “high power” (HP) type is suitable for heavy current 
drain with reasonable voltage stability. It is used in most 
motor powered devices ; 

(d) the “power pack” (PP) range of batteries has been 
designed for use with transistor operated equipment and 
they are fitted with non-reversible contacts. 

No attempt should be made to recharge zinc carbon 
batteries owing to the very real danger of explosion. 
The mercury cell was first produced tn quantity during the 

second world war when military requirements hastened its 
development. 

Its characteristics include: 
(a) high cathode efficiency providing a stable voltage during 

current discharge; 
(b) a “rest” period is not required for maximum perform¬ 

ance; 
(c) a greater capacity/volume ratio than zinc carbon 

batteries; 
(d) storage for long periods at temperatures around 20°C is 

possible without any appreciable loss of capacity. 
Typically 90 per cent of the capacity will be retained 
during a period of 30 months; 

(e) the cell containers are usually of nickel plated steel, not 
forming part of an active electrode and resistant to 
corrosion. 

The alkaline manganese cell has undergone improvement 
comparatively recently and in its present form is suitable for 
continuous discharge applications. However, its voltage is 
not as stable as that of the mercury cell. Characteristics 
include: 
(a) a good storage life. Typically 95 per cent of the capacity 

will be retained during a period of 20 months at 20°C; 
(b) the case is not an active element and is usually of electro¬ 

plated steel which is resistant to corrosion; 
(c) satisfactory operation is possible over the temperature 

range —20 to +70°C. 
Rechargeable alkaline manganese cells are obtainable but 

at the present time do not appear to be readily available from 
UK retail sources. 

TABLE 16.4 
Primary cells 

The above types are representative of the range manufactured by the 
Ever Ready Company (GB) Ltd. 

Type 

RM675H 
(mercury) 

RM401 
(mercury) 

ZM9 
(mercury) 

HP7 
HP11 
HP2 
SP2 
SP11 
AD28 
PP1 
PP3 
PP6 
PP9 
PP10 
HP1 
B106 
B1702 
B126 

Nominal 
voltage 

1-5 

15 

15 

15 
1-5 
1-5 
1-5 
15 
4-5 
6-0 
9 0 
90 
90 
90 
120 
45 0 
600 
90 0 

Weight 
(g) 

2-3 

11-3 

29-8 

16-5 
450 
90 0 
90 0 
450 

443-6 
283 0 
38-0 

142-0 
425-0 

1,250-0 
1,550-0 
255.0 

2,720-0 
454-0 

Suggested 
current 

range (mA) 

0-10 

0-80 

0-200 

0-75 
0-1,000 
0-2,000 

25-100 
20-60 
30-300 
5-50 
0-10 

2-5-15 
5-50 

15-150 
0-4.000 
1-10 
5-50 
1-10 

Typical 
use 

Hearing aid 

Hearing aid 

Hearing aid 

Radio 
Motor 
Motor 
Radio 
Radio 
Radio 
Radio 
Radio 
Radio 
Radio 
Radio 
General purpose 
General purpose 
General purpose 
Radio 
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Rechargeable cells 
The lead acid battery is mentioned for completeness and its 

ready availability. Although it may have limited use for 
mobile applications its use in portable equipment is not 
recommended owing to the weight and corrosive liquid 
electrolyte. 

The type of rechargeable cell generally associated with 
communication equipment is the nickel cadmium battery. 
This is manufactured in several forms, eg button cell, 
cylindrical cell and rectangular battery. Although the cell con¬ 
struction may differ between these forms the basic principles 
of operation are identical. Nickel cadmium (abbreviated to 
“nicad”) cells are referred to by different manufacturers as 
cells, accumulators or batteries. It is here assumed that the 
descriptions are interchangeable, although strictly the term 
“cell” applies to the individual unit, ie a nicad battery can 
consist of several separate cells. 

NYLON SEALING GROMMET RESEALING SAFETY VENT 

NEGATIVE CONNECTOR 

Fig 16.30. Typical nicad cylindrical cell construction. 

NYLON 
SEALING GROMMET 

NICKEL PLATED STEEL 
TOP PLATE (POSITIVE) 

POSITIVE 
CONNECTION 

SUPPORT 

SINTERED 
POSITIVE 
ELECTRODE 

SINTERED 
NEGATIVE 
ELECTRODE 

NEGATIVE 
CONNECTOR 

NICKEL PLATED STEEL CAN (NEGATIVE) 

Fig 16.31. Typical button cell construction. 

Characteristics of the nicad are: 
(a) stable voltage during discharge cycle; 
(b) suited to a continuous high discharge rate, a “rest’ 

period is not required; 
(c) unlike most secondary cells, no maintenance is required; 
(d) cells may be charged and discharged hundreds or 

thousands of times according to the conditions of use; 
(e) cells will operate over a wide temperature range, for 

discharge typically —20 to +45 °C. For storage a greater 
range is possible, although the optimum figure for both 
charge and discharge is 20°C; 

(f) nicads have a low self-discharge rate at normal tempera¬ 
tures. The curve for a typical cylindrical DEAC cell shows 
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that 70 per cent of the nominal capacity will be retained 
after a storage period of three months; 

(g) the cells are fully sealed and may be used or stored in any 
position and are shock and vibration resistant. There is 
no corrosion problem. 

The correct choice of a nicad battery is dependent on 
service requirements. The following points must be taken 
into consideration: 
(i) nominal voltage; 
(ii) upper and lower voltage limits; 
(iii) maximum current and duration; 
(iv) type of operation; 
(v) space and weight limitations. 
The above points, with the possible exception of (iv), are 

self-explanatory. For communications use the type of opera¬ 
tion will usually be a charge-discharge sequence, rather than 
trickle charging or float operation. 

TABLE 16.5 
Nickel cadmium rechargeable cells 

The above types are representative of the extensive range of recharge¬ 
able cells produced by these two manufacturers. 

Ever 
Ready 
Cat No. 

Nominal 
capacity 
(Ah) 

Weight 
(g) 

Type 

NCB28 
NCB55 
NCB175 
NCC60 
NCC200 
NCC400 
NCB28/8 
NCB55/8 

0-28 
0-55 
1-75 
0-60 
200 
4 00 
0 28 
0-55 

16-5 
28-5 

100 0 
30-0 
780 

170-0 
126-0 
232-0 

Button cell1-2V nominal 
Button cell 1-2V nominal 
Button cell 1-2V nominal 
Cylindrical cell, equivalent size HP7 
Cylindrical cell, equivalent size U11 
Cylindrical cell, equivalent size U2 
Button cell battery. 10V nom. 
Button cell battery. 10V nom. 

DEAC 
type 

10/225DK 
10/500DKZ 
10/1000DK 
TR7/8 

501 RS 
RS1-8 
RS4 

0 225 
01-500 
0'000 
0 070 

0-500 
1-800 
4-00 

135-0 
280 0 
610 0 
45-0 

30-0 
65-0 
150-0 

Button cell battery. 12V nom. 
Button cell battery. 12V nom. 
Button cell battery. 12V nom. 
Battery, equivalent to PP3. 9V 
nominal 
Cylindrical cell, equivalent size H P7 
Cylindrical cell, equivalent size U11 
Cylindrical cell, equivalent size U2 

Charging Nickel Cadmium Cells 

It is important that attention should be given to the correct 
methods of charging nicads. There is no particular difficulty 
involved but the methods are different from those employed 
with the usual automotive battery. Nicads are expensive and 
this is a very good reason for devoting some care to this aspect 
of their use. It is essential that the charging current should be 
kept to a constant known value. The use of constant voltage 
charging systems is not recommended due to the very low 
internal resistance of nicads, which could lead to the possi¬ 
bility of drawing high currents and consequent overheating. 
The manufacturers of DEAC cells recommend that the 

Fig 16.32. The graph illustrates the difference in service life between 
the specially designed high power battery and the standard battery 
on a tape recorder test. The discharge is for two hours a day through 

5Q for Ever Ready HP2 and SP2 batteries. 

Fig 16.33. This shows that where a light discharge is concerned the 
heavy discharge type HP11 does not show any advantage over the 
SP11 when discharged through 3OOS2 for two hours a day. Note also 

the nicad discharge curve. 

charging current should be one tenth of the nominal capacity 
of the cell, ie a type 10/500DKZ with a capacity of 0-5Ah 
requires a charging current of 50mA. The charging factor of 
nicads is T4, ie in the case of a fully or partially discharged 
cell, 1-4 times the capacity taken out must be replaced. For 
normally discharged cells the charging time with the rated 
current is therefore 14h. This time can be reduced by fast 
charging, for details of which the manufacturer’s literature 
should be consulted. 

TABLE 16.6 
Comparison of types 

Type 
Nominal 
voltage 

Energy density 
(Wh/weight) 

Low temperature 
performance 

Shelf 
life 

Initial 
cost 

Order of merit in 
cost per 100h 

Zinc carbon 
Alkaline manganese 
Mercury 
Nickel cadmium (rechargeable) 

* Small size but moderate weight 

15 
1-5 
14 
1 25 

25 
35 
45 

Poor 
Fair 
Special type available 
Good 

Fair 
Good 
Good 
Very good 

Lowest 
Moderate 
High 
Expensive 

2 
3 
4 
1 
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Fig 16.34. Circuit for charging a nicad cell from an automotive 
battery or other de source. A diode of suitable rating may be 
inserted in one supply lead to prevent damage from reverse polarity 

connection. 

Nickel cadmium cells should be discharged fully before 
recharging and 1-1V may be used as the practical knee point 
on a slow discharge cycle, at which discharging may cease and 
recharging commence. In the case of batteries, a drop of 
10 percent in terminal voltage may be considered discharged. 
Charging of nicads can be carried out using automotive 

batteries, but usually it will be more convenient to use the ac 
mains supply. For this only a simple unit comprising a trans¬ 
former, rectifier and current limiting resistance is required. 

The circuits shown in Figs 16.34 and 16.35 have been sug¬ 
gested by the Ever Ready Co (GB) Ltd and are suitable for 
charging their range of nickel cadmium batteries. The follow¬ 
ing sections outline how to determine values for these 
circuits. 

A number of commercial chargers are available, both 
DEAC (GB) Ltd and the Ever Ready Co (GB) Ltd manu¬ 
facture constant current chargers intended for nicad charging. 
The more elaborate units provide a relatively high maximum 
current with metered output and a timer. 

Referring to Fig 16.34 
Symbols 
V3 source voltage 
Vc = on charge voltage of one nicad cell (approx 1-45V at 

20 °C) 
Vr = voltage across resistor 
N = number of nicad cells in battery 
C = capacity of nicad cells in ampere hours 
Rl = resistor required to limit current 
Ic = charging current required (C/8 for Ever Ready 

cylindrical cells) 
WR — watts to be dissipated by resistor 

Calculation of resistor RL
Vs — NVC = Ri. X Ic (if this result is negative, Vs is too 
low). Assume charge rate of C/8, then Vs —NVC = Rl X C/8. 

Fig 16.35. Circuit for charging a nicad cell from the domestic ac 
mains supply. 

8 
Therefore RL = - (Vs — NVC) O. 

Referring to Fig 16.35 
Symbols 
Es = transformer secondary voltage 
V3 = voltage of rectified de 
(remainder asín Fig 16.34) 
Calculation of resistor RL—as above 
Rating of transformer 
The transformer secondary voltage Es should be at least 
twice NVC and its current rating should be at least equal to 
Ic (in rms value). 
Calculation of wattage of resistor RL
Vs VR + NVc 
VR = V8-NVc = Rl X Ic 
Wr = Vr X Ic 
Wr Rl X lc2 watts 

Practical example 
To charge one Ever Ready NCC400 from (a) a 12V car 
battery, and (b) 240V ac mains supply. Charging rate to be 
C/8. 
(a) Vs = NV,. 1 X 1-45V 

C = 4Ah; Ic = 6/8 = 500mA 
8 

Value of R,. = 7 (12V - 1-45V) 4 
Rl = 21 10n 
WK = 2110 X 0-5 X 0-5 5-2W 
A resistor of about 22Í2 6W is required. 

(b) For rating of transformer see above. 
Bridge rectifier: the piv should be greater than Es (3V) 
and have a forward current of at least Ic (500mA). 
Vs = 3V; NVc = 1 X 1-45 
C - 4Ah; Ic = C/8 500mA 

8 
Value of Rl = (3V - 1 -45V) 

Fig 16.36. Circuit of the ac psu for mobile equipment. Suitable alternative transistors for TR1 are TIP29, TIP3I, 2N3053 or 2N305S. 
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r 

Front view of the unit. 

R,. 3-100 
W,. 3-10 X 0-5 X 0-5 O-77W 
A resistor of 30 IW is required. 

AC PSU FOR MOBILE EQUIPMENT 

A regulated power supply with a terminal voltage of 
approximately 13-5V is useful for operating or testing mobile 
equipment. The circuit of a suitable unit designed by 
GI3HXV is shown in Fig 16.36. The circuit is based on an 
ic voltage regulator type LI23, to which is added a current 
boost transistor TR2 and driver transistor TRI. Variable 
current limiting is provided by the variable resistor RV1, 
which senses the LI23 output current to the base of TRI 
and limits this current when the voltage drop across RV1 
reaches approximately O-65V. The output current of the psu 
is related to the L123 current by the current gain product of 
TRI and TR2, so adjustment of RV1 gives output current 
limiting from about 2A upwards. 

The output voltage V„ is determined by the resistances 
RI and R2 according to the formula: 

v 7(RI + R2) 
° R2 

The values shown give a nominal output of I3-5V but 
some trial and error adjustments may be required in practice 
due to the tolerance of the resistances and the LI23 reference 
voltage. Two resistors are used for both RI and R2 to permit 
selection for voltage variation. Alternatively single resistors 
may be used for both RI and R2 with a Ikil wirewound 
potentiometer connected between them as shown in Fig 
16.36. Adjusting the potentiometer from one extreme to the 
other gives a total output voltage variation of 10V cither 
side of 130V. Note that the voltage feedback network RI, 
R2 is connected to the output load side of the ammeter. 
This arrangement includes the ammeter in the control loop 
and avoids the associated voltage drop which would other-

Internal layout of the unit. 

wise degrade the output resistance of the psu. A load of 
10A causes an output voltage drop of less than 50mV, and 
the ripple level is less than 5mV peak-to-peak at all load 
currents up to I0A. 

The layout of the psu is not critical. The high-current parts 
of the circuit should be wired with 32/0-2 pvc covered wire 
or equivalent. The ic and its associated components may be 
wired on Veroboard or a small printed circuit board as 
shown in the photograph. 

The setting of the current limit is carried out by turning 
RV1 to its maximum resistance position, connecting the 
output terminals together with a connection which will 
carry 10A and then adjusting RVI to obtain the required 
current reading on the ammeter. 

TRI and TR2 should be bolted to a heat sink with a 
thermal resistance of less than 2 C/W. It is likely that an 
aluminium chassis large enough to accommodate the psu 
components will provide sufficient cooling. The unit should 
not be allowed to operate for more than a few minutes in the 
current-limiting mode if the current limit is greater than 5A, 
due to excessive heat dissipation in the output transistor. 
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CHAPTER /7 

INTERFERENCE 

INTERFERENCE is probably the most universal and challenging problem the radio amateur has to face today. 
He may be suffering from interference, in which case he will 
be irritated and frustrated that he is hearing an audio output 
other than the signal he is trying to listen to. More impor¬ 
tant, the transmitting amateur may be causing interference, 
not only to other (professional as well as amateur) users of 
the spectrum, but also to users of domestic receiving equip¬ 
ment (radio and tv). This type of interference can even be 
felt by users of audio equipment not even intended for 
reception of radio transmissions, and can lead to complaints 
to the authorities. 

Interference can occur in almost any stage of a trans¬ 
mitting or receiving system, or other item of electronic 
equipment, such as a hi-fi amplifier. The primary cause is 
inadequate selectivity in some part of the equipment. In a 
transmitting context, the loaded Q of a transmitter output 
stage is typically 12, which means that it has poor selectivity 
and may not adequately attenuate harmonics of the wanted 
signal. On the other hand, audio amplifiers may suffer 
interference because some stage has excessive bandwidth and 
responds to rf signals. 

In practice it is not possible to produce an ideal selectivity 
curve, so any system will respond to a certain extent to 
signals outside the required bandwidth, as shown in Fig 17.1, 
although in many instances this alone may not matter. A 
superheterodyne receiver, for example, has a relatively 
broad-band input stage followed by better selectivity in the 
i.f. stages, but because of non-linearities in the rf and mixer 
stages, signals on the skirts of the selectivity curve may 
generate new signals inside the required bandwidth which 
cannot be removed in later stages. Consequently, non-lineari¬ 
ties are as important as lack of selectivity when considering 
possible causes of interference. The cure may lie in attention 
to either or both of these causes. 

Fig 17.1. Typical response of a communication system. 

SELECTIVITY 
The selectivity requirements of tuned circuits in various 

pieces of equipment are dealt with in the relevant chapters 
of this book. In order to cure interference it is often necessary 
to improve the selectivity of certain stages, or the whole of 
the equipment, by additional filtering and screening. 

NON-LINEARITIES (DISTORTION) 
The effect produced by any electrical circuit may be 

expressed by the following equation: 

V2 = aV, + bV^ + cV^ + . . . (etc) 
which shows how the output voltage (V2) depends on the 
input voltage (VJ. The circuit in Fig 17.2(a) is a simple 
potential divider where V2 is directly proportional to V,. If, 
for example, RI = R2, then V2 = !Vt ; that is, the coefficient 
a is equal to ) and b, c, d etc are 0. Furthermore, the wave¬ 
form of V2 is exactly the same as that of V,. If V, is a pure 
sinewave of frequency then V2 is also a pure sinewave of 
the same frequency. In other words the circuit is perfectly 
linear. 

Fig 17.2. (a) V2 is directly proportional to V lt in other words the circuit 
is linear, (b) V2 will be a distorted version of Vp The degree 
of distortion will depend on the amplitude of V H (c) V, may be 
defined by an equation in terms of V! for both a linear or non¬ 

linear amplifier. 

In Fig 17.2(b) the resistor R2 is replaced by a diode. If 
Vj is very small and insufficient to cause the diode to conduct 
any appreciable current even when it is forward-biased (ie 
much less than the diode “knee” voltage) the circuit appears 
to be linear. If Vx is large enough the diode will conduct when 
V] is positive and this prevents V2 from following V,. How¬ 
ever, when V, is negative the diode is reverse-biased, does 
not conduct, and thus V2 follows VP Hence V2 is a greatly 
distorted form of Vv As the circuit was apparently linear 
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when Vj was small, it is obvious that distortion depends 
upon signal levels. 

The same equation may be applied to the amplifier in 
Fig 17.2(c). If Vj is a sinewave V sin 2^1 of frequency f, 
the equation may be written: 

V2 = «V sin 2irftt + bV2 sin2 2irftt + eV3 sin3 2irfit + 
.. . (etc) 

The “first order” term «V sin 2-nft is responsible for the linear 
amplification of the input signal. The second order term 
¿V2 sin2 2k fit is responsible for the generation of the two fre¬ 
quencies 2/, and Ofi (ie the second harmonic and de). The 
third order term eV3 sin3 2-nfit generates frequencies 3fx 

and fi (ie third harmonic and fundamental). In general, the 
nth order term generates frequencies of nf„ (n — 2)/1( 
(n — 4)/, etc, down to de. The values of the coefficients 
a, b, c, etc, govern the amplitudes of these new signals so 
generated. 

It will be seen that the level of the first order term is 
proportional to V (and hence VJ, that of the second order 
term is proportional to V2 (and hence V!2) and that of the 
third order term is proportional to V3 (and hence V,3). This 
means, for example, that a IdB increase of the input signal 
level causes the second harmonic output to increase by 2dB 
and the third harmonic output by 3dB. The general rule is 
that for every dB increase in drive, the nth order product 
increases by ndB. 

The third order term generates a signal on the funda¬ 
mental frequency f. This may add to or subtract from that 
generated by the first order term, depending upon the signs 
of the coefficients a and c. When subtraction occurs, this 
causes a compression or limiting of the fundamental signal— 
a common occurrence in amplifiers operating at high signal 
levels. When addition occurs, this causes an expansion of the 
fundamental signal—an effect seen in Class B amplifiers 
suffering from crossover distortion when operated at low 
signal levels. 

Intermodulation 

If Vx is not a single-frequency source at f, but consists of 
two frequencies f and /2, the second order term “bV,2” will 
not only produce 2fx and 2/2, but will also produce f, + /2 
and fi — f2, ie a total of four new signals are produced in 
addition to the original fx and /2 input signals. The third-
order term “eV,3’ will produce 3/2, 2fx + /2, 2fx — f2, 
2f2 + f, and 2f¿ — fx in addition to the original fx and ft 
signals, ie six extra signals. Fourth-order distortion 
produces 12 extra signals, fifth-order 16 extra, and so on. 
The generation of these signals is generally called inter¬ 
modulation. 

When three signals f, f2 and f, are present at the input the 
number of products is even greater. Third-order distortion 
produces signals of the form f, ± f2 ± f2 in any combination, 
in other words a further eight signals in addition to the 
others outlined above. 

For second-order intermodulation (fx ± fd each signal 
contributes equally to the output signal. Changing either 
fi or f2 alone by IdB will produce a similar IdB change in the 
output product levels, so that if both inputs are raised by 
IdB then the outputs rise by 2dB. 

For third-order intermodulation (eg 2f + f2), if the level 
of fi is raised by IdB the level of (2/, + f2) will rise by 2dB. 
However, if the level of f2 is raised by IdB then the level of 
(2fi + f2) will rise by IdB. The output level in this case is 
twice as sensitive to the level of fx as to the level of f2. 

When third-order intermodulation is of the form (/. ± f2 ± 
/,) each signal contributes equally to the resulting output 
level. 
When fi and f2 are close together, odd-order (third, fifth 

etc) products of the type (2f ± f2) fall close to fx and f2, but 
even-order (second, fourth etc) products are more remote in 
frequency. Fig 17.3 shows the spectrum produced when 
signals of fi = 7MHz and/2 = 8MHz are passed through a 
non-linear device. Even-order products may be removed by 
moderate selectivity, but it is much more difficult to prevent 
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Odd order 
distortions 

Increasing order Increasing order 

Fig 17.4. Spectrum of a typical wideband amplifier indicating relative 
amplitudes of distortion products. 

interference due to the odd-order products. It is for this 
reason that odd-order distortion causes more problems, both 
on transmission and reception. The spectrum produced by a 
typical wideband amplifier is shown in Fig 17.4. 

Harmonic Generation 

Harmonic generation is a special case of intermodulation 
in which the frequencies f, f2, f3 etc are all the same (the 
input frequency). Second-order distortion will give f ± /„ 
ie 2/t and 0, third-order distortion will give 3/, and f, fifth¬ 
order distortion will give 5/B 3/¡ and f„ and so on. 

Crossmodulation 

Crossmodulation is a specific case of third-order inter¬ 
modulation (in severe cases fifth-order and above), which 
results in the modulation of one signal being transferred to 
another. Fig 17.5 shows the spectrum of two signals, f 
modulated and f2 unmodulated. The modulation frequency 
is fa, so the lower sideband of the modulated signal is 
ft — fa, and the upper sideband is f + fa. By manipulating 
three of the four signals present (according to the rules of 
third-order intermodulation), two new signals f2 — fa and 
f2 + fa are produced. These two signals are, in effect, modula¬ 
tion sidebands for signal f2. Note that each sideband is 
produced twice, and the two signals add together. 

Raising the modulated signal by IdB raises both f and 
(fi ± fa) by IdB, so the output (f2 ± fa) therefore rises by 
2dB. This means that for a IdB change of interfering modu¬ 
lated signal level, the depth of modulation impressed on the 
wanted signal increases by 2dB. 

Raising f2 by IdB also raises (f2 —fa) by IdB, which means 
that increasing the wanted signal will have no effect on the 
depth of modulation impressed on it. So the general rule is 
that crossniodidation depth depends only upon the strength 
of the interfering signal, and not at all on the wanted signal. 
If the wanted signal is removed then the interfering signal 

LSB USB 

Modulated signal 

New LSB New USB 

Un-modulated signal 

Fig 17.5. Production of unwanted sidebands by crossmodulation. 

will no longer be heard since any percentage modulation of 
zero carrier is zero! 

Non-linearities—Necessary and Unnecessary 

While non-linearities are normally detrimental to the 
performance of electronic equipment, some are permissible 
and some are absolutely necessary. Examples are listed 
below: 

Second-order—Absolutely necessary for frequency doublers, 
mixers, and for amplifiers where gain is controlled by a 
current or voltage (such as age controlled stages). Permissible 
in selective amplifiers where second harmonics, or sum and 
difference frequencies can be filtered out. Undesirable in 
wideband amplifiers and oscillators. 

Third-order—Absolutely necessary for frequency tripiers, 
but otherwise undesirable. It produces third-order intermodu¬ 
lation and crossmodulation as described, and in many cases 
selectivity will be inadequate to prevent interference from 
occurring. 

INTERFERENCE DUE TO RECEIVER DEFECTS 

Many interfering signals are not present at the receiver 
aerial terminals on the frequency to which the receiver is 
tuned. Interference can be caused by: 

Harmonics of the i.f. 
Harmonics of the bfo and other oscillators. 
Poor overall selectivity. 
Image response. 
Other responses (harmonic beats). 
Signals which act as the receiver local oscillator. 
I.F. breakthrough. 
Intermodulation, crossmodulation and harmonic genera¬ 

tion. 
Detection in audio circuits, video circuits etc. 

Harmonics of the I.F. 

These are self-generated in the receiver, and may usually 
be identified by removing the aerial. With the bfo off, i.f. 
harmonics may not be apparent, but if they are sufficiently 
strong they will appear as a fast-tuning carrier. With the 
bfo on they may be detected as a beat note. The i.f. harmonics 
reach the receiver input or mixer by radiation or via the 
receiver internal wiring, and therefore suitable remedial 
action may be taken. However, if the mixer does not have a 
perfect square law (ie only second-order non-linearity), i.f. 
harmonics will be produced in the mixing device itself, and 
such signals then act as input signals, but cannot be removed. 
The only solution is to use a mixer where this does not occur. 

Harmonics of the BFO and Other Oscillators 

These are self-generated in the receiver, and like i.f. 
harmonics may be identified by removing the aerial. The bfo 
harmonics will be detected as a whistle as the receiver is 
tuned through the harmonic frequency. Again, these 
harmonics reach the receiver input by radiation or via the 
wiring, and remedial action may be taken. 

Fortunately, i.f. and bfo harmonics usually only affect one 
spot frequency on the If amateur bands, for example 4 X 
465kHz interferes with 1,860kHz, and 8 X 465kHz interferes 
with 3,720kHz. 
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Poor Overall Selectivity 

This results in signals on adjacent frequencies being heard 
at the same time as the wanted signal. The receiver bandwidth 
required depends upon the mode of transmission, and varies 
from several megahertz for television to tens of hertz for 
slow morse under noisy conditions. There is a greater chance 
of interference occurring to receivers of wide bandwidth, so 
the use of the minimum bandwidth for acceptable results is 
recommended. 

Image Response 

This topic is discussed in detail elsewhere in this book (see 
Chapter 4). It is due to inadequate pre-mixer selectivity 
and therefore tends to be worse at higher frequencies. 
Multiple conversion receivers are designed to overcome 
this problem, although domestic receivers operating on the 
medium waveband sometimes suffer interference from 
amateurs operating on the 160m band. For example, a 
receiver with a 465kHz i.f. tuned to 908kHz will have its 
local oscillator on 908 4- 465 = 1,373kHz. A strong amateur 
signal on 1,838kHz may cause interference as this will also 
give an i.f. of 465kHz (see Fig 17.26). 

Similarly, on an amateur receiver it may be possible to 
tune in a strong signal in two places on the 10m band. The 
higher signal (on the receiver dial) is usually the genuine one, 
as the local oscillator is normally above the wanted fre¬ 
quency. Image problems are increased if the rf stage does 
not track correctly with the local oscillator, and under 
certain circumstances the image signal may even be stronger 
than the correct one. This is more likely to occur in general 
coverage receivers. 

Other Responses (Harmonic Beats) 

These are produced when harmonics of the local oscillator 
beat with a signal to produce an i.f. signal. It is not un¬ 
common with cheap transistor radios that an amateur 
operating on the hf bands can be tuned in on the medium 
waveband of the receiver. Examples are given in Fig 17.26. 

Signals Which Act as the Receiver Local Oscillator 

When the interfering signal is very strong and on approxi¬ 
mately the same frequency as the local oscillator, the wanted 
signal may be heterodyned to the i.f. by either of these 
signals. This will produce a beat frequency, and the modula¬ 
tion of the interfering signal will also be heard. In fact, any 
two signals spaced by the i.f. and reaching the receiver mixer 
will produce an interfering i.f. signal. This is a case of 
second-order intermodulation. Again, this problem is more 
likely to occur in domestic or general coverage receivers (see 
Fig 17.26). 

I.F. Breakthrough 

This occurs when signals on the same frequency as the i.f. 
reach the mixer input or i.f. stages. Some coastal radio 
stations operate around 465kHz, and other stations operate 
on other common i.f. frequencies. When the interfering 
signal is entering the receiver via the aerial, a trap tuned to 
the i.f. and inserted in the aerial lead will effect a cure. I.F. 
breakthrough produces tunable whistles on all stations to 
which the receiver is tuned, and is again predominantly a 
domestic receiver problem. 

Intermodulation, Crossmodulation and Harmonic 
Generation 

Intermodulation and crossmodulation products occur 
because of non-linearities, usually in the mixer, but also in 
the rf and i.f. stages. Intermodulation has several effects. 
The speech components in the sidebands of the transmitted 
signal may produce sidebands which spread each side, 
similar to the effect shown in Fig 17.4. This effect is often 
responsible for reports of splatter on strong transmissions, 
whereas the true cause is the receiver mixer. 

Similarly, strong signals near the wanted frequency may 
produce interfering signals either side of them. An example 
of this is on the 40m band where two strong commercial 
stations on 7,100kHz and 7,150kHz will produce third order 
beats on (2 X 7,100) — 7,150 = 7,050kHz (and other 
frequencies). Similar effects are produced by three signals 
on, for example, 7,100, 7,110 and 7.120kHz, producing 
third-order beats of the type 7,100 4- 7,110 — 7,120 = 
7,090kHz. 

Crossmodulation is (as described) simply a special case of 
the above three-signal intermodulation which results in the 
modulation of a signal on (for example) 7,100kHz appearing 
on a signal on any nearby frequency. 

These effects may be alleviated by increasing the pre-mixer 
selectivity so that only the wanted signal is selected and the 
rest are not, but this is difficult if the wanted and interfering 
signals are close together. The use of an atu and/or bandpass 
filter will improve the situation. Reducing the mixer input 
(with an aerial attenuator or rf gain control) will reduce 
the interference by 2dB for each IdB of signal attenuation 
(see Crossmodulation), which will probably render the 
interference inaudible before the wanted signal is lost in the 
noise. 
A more elegant solution is to ensure that the stages 

susceptible to third-order effects are either linear or have 
only second-order non-linearity. FETs are used increasingly 
in rf, mixer and other stages, using the square law action to 
give age or second-order mixing action as desired. 

Harmonics of a strong signal may be produced in the rf 
or mixer stages. If the receiver is tuned close to one of these 
harmonic frequencies, interference will occur due to the 
beat between the harmonic and the wanted signal. This is 
prevalent in television sets, especially on Band 1. 

Detection in Audio Circuits, Video Circuits etc 

Detection of a strong rf signal may occur in af or video 
stages which are driven into non-linearity. No “receiver” 
may be involved, for example in hi-fi systems. This form 
of interference is prevalent in domestic equipment, and is 
discussed later in the chapter. 

INTERFERENCE DUE TO TRANSMITTER DEFECTS 

Interference due to transmitter defects may be classified 
into two groups: interference to users of frequencies immedi¬ 
ately adjacent to the wanted transmitter frequency; and 
interference to users of frequencies quite remote from the 
wanted transmitter frequency. 

The first group affects mainly other amateurs and users of 
“shared” bands, and is caused by excessive bandwidth or 
transmitter noise. 

The second group, affecting mainly users of tv and radio 
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sets in the immediate vicinity, but occasionally more wide¬ 
spread, is caused by harmonics of the transmitter output 
frequency, and radiation of signals produced internally 
but not wanted at the output. 
Common to both groups is interference caused by the 

radiation of unintentional frequencies, including parasitic 
oscillations. 

Excessive Bandwidth 

Any form of modulation produces sidebands. Morse 
conveyed by on-off keying of a carrier wave not only gener¬ 
ates sidebands of the keying frequency (which is relatively 
low compared with voice modulation) but, as the keying 
waveform is effectively a rectangular shape (rich in harmo¬ 
nics), the sidebands may extend to a considerable width 
either side of the centre frequency and produce “key-clicks". 
Slowing down the transition time from on to off and vice 
versa will reduce these harmonics, thus reducing the side¬ 
bands and the corresponding interference to adjacent 
frequencies. 

Frequency shift keying (fsk), either morse or rtty, may also 
produce key-clicks. FSK. may be regarded as two separate 
transmissions, one on the “mark” frequency and one on the 
“space” frequency, which are keyed on and off alternately. 
The extent of the sidebands produced depends upon the rate 
of transition from one frequency to the other, the keying 
speed, and the frequency shift employed. 
Tone modulation (mew, afsk etc) may also produce 

excessive bandwidth if the tones are switched on and off 
suddenly. Such forms of modulation are sometimes used to 
send morse and fsk rtty on ssb transceivers. 

“Chirp” is the term applied when the transmission fre¬ 
quency changes each time it is keyed. Slow chirp is usually 
produced by a change in the supply voltage to a vfo (when 
the transmitter is keyed on, the supply voltage falls). Fast 
chirp is usually caused by rf feedback from the pa stage or 
aerial into an oscillator. Because the transmitter is operating 
over a band of frequencies (by sliding from one to another), 
excessive bandwidth will be occupied. 

Excessive bandwidth on a.m., ssb or fm transmissions may 
be caused by excessive bandwidth of the modulating audio 
frequencies. On congested amateur bands, a modulating 
frequency of 3kHz must be considered the maximum, so 
definite steps should be taken to tailor the audio frequency 
range. In this context, reliance should not be placed upon the 
microphone to cut off the higher frequencies. 
The bandwidth of a.m. transmissions will increase if 

overmodulation occurs. Because the carrier is broken 
abruptly during part of the modulation cycle, the modulation 
takes on the form of a rectangular wave, and the resultant 
sidebands spread much wider than the original modulating 
frequency. 

The bandwidth of ssb transmissions will be wide if the 
filter (or phase shift network in a phasing rig) response is 
incorrect, causing poor sideband suppression. Probably the 
most common reason for excessive bandwidth is odd-order 
distortion in the pa stage or linear amplifier. The speech 
components of the sideband signal intermodulate to produce 
third- and fifth-order products which are inside and immedi¬ 
ately outside the required bandwidth (similar to Fig 17.4). 
The products falling inside cause poor quality, which is 
usually acceptable in practice if they are better than about 
15dB down, but the splatter produced outside the required 
bandwidth may cause severe interference. Note that the 

Fig 17.6. Typical transmitter noise spectrum. 

unwanted products rise rapidly in level as the drive is 
increased (see Non-linearities). 

Excessive bandwidth may be caused on fm or pm by over¬ 
deviation. 

The remedy for all the above is similar. The audio gain 
control should be set so that overmodulation, overdriving 
or overdeviation cannot occur. To ensure that the best use 
is made of the transmitter peak modulation capability, use 
of a speech compressor and/or audio limiter is recommended. 
With volume compression techniques care must be taken 
with the attack time to avoid excessive splatter during the 
first speech syllables, before the compressor operates. This 
is particularly important if the modulator is so designed that 
it is capable (without the compressor operating) of modulat¬ 
ing the transmitter greater than 100 per cent. In these cases 
it may therefore be necessary to follow the compression 
stages by some simple speech peak limiter. This in itself will 
result in distortion on peak speech, so a low-pass filter may 
be required after the limiter. It is fundamental that this low-
pass filter is fitted into the circuit such that it is unaffected 
by any feedback loop forming part of the compression cir¬ 
cuit. Examples of suitable circuits and filters are given in 
Chapter 9 (Modulation Systems). 

Transmitter Noise 

This will mainly affect operators trying to work duplex 
(ie transmitting and receiving simultaneously), or where two 
stations are being operated simultaneously on the same band 
and in close physical proximity. Assuming that there are no 
limitations due to the receiver performance, the bandwidth 
of the transmitted signal may still appear to be too wide. 
This may be due to the noise spectrum (which can also carry 
the modulation) emitted by the transmitter, typically as 
shown in Fig 17.6. The region fc to ft is determined by the 
bandwidth or Q factor of oscillators or early stages in the 
transmitter. This is added to a wider band of noise fc to /, 
generated mainly in the pa stage—/2 may be well removed 
from fc. With valve transmitters the noise sideband power 
radiated between /j and /2 is in the order of 120dB below 
the main signal power, but transistors produce more noise, 
and a figure of 90dB below is typical for a transistor trans¬ 
mitter. 

Spurious Emissions 

An output on any frequency other than that which is 
intended is defined as a spurious emission. Spurious emissions 
include : 
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Harmonics of the transmitter output frequency. The 
problems of transmitter harmonics which interfere with 
neighbouring domestic equipment is perhaps one of the 
reasons why amateur operation is often restricted to “tradi¬ 
tional” hours. This problem is dealt with separately later 
in the chapter. 
Since most amateur bands are harmonically related, 

harmonics produced by a transmitter will inevitably fall in 
or just outside higher frequency bands. All transmitters 
produce some level of harmonic output, and when stations 
are operated in close proximity mutual interference may 
occur. The use of good transmitter circuit design and suitable 
filtering in the lead to the aerial (low-pass filter, atu etc) is 
recommended. Details are given later in this chapter. 

Radiation of signals produced internally but not wanted at 
output. Frequencies produced intentionally in early stages of 
the transmitter may be radiated, such as signals from the 
multiplier chain, oscillators and mixers. A transmitter pi-tank 
is basically a low-pass filter tuned to match one impedance 
to another and so gives little attenuation of signals below 
the wanted transmitter output frequency. For example, a 
3-5MHz transmitter with a l-8MHz vfo may radiate quite 
strongly on l-8MHz. To reduce this effect the pa stage 
should be driven by a buffer amplifier tuned to the output 
frequency, not by a frequency doubler. An atu may give 
considerable attenuation of such unwanted signals, but this 
depends upon its design. 
A 144MHz transmitter may radiate a whole spectrum of 

harmonics of the original oscillator frequency. If this is 
8MHz tripled to 24MHz, then tripled to 72MHz and 
doubled to 144MHz, strong signals may appear on 8, 24 and 
72MHz, with other 8, 12 and 24MHz signals appearing 
as sidebands of these signals. The result is a continuous 
spectrum of signals appearing at 8MHz intervals extending 
well above 144MHz as shown in Fig 17.7. The aerial will not 
radiate effectively at the low frequencies, but severe inter¬ 
ference may be caused to other services operating on frequen¬ 
cies near 144MHz. This effect may be reduced by bandpass 
coupling and screening between transmitter stages. The use 
of a bandpass filter in the aerial feeder, rather than a low-pass 
filter, is recommended for vhf and uhf transmitters. Similar 
considerations must be given to transmitters which use 
mixing to obtain the required output frequency. 

Radiation of unintentional frequencies. Unwanted fre¬ 
quencies may be generated in mixer stages, for example 

image and other signals produced by harmonic beats (similar 
to the mechanism occurring in receivers) may be produced. 
If the ssb generation frequency is, say, 9MHz, a 5MHz vfo 
designed to produce an output on 14MHz may contain 
sufficient harmonic (or this may be generated in the mixer) 
to produce a strong output on 3 X 5 = 15MHz. 

Parasitic Oscillations 

Parasitic oscillations are oscillations which occur where no 
oscillation is intended. They are unpredictable and may be 
responsible for distortion, low efficiency and instability. 
These oscillations can be divided into three groups: 

Oscillations much lower than the output frequency. 
Oscillations on or near the output frequency. 
Oscillations at vhf. 

Oscillations much lower than the output frequency. These 
are usually recognized by the presence of a number of 
frequencies each side of the wanted frequency. In a.m. 
transmissions they may take the form of multiple sidebands 
spaced at intervals equal to the oscillation frequency. Such 
oscillations may occur in rf amplifiers which burst into 
oscillation at high frequency, at a low repetition rate 
(“squegging”), which can be due to poor neutralization. 
Continuous low-frequency oscillation may occur due to 

the resonance of rf chokes with other circuit capacitances, 
when used both on the input and output circuits of an rf 
amplifier. It may be avoided if the input choke is made 
smaller than the output choke, so that the input choke 
resonates higher than the output, which prevents this type 
of “tuned anode—tuned grid” (tatg) oscillation. In the case 
of beam-powet tetrodes it is better to avoid an input choke 
and use a fairly high value grid resistor, which causes only 
small rf power loss. However, care should be taken not to 
exceed the maximum value quoted for the valve type— 
typically 30kil RF power transistors often have high gain 
at low frequencies and so are prone to low frequency 
oscillations. This may be avoided by incorporating addi¬ 
tional low-frequency decoupling on such stages to ensure 
that the gain is low. 

Oscillations in audio circuits may occur at supersonic 
frequencies and therefore be inaudible, although they may 
cause the production of parasitic sidebands due to the 
excessive modulation bandwidth, except perhaps with a 
filter-type ssb transmitter. Reduction of the audio quality 
will also result. 

Oscillations on or near the output frequency. These are 
usually caused by rf feedback in one of the rf amplifier 
stages (usually the pa) due to lack of correct neutralization, 
poor screening or bad layout, so that the stage acts as a tatg 
oscillator. The oscillation may not be present all the time, 
and may occur only on peaks of modulation or when an 
amplifier has no drive (key-up condition on cw or between 
words on ssb). It will probably be unstable and change 
frequency if the amplifier input or output tuning is changed, 
but may lock onto the wanted signal when it is strong 
enough, such as on speech peaks. The result is often poor 
speech quality and “splash” on telephony or clicks on tele¬ 
graphy. The situation is often aggravated by over-running 
amplifiers with excessive supply voltages, particularly with 
high-slope valves. 
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Oscillations at vhf. These are often due to an unfortunate 
choice of layout and may occur in almost any stage of a trans¬ 
mitter (or other equipment) including the audio stages. The 
oscillations arise from an unintentional form of tatg circuit, 
and the cure may lie in improved screening, layout, or 
decoupling of leads to vhf. As with all tatg circuits, beware 
of un-neutralized stages when the output could be tuned 
slightly above the input tuning frequency. A common prac¬ 
tice is to use low-value resistors or vhf chokes in series with 
grid and anode connections of an hf transmitter pa stage. 
This reduces the stage gain at vhf and prevents oscillation. 
The chokes may consist of a few turns of wire wound on a 
suitable size of low-value resistor. Sometimes it is possible 
to eliminate vhf oscillations by connecting a small capacitor 
(about 30pF) directly between grid (or anode) and earth. 
This must be done using the shortest possible leads, and 
can only be done where this capacitance will not otherwise 
affect the performance of the circuit (usually below 28MHz). 

Checking for parasitic oscillations. An essential procedure 
in the testing of a new transmitter is the running of the pa 
stage without drive (unless self-bias is used) and at the 
maximum permissible safe standing current. Under these 
circumstances the input and output tuning should be varied 
on all bands to ensure that no parasitic oscillations occur. 
They may be indicated by sudden changes in the standing 
anode (or collector) current, by the flow of grid current or 
by rf voltages appearing at the output. A transmitter should 
never be connected to an aerial until it has satisfactorily 
passed this test. During the test a suitable dummy load 
should be used. Neutralizing should be carried out near the 
maximum frequency used, although some compromise may 
be necessary, such as neutralizing at 21 MHz on a 3-5-28MHz 
multiband transmitter. Maximum power output should be 
obtained near maximum dip in anode current in a conven¬ 
tional Class B or Class C pa stage when switched to the 
“tune” position. 

TRANSMITTER HARMONICS 

Perhaps the most common form of interference caused by 
transmitter shortcomings is the radiation of harmonics which 
fall on or near frequencies allocated to television and vhf 
radio. For trouble-free operation it is essential that such 
harmonics are suppressed to a very high degree. The sup¬ 
pression of harmonics which fall in higher frequency amateur 
bands is less demanding except where another amateur or 
other radio service is located nearby. In any case of harmonic 
(and other unwanted) radiation the responsibility for curing 
the interference rests with the amateur concerned. Hence the 
suppression of harmonics is vitally important in the design 
of a transmitter. 

CW, a.m., fm and similar transmitters usually operate 
with a non-linear Class C pa stage (and other amplifier 
or multiplier stages), which must be expected to produce a 
high level of harmonic output. SSB transmitters usually use 
a more linear pa operating in Class A, ABI or AB2, which, 
although it should produce less harmonic output than Class 
C, must still be considered as a harmonic generator. It is 
also quite common to drive an ssb pa into Class C for the 
purpose of tuning up. 

There are several sophisticated methods of reducing the 
generation of transmitter harmonics, but satisfactory 
operation is usually obtained by paying attention to filtering, 

Fig 17.8. A push-pull anode tank circuit. The output link should be 
placed at the "earthy” section of the coil to minimize capacitive 

coupling of harmonic energy. 

sometimes before, and invariably after the final amplifier 
stage. Although it is relatively easy to suppress harmonics 
by filtering the feeder to the aerial, for freedom from inter¬ 
ference it is often necessary to ensure that the transmitter 
power and other interconnecting leads are adequately 
filtered and screened, and that the transmitter case allows 
no leakage of rf signals. 

Tank Circuit Design 

Transmitter output stages produce harmonics because 
the anode (or collector) current is distorted, a phenomenon 
which is most marked in a Class C pa stage where only short 
pulses of current flow. In order that only the component of 
current at the desired frequency generates appreciable voltage, 
the output tank circuit must be tuned and the Q of this 
determines the suppression of unwanted frequencies. A 
loaded Q of about 12 is a reasonable compromise between 
circuit losses and suppression. In the case of other stages in 
the transmitter, such as multipliers, mixers and drivers it 
is advantageous to operate at a higher Q since efficiency 
is not of prime importance. For detailed design procedure 
see Chapter 6—HF Transmitters. 

Even in buffer amplifiers it is better to use a tuned circuit 
with a fairly low L/C ratio than the commonly used 2-5mH 
choke. The choke gives no selectivity, and has multiple 
resonances, whereas the tuned circuit reduces unwanted 
responses outside the desired frequency range. Better still, 
a wideband coupler may be used. 

It is most important that the tank circuit is wired to 
provide an effective bypass from anode to cathode at the 
harmonic frequency. Short, stout leads should be used to 
minimize stray inductance throughout the whole of the rf 
path. Inductance between cathode and earth, being common 
to both input and output circuits can also cause unwanted 
feedback and this is doubly undesirable. 

Some tank circuits may prove rather ineffective in reducing 
the harmonic output unless suitable precautions are taken. 
A typical example is that of a push-pull output circuit in 
which the split-stator tuning capacitor has its rotor connec¬ 
ted to earth and the coil centre-tap connected to the ht line 
through an rf choke as shown in Fig 17.8. This arrangement 
is normally used to provide a better circuit balance and 
a low-impedance path to earth for harmonic frequencies. 
The even harmonic frequencies present at the anodes are 
in phase with each other and may be transferred by uninten¬ 
tional capacitive coupling to the output coupling coil. This 
effect can be minimized by making an earth connection to 
the coil, which should be positioned at the part of the tank 
circuit at the lowest rf potential, ie rf earth. 
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Fi< 17.9. A single-ended tank circuit. As in Fig 17.8 the output link 
should be placed at the “earthy” end of the coil. 

The same applies to the single-ended stage shown in 
Fig 17.9. The coil should feed into a coaxial feeder to 
simplify the screening problem. In addition the use of a 
Faraday screen between the tank circuit and the coupling 
coil is recommended since it will serve to eliminate the 
capacitive coupling without affecting the inductive coupling. 
This is desirable because it is the higher order harmonics 
which will be passed more readily by stray capacitive 
coupling. This point should be borne in mind when 
determining the layout. Where only one or two link turns 
are required a simple form of Faraday screen may be made 
from a piece of coaxial cable, as shown in Fig 17.10. 

Pi-networks 
In hf band transmitters the use of a pi-network for single-

ended pa tank circuits is almost universal, and has the 
advantage of allowing the transmitter to operate into a range 
of loads (typically with a maximum swr of 2 : 1) for tolerable 
loaded Q factor. Transistor circuits also use pi-networks, or 
variations, especially in vhf transmitters. When used correctly 
the circuit gives good suppression of harmonics due to the 
frequency dependent action of the potential divider formed 
by LI and C2 (see Fig 17.11). Compared with a simple tuned 
circuit, the pi-network gives four times more suppression 
of the second harmonic, nine times more suppression of the 
third harmonic, and so on, the general formula being n2 
times for the nth harmonic. However, on signals below the 
wanted frequency the attenuation is poor, as previously 
described. 

Most transmitters using pi-tank output stages claim 
harmonic suppression of about 40dB, ie a 400W transmitter 
will emit harmonics of about 40mW, but this figure is quoted 
when the transmitter is operated into a constant impedance 
dummy load. When fed into an aerial having an impedance 
probably quite different on the unwanted frequencies, the 
harmonic suppression may be better or worse than this 
figure. It is unlikely that this level of harmonic will cause 
much trouble to other stations, but the use of an atu suitable 

Fig 17.10. A shielded link coil 
made from coaxial cable. The 
outer braiding is left in posi¬ 
tion but does not form a 
closed loop. The inner con¬ 
ductor is soldered to the outer 
braiding at the point shown. 
This construction is not suit¬ 
able for coils of more than a 

few turns. 

for attenuating signals both below and above the wanted 
frequency is recommended. 

In spite of the use of a correctly designed tank circuit 
and aerial coupling system it is often found that additional 
filtering-out of unwanted signals is required. Even if no 
interference to tv is apparent, it is good design practice to 
use an additional filter to reduce the possibility of it arising 
at a later date. It also reduces the risk of interference to other 
radio services, such as Police, Fire Brigade and Air Traffic 
Control. 

Fig 17.11. A pi-network tank circuit. C1—250pF tuning capacitor; 
C2—1,500pF loading capacitor; C3—1,000pF blocking capacitor; 
L1—inductance tapped as necessary; RFC1—anode choke; RFC2— 
safety choke to prevent ht voltage from appearing at the output in 

event of C3 shorting; L2-C4—harmonic trap (see text). 

The effectiveness of a filter may be negated if unwanted 
signals are allowed to leak from the transmitter case by 
direct radiation or by being conveyed to the aerial via the 
earthy side of the system—it is very difficult to earth a 
transmitter case effectively at vhf or uhf because any earth 
lead is too long at such frequencies. Signals may also be 
re-radiated via the transmitter power and interconnecting 
leads if they are not correctly decoupled where they leave 
the case, so the necessity for proper transmitter screening 
and lead decoupling cannot be over-emphasized. 

Screening and Decoupling 

Poor screening and decoupling is often responsible for 
cases of “incurable” interference to television sets or other 
equipment. Unless the principles involved are fully under¬ 
stood the results may be disappointing. The basic principle 
can be explained with the aid of the simplified arrangement 
shown in Fig 17.12(a). A transmitter T is enclosed with its 
load resistance R in a perfect screening box so that there 
will be no detectable radiation outside. For the sake of 
simplicity, it is assumed that the transmitter derives its 
power from batteries also contained within the box, so there 
can be no question of radiation from any of the power 
supply lines. The problem is to allow the transmitter to 
radiate its energy outside the box but only at the proper 
frequency; any other frequencies must be prevented from 
leaving the box. Fig 17.12(b) shows how this can be achieved. 
Here the transmitter is connected to an external load by 
screened cable and a screened low-pass filter. The load 
receives power from the transmitter at the wanted frequency 
while the filter stops the transmission of harmonic energy. 
It is important to note that the screening must be continuous 
to ensure that the only way out of the box is through the 
filter. 

Although the arrangement of Fig 17.12(b) enables a carrier 
to be radiated with minimum harmonic content there still 
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remains the practical problem of making connections to a 
modulator or keying circuit and also of connecting an 
external power source instead of the internal battery. While 
doing this it must be made impossible for any rf potential to 
exist between the leads and the outside of the box. 

Fig 17.13 shows the relative effectiveness of various 
methods of decoupling. The capacitor values are not critical 
and usually lie between lOOpF and 10,000pF, which are 
large enough values for adequate decoupling at rf but 
have negligible effect on the supply carried by the lead. 
The use of screening on all internal leads which are not 
normally carrying rf currents is strongly recommended. 
Chokes may be easily made with about five turns of wire 
through a suitable lossy ferrite bead, and will usually be free 
from spurious resonances up to uhf. 

Fig 17.12. A simple way of looking at screening of transmitters. In (a) 
the perfect screening prevents any radiation from the transmitter 
or its load; in (b) a low-pass filter inserted in the line between 
transmitter and toad eliminates harmonics while permitting 

radiation of the (wanted) fundamental. 

Beware of paralleling decoupling capacitors to increase 
their effectiveness over a wide band. Because capacitors 
series-resonate with their own lead inductance (even if the 
leads are very short), it will be found that for a given type of 
capacitor certain values are optimum for decoupling certain 
frequencies. For example, 1,000p F may be best for 50MHz 
and lOOpF for 200MHz. While good decoupling will be 
obtained at both these frequencies, at some other frequency 
(or frequencies) one capacitor may resonate with the effective 
inductance of the other. This will form a parallel tuned 
circuit (high impedance) across the line and result in no 
decoupling at all at that frequency. If such techniques are 
to be employed, it is safer to use an rf choke or low-value 
resistor between the capacitors. 

The case which houses the transmitter should be as rf-
tight as possible, and it is regrettable that many commercial 
units do not conform to this criterion. For best results the 
case should be made from a low-resistance material, such as 
brass or aluminium. Ventilation holes should not exceed 
Jin. in any direction, and those which do may have to be 
screened with a fine mesh wire gauze. It is not always essential 
to screen meter holes, but where necessary the meters may 
be mounted in screened enclosures with their leads decoupled 
where they pass through the enclosure. Where there are 
joints in the metalwork there should be at least a |in overlap 
of low-resistance contact (clean and paint-free), and surfaces 
should be bolted together with bolts not more than about 
2in apart, or even less for vhf and uhf transmitters. 

Transmitters screened and decoupled in accordance with 
the principles described should be adequately free of inter¬ 
ference problems caused by rf leakage from the transmitter 
case and leads, thus enabling external filters to work effec¬ 
tively. 

R1......... 1OOO.il Carbon 
RFC.... Ohmite Z-50 
C1.75pF ceramic 

feedthrough 

C2 0*005^F disc ceramic 

C3.O»O1^F Sprague high-pass 

C4.O’OOS^F ceramic feedthrough 

Fig 17.13. Comparison of the effectiveness of various methods of 
bypassing the leads emerging from a screened cabinet (measured at 

80MHz). 

Correct Station Layout 

To ensure that the minimum of unwanted signal is 
radiated by the transmitter the layout shown in Fig 17.14 is 
suggested. The function of each component is as follows: 

Aerial tuning unit or aerial coupler. This ensures that the 
impedance of the aerial, including feeders, is transformed 
to the characteristic impedance (Zo) of the filter. It enables 
the filter to work into the correct load on the wanted fre¬ 
quency and prevents damage to it due to high voltages pro¬ 
duced by a high swr. Depending upon its design the atu 
may give extra rejection to unwanted signals both above 
and below the wanted frequency. When the impedance of the 
aerial system is close to the Zo of the filter the atu may be 
omitted, but other benefits will be lost. The atu should be 
fully screened. 
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Fig 17.14. Suggested layout of 
equipment for minimum 

spurious radiation. 

Filter—low-pass or band-pass. A low-pass filter which cuts 
off at about 30MHz is recommended for hf stations, while 
for vhf and uhf a band-pass filter for each band is preferable. 
The low-pass filter is designed to give high attenuation above 
30MHz, often with even higher attenuation on a specified 
unwanted frequency which may cause interference to tv 
sets in Band I. This frequency is the one which could be 
radiated by the transmitter and not that of the tv channel. 
Because the input impedance of the atu plus aerial system will 
almost certainly not be correct for the filter on frequencies 
other than the wanted transmitter frequency, the attenuation 
of the filter may be quite different from the published 
figures which assume correct termination on all frequencies. 
This problem may be avoided if the filter is of the type 
designed to absorb signals above the cut-off frequency in a 
dummy load. The filter should be fully screened. 

SWR bridge. This enables the atu to be adjusted so that the 
filter works into its correct impedance, as described. The 
bridge should be inserted as shown before the filter because 
the diodes in the bridge may generate harmonics. If the filter 
is correctly terminated the bridge should indicate 1:1. The 
bridge should be fully screened. 

Harmonic trap. This is added to give even greater attenua¬ 
tion on a specific frequency, especially if the filter is not 
adequate on that frequency. It should be contained in a 
screened compartment, either inside the transmitter, or as an 
external unit. 

Transmitter. The procedures described above should be 
noted. If a separate linear amplifier is used, then the same 
procedures should be adopted. A low-pass or band-pass 
filter between exciter and linear amplifier is desirable. 

Choice and Location of Aerial and Transmitting 
Station 

While strictly not a transmitting station fault, it may be 
possible to reduce interference to domestic equipment by 
taking measures which reduce the interfering field strength 
in the vicinity of the equipment. The interference may well 
be due to the strength of the amateur fundamental signal. 

It is obvious that the transmitting aerial should be located 
as far as possible from domestic equipment and aerial 
installations. Vertical and end-fed aerials radiate strong 
local signals and may induce considerable voltages and 
currents into tv and fm radio downleads, which are pre¬ 
dominantly vertical. It is advantageous to mount beam 
aerials well above roof level (sometimes a good argument 
to persuade neighbours not to raise objections to modest 
masts and towers). 

It helps if the station “shack” is remote from the house, 
such as in a garden shed, garage, or outbuilding, to reduce 
the chances of trouble from the effects of radiation of signals 

from the transmitter case, leads and feeders. However, there 
is no reason why a transmitter should not be located right 
next to domestic equipment, provided that the transmitter 
is well screened and decoupled, and there is no radiation 
from the aerial feeder. 

Feeders and Baluns 

The connection of an unbalanced feeder (such as coaxial 
cable) to a balanced aerial (such as a dipole, beam, delta¬ 
loop etc) has little effect on the apparent performance of the 
aerial, but causes currents to flow on the outer braid of the 
cable. Fig 17.15 shows the current distribution in a dipole 
both when using balanced feeder and when using coaxial 
cable. The feed current flowing in the braid brings the rf 
potential above that of earth and, depending upon where the 
earth reference for the station may be, there will be con¬ 
siderable radiation from both the feeder and even the casing 
of the transmitting equipment. Unless there is a very good 
rf earth on the transmitter the braid current will flow through 
the case and into the mains power wiring earth, which may 
be some distance from the transmitter as shown in Fig 17.16. 
As the line and neutral phases of the supply run parallel and 
are in close proximity to the earth wire there will be consider¬ 
able radiation and direct pick-up of both signal frequency 
and harmonics on the power distribution wiring in the 
locality. 

Fig 17.15. Comparison of current distributions in a dipole aerial fed 
by (a) a balanced feeder (b) a coaxial feeder. 

As coaxial cable has the advantage of being able to be 
used without any ill effects due to the proximity of surround¬ 
ing objects, it is a popular type of feeder. To connect it to a 
balanced aerial it is necessary to use a balun (ie a balance-to-
unbalance transformer) at the point where the coaxial cable 
is joined to the aerial. Where proximity effects are no prob¬ 
lem, balanced feeder may be used and can be coupled to the 
transmitter via a balun, or via an atu which has a balanced 
output (preferably “floating”, ie it has no connection to the 
atu earth). The balanced feeder may be chosen to match the 
aerial impedance, although a suitable atu may be needed 
to transform this impedance to that of the filter. The absence 
of a direct connection between the aerial system and the atu 
earth may also reduce the flow of unwanted signals which 
may leak out of an imperfect transmitter. To prevent a 
build-up of static voltage on the feeder (due to electrically 
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Fig 17.16. Due to the imbalance of aerial currents when a coaxial 
feeder is used, a proportion of the current on the leg connected to 
the braiding flows down the feeder and through thee quipment 
casing to earth. If there is no separate earth, these currents will 
flow via the power wiring to the house main earthing system. It is 
usual practice for the mains neutral to be connected to earth at the 
sub-station so the result can be considerable radiation on the mains 

distribution. 

charged rain, for example), it is desirable to provide a 
leakage path, so a high-value resistor (about lOOkO) should 
be connected from the aerial system to earth. 

INTERFERENCE TO DOMESTIC EQUIPMENT 

Because of the wide range of frequencies used by both 
amateurs and the broadcast television and radio services, 
the causes of interference are various, and may be cate¬ 
gorized as follows: 

Transmitting station faults. 
TV and radio set faults. 
External non-linear devices. 
All three may occur simultaneously, but by a methodical 

process of elimination it is possible to determine the cause(s) 
of interference. Since many of the reasons for interference to 
tv, radio and audio equipment are the same, and to avoid 
repetition, tv interference is dealt with in most detail. 

It is usually impracticable to improve the set performance 
by internal means, but where this is unavoidable, it should 
be undertaken with great caution and as a last resort 
Attempting internal modifications may have unforeseen 
results, even if completely successful in curing the interference. 
The amateur may be continually held responsible for subse¬ 
quent poor performance of the set, often with no justifica¬ 
tion. It should be remembered that the amateur is in no way 
obliged to provide any material assistance to the owners 
of the deficient equipment, although co-operation with all 
parties concerned is usually necessary to secure a satisfactory 
solution. 

INTERFERENCE TO TV SETS (TVI) 

To understand the problem, it is useful to know the 
frequency of the tv channel which is suffering the interference. 
The frequencies of various tv systems are given in Table 17.1. 

TABLE 17.1 
Television channel allocations. Note that cable tv frequencies may be considerably different from those stated. Continental European 

uhf vision frequencies are the same as the UK, but sound is 0 5MHz lower. 

UNITED KINGDOM 
Vision Sound 

41-50 
48-25 
53-25 
58-25 
63 25 

176 25 
181-25 
186-25 
191-25 
196-25 
201-25 
206-25 
211-25 
216-25 

4500 
51-75 
56-75 
61-75 
6675 

179-75 
184-75 
189-75 
194 75 
199-75 
204-75 
209-75 
214-75 
219-75 
System A 
405 lines 

Channel 
No 
B1 
B2 
B3 
B4 
B5 
B6 
B7 
B8 
B9 
B10 
B11 
B12 
B13 
B14 

CONT. EUROPE 
Channel Vision Sound 
No carrier carrier 
E2 48-25 53-75 
E2A 49 75 55-25 
E3 55-25 6075 
E4 6225 67-75 
E5 175-25 18075 
E6 182-25 187-75 
E7 189-25 194-75 
E8 196 25 201-75 
E9 203-25 202-75 
E10 210 25 215-75 
E11 217-25 222 75 
E12 224-25 229-75 

System B 
625 lines 

USA 
Channel Vision Sound 
No carrier carrier 
A1 — — 
A2 55-25 59-75 
A3 61-25 65-75 
A4 67 25 71-75 
A5 77-25 81-75 
A6 83 25 87-75 
A7 175-25 17975 
A8 181 25 185-75 
A9 187 25 191-75 
A10 193 25 197-75 
A11 199-25 203 75 
A12 205-25 209-75 
A13 211-25 215-75 

System M 
525 lines 

REPUBLIC OF IRELAND 
Channel Vision Sound 

No carrier carrier 
1B 53-75 59-75 
1D 175-25 181-25 
1F 191-25 197-25 
1H 207-25 213-25 
1J 215-25 221-25 

System I 
625 lines 

UK CABLE TV UK ALLOCATION UHF TELEVISION (BAND IV/V) 
Channel Vision Sound Channel Vision Sound Channel Vision Sound Channel Vision Sound 
No carrier carrier No carrier carrier No carrier carrier No carrier carrier 
A 45-75 51-75 21 471-25 477-25 40 623-25 629-25 55 743-25 749-25 
B 53-75 59 75 22 479-25 485-25 41 631-25 637-25 56 751-25 757-25 
C 61-75 67 75 23 487-25 493-25 42 639-25 645-25 57 759-25 765-25 
D 175-25 181 25 24 495-25 501-25 43 647-25 653-25 58 767-25 773-25 
E 183-25 189-25 25 503-25 509-25 44 655-25 661-25 59 775-25 781-25 
F 191-25 197-25 26 511-25 517-25 45 663-26 669-25 60 783-25 789-25 
G 199 25 205-25 27 519-25 525-25 46 671-25 677-25 61 791-25 797-25 
H 207-25 213 25 28 527-25 533-25 47 679-25 685-25 62 799-25 805-25 
1 215-25 221-25 29 535-25 541-25 48 687-25 693-25 63 807-25 813-25 

System I 30 543-25 549-25 49 695 25 701-25 64 815-25 821-25 
625 lines 31 551-25 557-25 50 703-25 709-25 65 823-25 829-25 

32 559-25 565-25 51 711-25 717-25 66 831-25 837-25 
33 567-25 573-25 52 719-25 725-25 67 839-25 845-25 
34 575-25 581-25 53 727-25 733-25 68 847-25 853-25 
39 615-25 621-25 54 735-25 741 25 

17.11 



RSGB—RADIO COMMUNICATION HANDBOOK 

Until recently in the UK perhaps the most common cause 
of tvi has been the production of harmonics from hf band 
transmitters which affect Band I television. Fig 17.17 indi¬ 
cates the harmonic relationship between these frequencies, 
and a similar chart can be drawn up for other tv and amateur 
frequency allocations. These harmonics may be generated 
either in the transmitting system, the receiving system, or by 
an external device. It will be seen that some channels are 
clear of possible harmonic troubles, yet interference on these 
channels is not uncommon, being often due to crossmodula¬ 
tion in the tv set rf, mixer or other stages. 

Fig 17.17. Harmonic relationship between the hf amateur bands and 
tv channels in the UK Band I. 

With the growth of uhf television in the UK, and the 
corresponding decrease in the use of Bands I and III, har¬ 
monic interference from hf transmitters is much less preva¬ 
lent, but crossmodulation and other forms of interference 
are much more common. In addition the increasing activity 
on the 2m and 70cm bands has resulted in more tvi to uhf tv. 

Transmitting Station Faults 

These are usually the radiation of an unwanted signal on or 
near the frequency to which the tv (or radio) is tuned, or, 
less frequently, on some other unauthorized frequency such 
as the tv i.f. The reasons for these faults have been listed in 
the previous section. Attention should be paid to all these 
possibilities to ensure that a clean signal is being radiated 
and that the local field strength is as low as possible. 

TV Set at Fault 

Television sets may suffer from all the shortcomings of 
receivers described earlier. As there is fierce commercial 
competition between manufacturers, some sets are designed 
with scant regard to the problems which occur when the set 
is operated in the presence of high rf fields, and the extra 
components required for filtering, screening and decoupling 
are often omitted in the interests of economy. Unfortunately, 
there are no regulations in the UK designed to protect tv 
sets from such interfering signals. 

Interference is usually due to the following causes: 
Self-generated harmonics. 
Crossmodulation. 
Detection of the interfering signal. 
Direct reproduction. 

Self-generated Harmonics 

This is a common cause of tvi on Band I from hf trans¬ 
missions (usually 14, 21 and 28MHz). VHF transmissions 

may also cause interference to uhf bands (eg 4 X 145 = 
580MHz). Such interference is usually limited to low-order 
harmonics, ie second, third, fourth and fifth, which are 
generated in the rf, mixer or i.f. stages of the tv set because 
of non-linearities. 

Crossmodulation 

Crossmodulation may occur in the rf, mixer or i.f. stages 
of a tv set regardless of the frequency relationship between 
the wanted and interfering signals. This is a common cause 
of tvi to uhf tv. 

Detection of the Interfering Signal 

This occurs in audio or video stages and may take place 
in intentional diode detectors or because valves and 
transistors are driven into non-linearity by the strong 
interfering signal. 

Direct Reproduction 

This may occur because T8 and 3-5MHz are within the 
video spectrum of O-5-5MHz, and even 7MHz can cause 
trouble. Colour decoder and other signal processing circuits 
are particularly susceptible to signals in the 80m band 
because they are designed to operate on the colour sub¬ 
carrier frequency of 4-43MHz (625 line PAL system) or 
3-57MHz (525 line NTSC system). 

How Interference Enters the TV Set 

There may well be other reasons for the interference, but 
the cure for all the mechanisms of interference is the same, 
that is, to prevent the interfering signal from entering the set. 

The interfering signal can enter in four ways: 
Via the coaxial feeder inner conductor; 
Via the coaxial feeder braid; 
Via the mains power leads; 
By direct pick-up in the circuit. 

Coaxial feeder inner conductor. When the tv aerial is large 
enough to act as a reasonably efficient aerial at the inter¬ 
fering frequency, it will feed a significant amount of inter¬ 
fering signal to the tv set via the inner conductor of the 
coaxial cable. 

In the UK it is common practice to isolate the aerial input 
—both inner and outer conductors—from possible mains 
voltages by coupling the input socket to the set via capacitors 
of 270 or 470pF (see Figs 17.18, 17.19). These have neg¬ 
ligible impedance at the tv frequencies, but not so at amateur 
frequencies. The coaxial cable braiding acts as an aerial for 
the interfering signal, causing a current to flow through the 
isolation capacitor to the tv set and on to earth. The current 
flowing through the capacitor impedance produces a voltage, 
so the braid becomes “live” at the interfering frequency. 

Fig 17.18. Typical aerial isola* 
tion network found in vhf tv 

sets in the UK. 
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Fig 17.19. Typical aerial isola¬ 
tion network found in uhf tv 

sets in the UK. 

The braid voltage is then transferred to the inner conductor 
via the effective impedance Zf seen between outer and inner 
(see Fig 17.20). 

If the braid of the coaxial cable is insubstantial it may not 
effectively screen the inner conductor, especially at low 
frequencies. This allows the inner conductor to pick up some 
interference, although the occurrence is probably rare. 

With any of the three causes described above, a filter 
which prevents the interfering signal from entering via the 
inner conductor will be effective. However, the filter design 
in .ist be chosen with care. When the first effect alone is 
present, almost any filter designed to attenuate the interfering 
frequency will be effective. Similarly with the third effect. 
The filter may contain inductors and capacitors in any suit¬ 
able combination. However, when the second effect (“live” 
braid) is present a conventional filter (one with a common 
connection for the coaxial braid at both input and output) 
will only be satisfactory if the filter is as shown in Fig 17.21. 
The filter must contain immediately before its output a 
circuit which presents a high impedance to the interference. 
If the design is of the type shown in Fig 17.22 where the 
intention is to bypass the interference to the earthy side of 
the filter, the reverse will happen, and the braid voltage will 
be transferred to the inner conductor, possibly increasing 
the interference. It is usually found that this type of filter 
will work satisfactorily only when inserted insi.ie the tv set, 
between the aerial isolating network and tuner, where the 
true reference earth for the set will be found. A simpler cure 
is to use the "braid-breaking” type of filter described later. 

Coaxial feeder braid. Again, the braid of the coaxial 
feeder may act as an end-fed aerial for the interfering signal. 
The capacitor isolating the braid, while presenting some 
impedance to the interference, still allows considerable 
current to flow into the tv set. Under certain circumstances 
the capacitor may actually help to resonate the system (see 
Fig 17.23). The current flowing through a printed circuit 
board conductor which has a relatively high impedance 
at rf may produce voltages across ostensibly equi-potential 
points in the circuit. A very small change in base-emitter 

Fig 17.20. Current flowing in 
the outer braid of tv coaxial 
feeder can cause a signal to 
appear on the inner conductor 
as shown here. V1 is produced 
by the braid current flowing 
through C1, transferred to the 
coaxial inner via Zf and thence 
passed via C2 to the tuner 

input. 

From aerial 

Coaxial 

To tv 

Coaxial 

Fig 17.21. A common form of filter with a high impedance in the 
final element, which will prevent interfering signals from entering 

via the inner conductor. 

voltage in a transistor circuit will cause a considerable change 
in base current and hence in collector current. 

The cures for interference due to any braid current or 
voltage (as previously described) may be similar. One 
solution is to provide a good rf earth for the coaxial braid, 
as shown in Fig 17.24, so that the braid will then be at 
zero potential. No interference will be transferred to the 
inner conductor, and no current will flow into the set via 
the braid connection. If there is no suitable earth connection 
available, the mains earth on the tv set power plug may be 
tried, but this will probably be much less effective. Do not 
attempt to overcome problems caused by the set decoupling 
capacitors by connecting the braid of the feeder direct to the 
tv set; the set earth (ie the chassis) should never be connected 
to any other earth connection. 

Fig 17.22. An alternative form of filter to the one in Fig 17.21. This 
type can suffer from the defect that any signals present on the braid 
will be passed on to the inner conductor. Only really suitable when 

mounted inside the set. 

Another cure for these effects is to oblige the set to respond 
only to antiphase signals developed at the tv aerial and fed 
down via the coaxial cable, and to make the set immune to 
in-phase signals picked up on the braid. One method is to 
break the connection to the set by the use of a 1 : 1 rf trans¬ 
former of low inter-winding capacitance as in Fig 17.46. 
Practical information is given in Figs 17.47-17.50. Where 
pick-up of the interference on the aerial is still significant, 
any conventional filter may be used as a back-up for the 
transformer. 

Signal pick-up 
on feeder 

V 
Inductance of 
feeder and 
mains connection 

Capacitance of 
isolating network 

Printed circuit 
impedance 

Earth 

Fig 17.23. A typical domestic tv installation and its electrical 
equivalent. 
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To tv receiver To aerial 

Coaxial cable Earth stake or 
water main 

Fig 17.24. A simple solution to interference on the coaxial braid is to 
earth the braid at some point before it enters the tv set. 

A second method is to wind the coaxial cable to form a 
choke. This presents a high impedance to interfering signals 
which are in phase with each other on the braid anr/the inner 
conductor, but has no impedance to antiphase currents. 
The loss of the wanted tv signal will therefore be low—only 
that of the short extra length of coaxial cable required (see 
Fig 17.45). 

A third solution is to increase the impedance of the isola¬ 
tion capacitors, so that the relatively low-frequency inter¬ 
ference cannot enter the set by either inner or outer conduc¬ 
tor. This approach is particularly effective for uhf tv where 
interference is from amateur hf bands, and can be filtered 
out with ease. A suitable circuit is shown in Fig 17.51. 
There is some risk of pick-up of tv signals on the braiding 
but this appears to give no trouble. 

Mains power leads. Interference due to pick-up on the mains 
leads is not in itself a common cause of trouble. The inter¬ 
fering signal usually flows from the coaxial braid, through the 
tv set circuits and power leads, and into the earthy power 
supply, as in Fig 17.23. The cure is to break this path, and 
this may be done either on the aerial side or on the mains side. 
Where mains filtering is necessary, the mains lead may be 
wound to form a bifilar rf choke, similar to the coaxial 
choke braid-breaking filter (Fig 17.45). Additional capacitors 
may be used as in Fig 17.53. 

Direct pick-up in the circuit. Direct pick-up is an increasing 
problem due, to some extent, to the use of unscreened printed 
circuits. Apart from internal modifications to the tv set, the 
amateur is limited in what he can do to effect a cure. It is 
sometimes found that the use of all kinds of external filters 
proves ineffective, and when this occurs the set is almost 
certainly suffering from direct pick-up. It is possible that the 
interference is introduced into the vicinity of the set by the 
coaxial feeder, in which case earthing the coaxial cable as 
described, perhaps in conjunction with a braid-breaking 
filter, may be effective. Alternatively the filter may be inserted 
in the feeder some distance from the set—perhaps 8 or 10ft— 
but not so far that interference is picked up between the 
filter and the set. The feeder and mains leads should leave the 
set as directly as possible, and any spare lead should be kept 
away from the set. 

Interference may be introduced into the vicinity of a set 
by any conductor running near it. TV-top lamps, electrical 
wiring, gas and water pipes, should all be treated as suspect. 

Harmonics Caused by External Non-linear Devices 

Any substantial lengths or areas of metal which make 
partial contact with each other will, by virtue of the existence 
of oxides and other substances associated with tarnishing, 
behave like an aerial system having a detector somewhere 
along its length. Intermodulation between any signals, or 
harmonic generation from one signal, will take place and 

may be radiated from the system. The commonest causes 
are rusty joints in domestic plumbing such as gutters, gas 
pipes and electrical wiring conduit, which is why the pheno¬ 
menon has for many years been known as the “rusty bolt 
effect” or the “drain pipe effect”. One troublesome source 
of such effects is the UK Band I tv aerial itself (often 
disused) which, with corroded joints, may generate and 
efficiently radiate harmonics of hf band transmissions. Some 
of the most obscure causes are rusty conduit pipes embedded 
in the plaster of walls. One method of locating such sources 
is with the use of a portable receiver, preferably with at least 
two tuned rf stages and having a loop aerial. The transmitter 
should be modulated at full power while the receiver is 
taken around the neighbourhood looking for points of 
origin of maximum harmonic. It is extremely important that 
the receiver should be fitted with a trap tuned to the trans¬ 
mitter fundamental frequency, to reduce further the possi¬ 
bility of self-generated harmonics within the receiver. 

TVI Diagnosis 

This section is intended to be a practical guide to an 
amateur confronted with a complaint of interference. The 
emphasis is therefore on logical procedures, rather than on 
repeating the particular application of topics dealt with 
elsewhere in this chapter. For example, the statement 
“Apply traps” implies “For details, see the section on 
traps”. 

It is not to be expected that each amateur will have full 
facilities for dealing with all tvi problems, and here the 
value of co-operative effort becomes apparent. All well-
organized radio groups and clubs should have a small nucleus 
of members who can help with these problems. They should 
be reasonably well skilled in the diagnosis of tvi and should 
have available, as club property, test equipment such as low-
pass filters, high-pass filters, tunable traps, coaxial couplers 
and adaptors. The services of the group should preferably 
be available to all local amateurs, whether members of the 
club or not, because a badly handled case of tvi directs 
public opinion against amateur radio as a whole. 

It will be helpful to have a complete circuit diagram of the 
transmitter, including control and mains wiring, so that no 
potential radiators are neglected, and to keep a record of all 
tests, even those which do not work, since this will avoid 
repeating the same tests again later. 

Before tvi can be cured, the nature of the trouble must be 
correctly diagnosed, and the chart shown in Fig 17.25 sets 
out a series of logical tests which will enable this to be done 
expeditiously. Once the cause is known, reference to the 
appropriate sections of this chapter should be made for the 
necessary cures. 

TVI Quick Cures 

In some cases it is not necessary to go through the full 
procedure outlined in Fig 17.25 to establish a cure for tvi. 
This is so when, for example, other tv sets in the immediate 
neighbourhood operating on the same frequency are 
unaffected. This immediately implies that the transmitting 
station is not at fault (although beam headings etc should be 
taken into account). The following types of interference 
occur relatively often and “quick” cures are suggested. 

Interference to uhf tv ( Bands IV and V) from hf transmitters 
—transmitter harmonic interference is very unlikely, but 
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Some reduction of interference Interference clears 

Interference still clear Interference returns 

Interference continues Some improvement Interference clears 

Disconnect tv receiver feeder (see note 1) Leave filter in circuit. Treat as (h) 

Interference continues Some reduction of interference Interference clears 

Insert mains filter in tv receiver lead Treat as (k) 

Interference continues Interference clears 
Interference continues Interference clears 

Insert high-pass filter or trap 

I mpossible Possible 

Notes ... 

interference. It does not produce a crosshatch 2 

3 

CASE CLOSED 
Tv equipment 
at fault 

Reconnect transmitting aerial via low-pass 
or band-pass filter 

CASE CLOSED 
Tv equipment 
at fault 

Add tunable trap in series 
with tv aerial 

Interference clears as trap is tuned to 
transmitter frequency 

Reconnect the tv receiver feeder via 
braid-breaking filter 

Check whether a harmonic relationship between transmitter 
and tv frequency is possible 

Interference and tv picture both attenuated 
as trap is tuned to tv channel 

CASE CLOSED 
TV equipment 
at fault 

CASE CLOSED 
Transmitting equipment 
at fault 

Interference will have a different characteron tests when the aerial is 
with which to beat or cross-modulate. 
The effect of cross-modulation is usually different from other forms of 
pattern on the television picture. 

el 
Treat as (d ) 

n I 
Treat as ( i ) 

CASE CLOSED 
External non-linear device 

m I 
Treat for direct pick¬ 
up — refer to set¬ 
maker 

a 
Put transmitter on dummy load 

Treat as (m) 
(Direct pick-up causing cross-modulation) 

not connected, due to the absence of the tv signal 

When an unwanted signal is on or near the television channel frequency crosshatching does not alter with tv tuning. 
When crosshatching does change with receiver tuning it is due to pick-up on frequencies outside the television 
channel (e.g. image, i.f.,etc). 

Fig 17.25. A systematic fault-finding chart for tracing tvi problems. 

Interference continues unabated 

dl 
Treat for spurious radiation from 
transmitter itself. After clearing, 
treat as (b) 

bl I 
While still on dummy load, touch transmitting aerial feeder on 
transmitter case at several points (ensuring ~ 1 ... 
electrical contact) , Treat as (d) 

pick-up of the interfering signal on the braid of the tv 
coaxial feeder is common. Cure—filter tv as in Fig 17.45 or 
17.51. 

Loss of colour on tv when transmitting on the 80m band — 
the interfering signa' is affecting the colour decoder circuits. 
Again, pick-up on the tv coaxial feeder is probable. Cure— 
filter tv as in Fig 17.45 or 17.51. 

Interference to vhf tv (Bands I and III) from vhf or uhf 
transmitters—harmonic interference is unlikely (except 
perhaps from 70MHz). Significant pick-up of the interfering 

signal on the aerial is likely. Cure—trap or stub filter on tv 
set (Fig 17.32, 17.34, 17.36 or 17.39). 

Improving Receiver Aerials 

Where interference is caused by harmonic generation, 
the situation may be improved by increasing the strength 
of the wanted signal. This may be done by raising the 
receiving aerial or by using a higher gain and more directive 
array, which can improve the signal/interference ratio 
sufficiently to effect a cure. 

However, it is important to note that where interference 
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1*065 1*2 1*4 1*6 1*8 2*0 2*065 
LOCAL OSCILLATOR — | 1 I 1 I I 1 *■ --1 

1*53 1*6 1*8 2*0 2*2 2*4 2*53 
IMAGE I I_I_I I I _I_L_I_I_I_I 

(Local osc + 465 kHz) 1

1*665 1-8 2-0 2-2 2-4 2-6 2-8 3-0 3-2 3-4 3-6 3-665 
2x LO - 465kHz — P--1 1 1-1*111 1 I I 1 1 1 1-

2-6 2-8 3-0 3-2 3-4 3-6 3-8 4-0 4-2 4-4 4-6 
2XLO + 465kHz 1 1 1 1 1 I 1 1 1 1 1 1 1 1 ■ H 

2-73 3-1 3-4 3-7 4-0 4-3 4-6 4-9 5-2 5-5 5-73 
3xL0 —465kHz — |l 1 1—— 1 - - 1- I 1 I 

3 x LO +465kHz 
3-66 4-0 4-3 4-6 

INDICATED FREQUENCY ►- |//zz/z/zzz////z/ai 

0-9 1-0 1-1 1-2 1-3 1-4 1-5 1-6 

Frequency (MHz) 

tzzzzzzzzzzzz/Á Indicated frequencies where spurious responses may occur 
Fig 17.26. Some possible spurious responses of a superheterodyne receiver with 465kHz i.f. tuning the medium wave band. Similar charts 

can be drawn up for other combinations of i.f. and signal frequency. 

is caused by crossmodulation (eg from hf transmitters to 
uhf tv), “improving” the aerial system may not alter the 
degree of interference—indeed it may worsen the situation 
if more aerial feeder is installed, due to increased braid pick¬ 
up. The percentage modulation impressed by crossmodula¬ 
tion is independent of the strength of the wanted signal (see 
Crossmodidation). 

DOMESTIC RADIO INTERFERENCE (BCI) 

Interference to domestic radio sets is rarely due to spurious 
outputs from transmitters, as the long and medium wave¬ 
bands are both below the lowest amateur frequency, so 
interference from harmonics cannot occur. The vhf fm band 
(Band II) may suffer from harmonics of hf band transmitters, 
but these will normally be weak, except perhaps the third 
harmonic of the 10m band. The third harmonic of signals 
on the 80m band (which may be radiated by the transmitter 
or generated in the receiver) may cause trouble to the 
10 7MHz i.f. However, the discrimination of the fm system 
against interfering signals (“capture effect”) tends to mini¬ 
mize the effect of weak interfering signals. 

The domestic receiver may suffer from any or all of the 
defects described in the section on receiver faults, and, as for 
tv sets, commercial pressures often dictate that sets are not 
adequate for operation in the presence of strong local signals. 
Domestic sets are usually superheterodyne designs, so a 
variety of spurious responses are possible. Fig 17.26 indicates 
some of these. 

BCI Diagnosis 

Fig 17.27 indicates a logical approach to the diagnosis 
of bei. In many cases the receivers affected are portable 
types (ie they have no aerial or mains leads), and in these 
cases little can be done to effect a cure. Special attention 
should be paid to the section above on the location of trans¬ 
mitters and aerials. The effect of re-positioning the affected 
set should be investigated—well away from electrical wiring 
and plumbing. 

AUDIO FREQUENCY INTERFERENCE (AFI) 

There are an increasing number of cases where trans¬ 
mitting equipment is a source of interference to equipment 
which operates purely at audio frequencies, such as record 
players, tape recorders, electronic organs, and so on. In 
these cases the equipment affected is not designed (nor 
licensed) to operate as a radio receiver, and is therefore, by 
definition, at fault when interference occurs. Neither the 
amateur nor the Post Office Interference Branch is obliged 
to take any steps to cure such interference. However, this 
does not entirely absolve the amateur from taking reasonable 
precautions to prevent his signals from reaching the equip¬ 
ment. by reducing the local field strength as described 
earlier. 

Almost all audio equipment now being produced is solid 
state, which appears to be more susceptible to interference 
than the earlier valve equipment. The widespread use of 
magnetic cartridges with low outputs requires amplifiers 
with higher gain than those needed for the earlier crystal and 
ceramic types. 

In the majority of cases, the interfering signal is carried 
into the amplifier by the interconnecting leads. In practice 
it is found that the loudspeaker leads are the main offenders, 
often forming a dipole of considerable proportions in stereo 
systems. RF energy is fed back (by the internal negative 
feedback line) to earlier stages of the main amplifier, 
rectified by non-lineari'ies, and then amplified. When inter¬ 
ference enters the main amplifier, the volume control will 
have little effect on the interference level. Alternatively, rf 
currents may flow through the circuit board and be detected 
by earlier, more sensitive stages—in this case the volume 
control will affect the interference level. 

The second major path for rf signals to enter the amplifier 
is via the mains leads. Alternatively, the signals may enter 
via other connecting leads, which, despite being normally 
shorter and often screened, may still cause trouble, particu¬ 
larly with vhf transmissions. 

In the above cases, the trouble can normally be cured by 
the use of rf chokes in the leads (or rf decoupling). The 
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Fig 17.27. A systematic fault* 
finding chart for tracing bei 

problems. 

VHF-FM RADIO (BAND Hl 
Treat as for TV I (fig 17.25). Note 
however that harmonics of the 160m 
or 80m band (generated by the trans¬ 
mitter, receiver or external device) 
may affect the 10»7MHz i.f. 
This should be investigated if inter¬ 
ference occurs from these bands 

MW-LW AM RADIO 
a 

Is the interference tunable 
on the broadcast receiver? 

Apply tunable trap 1...Check transmitter for 
to receiver aerial radiation on receiver j. f. 
(see note) 2...Treat receiver for direct 

i pick-up (see AFI) 
¡ 3...Treat as (b) 

Interference clears when trap is tuned Wanted signal and interference both attenuated 
to transmitter frequency when trap is tuned to receiver frequency 

dl u 
Fit trap or low-pass f ilter to receiver 1 ...Check transmitter for radiation on receiver frequency 

. 2...Treat receiver for direct pick-up (causing cross¬ 
modulation) 

CASE CLOSED I 
Receiver fault CASE CLOSED 

1..Transmitter fault, or 
2 Receiver fault 

Note__lf it is not possible to filter the aerial input (eg on a portable receiver) check for possible receiver 
spurious responses. Examples of thesearegiven in fig 17.26. Try re-positioning the receiver. 

simplest form of choke is to wrap the leads into several 
turns round a ferrite ring core (preferably) or a ferrite rod, 
which chokes the rf currents in a similar manner to the braid¬ 
breaking filter in Fig 17.45. In the case of loudspeaker leads 
it is possible that using screened or coaxial cable will effect 
a cure. Re-routing the leads or altering their length may 
help if the interference is confined to one frequency band. 

If interference still persists when this has been done, then 
it is almost certain that the interference is being picked up 
directly internally. 

Fig 17.28(a) shows a typical transistor amplifier stage. RF 
voltages appearing across the base/emitter junction will be 
amplified, or with large signals rectified and amplified, so 
it is necessary to decouple the rf from the stage. The simplest 
form of decoupling is shown in Fig 17.28(b). Note that if a 
resistor is used in series with the base its value must be low, 
such that it does not affect the transistor bias conditions. 
The capacitor may be large, but not so large that it affects the 
audio response, and in practice the use of a capacitor alone 
(typically l,000pF) is usually adequate. A small rf choke is 
preferable to the resistor, as this will give greater rf attenua¬ 
tion and will not affect the bias conditions. A convenient 
form of choke is to use a small ferrite bead which may be 

slipped over a transistor lead or wire as in Fig 17.29. To 
increase its effectiveness, more than one turn of wire may 
be passed through the bead. Again, using a bead alone may 
well be adequate to cure interference. 

(a) ON TRANSISTOR (b) ON PRINTED CIRCUIT 

Fig 17.29. Use of a ferrite bead as an rf choke (a) on transistor leads, 
and (b) on a printed circuit. 

One disadvantage exists in decoupling of the form shown 
in Fig 17.28(b). RF voltages introduced through the feedback 
line will not be effectively decoupled, and so it is preferable 
to decouple the base direct to the emitter as in Fig 17.28(c) 
and it is recommended that wherever possible this form of 
decoupling should be used. The capacitor should be con¬ 
nected as close as possible to the transistor, and if necessary 
a ferrite bead slipped over the base lead. 

Fig 17.28. (a) A typical transistor audio amplifier stage. RF currents may be rectified in the base/emitter junction and amplified, (b) Simple 
rf filtering added to the basic stage. R should be low value to avoid upsetting the transistor bias conditions, and would be better replaced 
by an rfc. C is typically 1,000pF. (c) Decoupling the base to the emitter improves rejection of rf injected via the feedback line. C must be 

physically as close as possible to the transistor. This type of decoupling is preferable to that described in (b). 
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CASE CLOSED 

Replace input leads. 
Does interference reoccur ? 

Treat as (c) CASE CLOSED 

PARTIALLY 

Treat as (k) 

CASE CLOSED 

Treat as (i ) CASE CLOSED 

Treat for direct pick-up 
in stages before controls 

Choke loudspeaker leads. 
Is interference still present ? 

Choke mains leads. 
Is interference still present ? 

Treat for direct pick-up 
in stages after controls. 
Is interference still present ? 

Is interference level 
affected by volume¬ 
tone controls ? 

Replace each lead until interference occurs. 
Filter the leads or treat ancillary equipment 
(e g. tuner) as appropriate 

a 
Remove all input leads. 
Is interference still present ? 
Check with different volume-tone settings 

g 
Treat as (e) 

Fig 17.30. A systematic fault¬ 
finding chart for tracing afi 

problems. 

RF decoupling of supply leads may also be necessary, in 
which case conventional decoupling of the type shown in 
Fig 17.13 may be used, or ferrite beads may be slipped over 
the supply lines between stages. Ferrite beads may also be 
found useful as chokes in such places as the leads attached 
to the cartridge in record players, to tape recorder heads and 
microphone leads 

which give short bursts of interference while switching; 
or from electric motors in vacuum cleaners, hair dryers, 
food mixers, electric drills etc, which give interference for 
several minutes at a time. This type of interference can be 
reduced by the use of conventional mains filters and spark 
suppressors in the offending devices. A selection of suitable 
circuits is shown in Fig 17.52. 

AFI Diagnosis 

Fig 17.30 shows a logical approach to the diagnosis of afi. 
If the audio equipment includes a radio tuner, it should be 
treated separately along the lines given for bei. The comments 
made on tvi with regard to the positioning of filters and spare 
leads, and placement of equipment away from wiring and 
plumbing to avoid direct pick-up, should also be noted for 
afi. 

INTERFERENCE FROM DOMESTIC EQUIPMENT 

In the UK the amateur licence gives no protection against 
interference from domestic appliances and electronic equip¬ 
ment. However, if interference is also caused to tv or radio 
signals on the long, medium, or vhf wavebands (on those 
stations which are intended for reception in that area), then 
complaints may be considered. 

Interference of this nature takes two major forms. The 
first is that of occasional spark-based interference, usually 
from contactor devices such as thermostats in electric irons, 
refrigerators, central heating control circuits and so on, 

Fig 17.31. Showing the field strength of the tv signal and the conse¬ 
quent hf transmitter harmonic suppression required, as a function 

of the distance from the television station. 
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The second major source of interference is tv sets, and 
this can be particularly annoying as they are often on for 
long periods. Interference may be radiated from any stage 
in the receiver. The line output stage generates harmonics 
of about 16kHz (625- and 525-line systems) or about 10kHz 
(405-line system). In addition, the PAL switch in a colour 
tv, which operates at half the line frequency (about 7-8kHz), 
often radiates. The real cure for this form of interference 
is better design and screening in the tv sets themselves. 
Some of the radiation comes from the tv aerial coaxial 
feeder or mains leads, so that treating the set in the same 
manner as for tvi due to braid or mains pick-up may reduce 
the radiation from the set. Since the problems of interference 
from amateurs to domestic equipment are often reciprocal, 
the considerations for the location and types of aerials and 
feeders are appropriate. 

(a) PARALLEL TUNED (b) SERIES TUNED 
Fig 17.32. Single-frequency traps: (a) parallel-tuned. A tunable trap 
of this type is a valuable aid to diagnosis. Suggested values are: 
C—75pF variable, L—10 turns, 16swg, |in dia, 1in long for 25/70MHz, 
or 22 turns 24swg |in dia, 1in long for 12/35MHz. (b) Series-tuned. 
This type of trap must be used with care. In cases where interference 
is picked up on the coaxial cable braiding, this type of trap may 

worsen the situation. 

PRACTICAL DESIGNS 

Harmonic Suppression Calculations 

Where transmitter harmonics are a problem, considera¬ 
tion must be given to the permissible level of radiated 
harmonic. Fig 17.31 gives a guide to the suppression required 
for hf transmitters operating in the presence of Band I tv 
signals. The figure for suppression obtained from the chart 
cannot take account of local variations, so at least another 
10 or 20dB should be allowed for an adequate safety margin. 
At 60 miles from the transmitter the requirements may 

seem difficult to meet, but harmonic attenuation may be 
added up as follows: 

30dB—basic transmitter 
15dB—atu 
50dB—low-pass filter as Fig 17.40 
30dB—extra trap on output of transmitter 

125dB—Total 
Where the end sections of the low-pass filter are series-

tuned as in Fig 17.40, the trap should be parallel-tuned (in 
series with the inner conductor), and vice-versa. Note that 
the figure given above for the low-pass filter is low, so the 
total rejection should be greater than the 125dB stated. 
This will only be true if full attention is paid to the transmitter 
screening and decoupling considerations. 

Single Frequency Filters (Traps) 

A trap may be used to prevent interference which occurs 
due to the presence of a single specific frequency, and also 
in the actual diagnosis of interference to determine which 
frequency is responsible. It may be in the form of either a 

SIGNAL SOURCE 
May be signa! gen-
erat or or I ink to 
g d o as above 

RECEIVER 
May be tv, radio or 
diode detector as 
above 

Fig 17.33. Arrangement of test equipment for filter alignment. 

parallel- or series-tuned circuit as shown in Fig 17.32. When 
the trap is intended for use in the tv coaxial feeder to reject 
the amateur fundamental frequency, it may be tuned by 
inserting it in the feeder to the amateur receiver and adjust¬ 
ing it for minimum received signal. Note that under certain 
circumstances a series-tuned circuit may cause increased 
interference unless used in conjunction with a braid-breaking 
filter. When the trap is to be used in the transmitting station 
to prevent radiation of a particular frequency which may 
not be on, or even close to, the frequency being interfered 
with, it may be necessary to carry out tuning either by trial 
and error, or by using a suitable signal generator and tf 
voltmeter. Final adjustment may be necessary when installed 
in the transmitter feeder to the aerial. A grid-dip oscillator 
(gdo) may be used as a signal generator by coupling it into 
the filter via a coupling coil as shown in Fig 17.33. This 
arrangement may be used for other types of filters, but 
harmonics from the gdo (or other signal generator) place a 
limit on the measured rejection of frequencies in the stop 
band. 

The L/C ratio of traps may be important. Parallel-tuned 
traps give the narrowest bandwidth and least attenuation 
with a low L/C ratio; series-tuned traps give the narrowest 
bandwidth and least attenuation with a high L/C ratio. 
Therefore, when it is required to trap, for example, 70MHz 
without altering 60MHz, a high L/C ratio series-tuned trap 
may be used, but the rejection at 70MHz will only be 
moderate. In this case it is possible to obtain greater attenua¬ 
tion by cascading traps, as shown in Fig 17.34. When the 
L/C ratios of each tuned circuit are chosen properly it will 
be found that a correctly designed stop-filter has been 
constructed, although it is necessary to ensure complete 
isolation between each tuned circuit to achieve maximum 
attenuation. When the trap is so wide that it also attenuates 
a wanted frequency on one side of the skirt (such as a trap 
for 35MHz in the transmitter feeder attenuating 28MHz), 
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Wanted frequency 

Frequency 

Frequency 

(b) 

Fig 17.35. (a) The use of a capacitor across a trap or X/4 stub sharpens 
the response on the high-frequency side, (b) The use of inductance 
across a trap or Ä/4 stub sharpens the response on the low-frequency 

side. 

this may be corrected by adding a suitable reactance across 
the trap as shown in Fig 17.35. When the wanted frequency 
is lower than the trap frequency an inductor must be added, 
and when the wanted frequency is higher a capacitor must 
be added. 

Coaxial Stubs 

A coaxial stub may be used as a trap by connecting it 
across a feeder. Its operation is based on the fact that a 
quarter-wave long stub with one end open-circuit presents a 
very low impedance at the other end, which is also true for 
odd multiples of the quarter-wave length. Conversely, 
when one end is shorted the other end presents a high 
impedance. When the stub is a half-wavelength long, any 

From 75fltest -
generator ------

Coaxial cable 

I lOpen or short-circuit 

Fig 17.36. Attenuation properties of various 145MHz stubs. 

Fig 17.37. Cascading two stubs to achieve a notch of about 80dE 
at the centre frequency. In (a) open-circuit quarter-wave stubs are 
used, in (b) short-circuit half-wave stubs with a movable “pin” 
shorting device are used. A graph of the likely attenuation of a 

single and double stub notch filter is given in (c). 

also true for all multiples of the half-wave length. Fig 17.36 
shows these properties for 145 MHz coaxial stubs. 

A quarter-wavelength open-circuit stub connected across 
a matched 75Q feeder gives typically 30dB of attenuation, 
depending on the stub cable quality. This is comparable to a 
series-tuned trap of similar bandwidth. 

A coaxial stub has the advantage of simple construction. 
No box is needed, and the length for a specific frequency is 
predictable—between 65 per cent of a “free-space” quarter¬ 
wave length for solid dielectric cable, and 85 per cent for 
semi-airspaced cable. The stub is also easily tuned—it is 
first made oversize, and gradually trimmed back until 
maximum attenuation is achieved. It may then be taped to 
the main feeder. 

A single stub has fairly broad bandwidth, so to increase 
the attenuation and narrow the bandwidth, stubs may be 
cascaded like L-C traps, as shown in Fig 17.37. This form of 
filter is easy to construct, since there is no need for elaborate 
screening between each section, unlike the filter shown in 
Fig 17.34. 

It will b? seen from Fig 17.36 that the stub also attenuates 
odd multiples of the fundamental frequency, and in practice 
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Transmitter 
Coaxial cable 
_2 To aerial 

— on transmitter frequency 

1 
Short-circuit 

Fig 17.38. A short-circuit stub used between transmitter and aerial 
to trap even harmonics. 

these overtone resonances may place some limitation on the 
usefulness of stubs. For example, a stub inserted in a tv 
feeder and cut to attenuate 145MHz will also attenuate 
725MHz, so such a stub could not be used if the tv signals 
were around the UK. channel 52. However, it is possible 
to shift the overtone resonances. If the stub is cut shorter 
than an electrical quarter-wavelength it may be tuned to 
resonance by a trimmer capacitor across the open end, in 
which case the overtone resonances move higher in frequency. 
Alternatively, the stub may be cut longer, and the trimmer 
inserted in series with the stub at the connection to the main 
feeder. In this case the overtone resonances will move lower 
in frequency. Similar procedures may be carried out with an 
inductor. 

When the problems of multiple resonances are considered, 
it is doubtful whether single stubs have any real advantage 
over L-C circuits for single frequency applications. Note 
however that in some circumstances these multiple reso¬ 
nances may be used to advantage. A short-circuit quarter¬ 
wave stub for 145MHz will have maximum attenuation on 
even multiples of 145MHz (ie 290MHz, 580MHz, 870MHz, 
etc) as shown in Fig 17.36. This will provide useful harmonic 
attenuation when connected across the output of a 2m 
transmitter (see Fig 17.38). 

About I4in of semi-airspaced coaxial cable is required 
for a stub on 2m. Connect it across the receiver and cut the 
stub for maximum attenuation (on a steady signal source) 
with its end open-circuit. Then short-circuit the end without 
altering the length of the stub, so the insertion loss at 
145MHz should now be virtually zero. Then connect the 
stub across the transmitter output, again taking care not to 
alter its length. 
A combined coaxial and L-C trap filter to filter out 70cm 

transmissions from tv receivers without affecting the uhf 
band is shown in Fig 17.39. The quarter-wavelength of 
coaxial cable is used to isolate the two tuned circuits from 
each other. The two coils should be screened from each other 
to avoid inductive coupling, and the tuning capacitors 
adjusted to give maximum rejection to the 70cm signal. 

Fig 17.39. A 70cm trap for use with uhf tv sets. L is 8 turns 20swg {in 
inside dia, stretched to 0 6in long, centre-tapped; C is a2 5-6pF low-
inductance trimmer. The two tuned circuits must be screened from 
each other or kept well apart, and the braid of the cable must be 
soldered to the box at several points as shown. All leads must be 

very short. 

Chan 
No 

C1 
pF 

C2 
pF 

t-L1-1 
1 ,, _ Wdg 1 

Turns |cngth
f-L2-« 
1 .. -r wdg 1Turns |ength

1 
2 

3 & 4 
5 

110 
110 
103 
93-5 

3O«2 
38«2 
38»3 
34-8 

0-55 9 7/8" 
O-56 9 7/8" 
0-58 9 7/8" 
0-52 9 7/8" 

0-44 8 7/8" 
0-26 6 3/4" 
0-2 5 3/4" 
0-18 5 1" 

Self-supporting coils Internal diameter 1/2" 
Lead length 1* 16swg copper wire 

Fig 17.40. An easy-to-construct and align low-pass filter giving high 
attenuation on a specific frequency. 

For use with 70cm tv transmission the two traps may be 
slightly staggered to give even rejection over the required 
bandwidth. 

Low-pass Filters 

The designs of low-pass filters are numerous. For hf 
amateur bands a typical filter has a cut-off frequency of 
30MHz, with a very high attenuation of the specific fre¬ 
quency which may cause tvi to Band I tv. This is not the tv 
channel frequency, but that of the harmonic of the amateur 
signal. Only four variations of the basic design are required 
to give best results on Band I, depending on the actual 
frequency allocation. It is necessary to decide which har¬ 
monic is likely to cause the most trouble; Fig 17.17 gives 
the harmonic relationships involved, while the filter design 
is shown in Fig 17.40. The channel numbers refer to the UK 
Band I allocations. Capacitor values may be made up from 
paralleled capacitors to give approximately the correct value. 
All inductors should be screened from each other, kept away 
from surrounding metalwork by at least one coil diameter. 

Fig 17.41. Performance curves of the'f'lters'shown in Fig 17.40. 
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Matching Constant-K 
half-sect ion section 
(must be used) (if required) 

M-derived Matching 
section half-section 

(selectas (must be used) 
necessary) 

Fig 17.42. Building blocks for a 7512 high-pass filter. 

Half¬ 
section 

Constant 
K 

M-derived 
28MHz 21MHz 14MHz 7MHz 

C1 
C2 

98-5p 
53p 

54p 98-5p 
107p 

74 p 
3OOp 

64 p 
700p 

60p 
3000p 

L 

Turns 
Intern 

0*55^jH 

10 

al dia Va 

0-16^ H 

31/2 
wound 

0-28^H 

51/2 
on whitwe 

0-21/jH 

4 

)rth bolt V 

0-18^H 

4 

vi th 16sw 

0.17/jH 

4 

g wire 

and all leads should be kept as short as possible. All capaci¬ 
tors should be of the low-inductance type, have short leads, 
and be rated to at least 750V. 

Alignment may be carried out using a gdo as follows: 
First short the series tuned circuits L2-C2 (conveniently 

with a short-circuit across the input and output terminals). 
Couple the gdo loosely to L2, and stretch or compress L2 
so that the tuned circuit L2-C2 is resonant at the required 
frequency of maximum rejection (ie 42-5, 49-3, 58 or 
63 6MHz). For more uniform rejection of the second har¬ 
monic of 28MHz the tuning of the 58MHz circuits may be 
staggered with one L2-C2 on about 56-5MHz, and the other 
on about 58 5MHz. 

Now remove the short-circuits, and short Cl with a stout, 
short lead. Couple the gdo loosely into LI or L2, and stretch 
or compress LI so that the tuned circuits L1-L2-C2 are 
tuned to 28-5MHz. 

Finally, remove the short from Cl : the filter is now ready 
for use. 

High-pass Filters 

It is difficult to design a high-pass filter to fit the needs of 
all amateurs without undue complexity, since operating 
habits and tv receiver susceptibilities vary. For this reason a 

TABLE 17.2 
Attenuation in dB of the building blocks of Fig 17.42. 

Band 
(MHz) 

Pair of 
matching 

half 
sections 

M-derived sections 

28MHz 21MHz 14MHz 7MHz 

Con¬ 
stant-K 
section 

28 
21 
14 
7 
35 
16 

28 * 
17-5 
13-5 
12 
12 
12 

28* 15 12 10 
17-5 40 23 19 
13-5 23 40 27 
12 19 30 40 
12 19 28 40 
12 19 28 40 

10 
19 
27 
40 
40 
40 

•Due to the width of the 28-29-7MHz band, the attenuation falls 
to this figure at the edges if sections are peaked at the band centre. 
It may therefore be desirable to stagger-tune the end sections (or an 
additional section) to 28-5 and 29-5MHz. The attenuation at the 
series-resonant frequency in all cases will exceed 60dB, but the 
figures of 28 or 40dB represent the minimum attenuation at any 

point in the band if the circuit is resonated at mid-band. 

series of 75Q “building blocks” has been designed so that 
each amateur can select those sections which will give 
the characteristic required when assembled according to the 
following instructions (Fig 17.42). 

From the bands used and the television receiver i.f. 
or image frequencies, decide which frequencies need 
maximum attenuation, some attenuation, and those 
which can be neglected. 

For each band requiring maximum attenuation 
pick the corresponding m-derived section. Note that 
for 28MHz the matching half sections, which must be 
used, will contribute high attenuation (see Table 17.2). 

From this table add up the attenuation given by 
the chosen m-derived sections plus the attenuation 
given by the matching half sections. Subtract 6dB for 
losses, and consider whether the attenuation given on 
each band is adequate. If not, the addition of one or 
two constant-A sections will probably help. 

Draw out the circuit of the resulting filter. The 
chosen sections must be placed between the matching 
half sections. Pairs of capacitors in series may be 
replaced with their equivalent single value. 

Build the filter. The series-tuned circuits may be 
tuned by temporarily shorting them, and resonating 
with a gdo. The filter may be constructed in a tin 
box (eg tobacco tin), and care must be taken to mount 
the coils at 90’ to each other, or use screening to avoid 
stray coupling. 

Bandpass Filters 

Bandpass filters may be constructed for use on hf by 
using conventional double-tuned circuits (as described in 
Chapter 1—Principles). In practice, it is usually better to 
use a trap in a tv feeder, tuned to reject the interfering 
frequency, rather than a bandpass filter tuned to the 
wanted tv channel. 

Bandpass filters may be constructed by cascading high-
pass and low-pass filters with slightly staggered cut-off 
frequencies. Both filters must be m-derived to improve the 
matching but even so the resulting bandpass filter may 
introduce some mismatch into the feeder. 

AND SOLDERED SEAMS 

Fig 17.43. Construction of a 145MHz coaxial line filter. 

17.22 



INTERFERENCE 

Fig 17.44. Response curve of the 145M Hz coaxial line filter of Fig 17.43. 

Fig 17.46. A 1 :1 transformer braid-breaker for vhf tv. The capacitors 
across the input and output may be added to reduce loss at 216M Hz 
to an absolute minimum. Typical values are 0-4-7pF. R1 is about 1MQ. 

Coaxial choke for vhf and uhf tv/radio (see Fig 17.45). The 
tv feeder is made to act as an rf choke to all but the aerial 
signals by winding it around a material of high magnetic 
permeability (conveniently on large ferrite ring cores, such 
as Mullard FX1588 or Neosid 4324R/1). A ferrite rod 
(transistor radio type) may also be used, wound with many 
turns of small-diameter wire. 

Coaxial Line Filters 

As previously described, a bandpass filter is preferred to a 
low-pass filter for vhf transmitter use (see Fig 17.7). At vhf 
it becomes impractical to design a filter using conventional 
coils and capacitors, but fortunately the coaxial line tech¬ 
nique allows filters to be made relatively simple for these 
frequencies. Fig 17.43 shows a design for 2m use. This type of 
filter suffers from overtone resonances in the same way 
as coaxial stub filters, so end-capacitance is used to shift 
these resonances lower in frequency, and thus give adequate 
rejection to possible transmitter harmonics (see Fig 17.44). 
Two filters made to different dimensions may be coupled in 
series, spaced by a quarter-wavelength of coaxial cable to 
give good isolation. Because the overtone resonances will 
not coincide, the filters will then give much improved 
attenuation to all frequencies outside the required passband. 

Braid-breaking Filters 

Important. Braid-breaking filters are designed to present a 
large impedance to rf currents or voltages present on the 
braid of coaxial feeders. The performance of such filters 
will be adversely affected if the input and output leads are 
placed in close proximity to each other, thus capacitively 
bypassing the filter. For the same reason the use of metal 
boxes should be avoided. 

tv coaxial cable 

i » I In-phase 
currents 

Antiphase 
currents 

To tv set 

Fig 17.45. A coaxial rf choke for vhf and uhf tv/radio. In-phase 
currents are blocked while antiphase currents pass unhindered. 

Performance 

216 MHz 

H—-
<1 dB loss 

Fig 17.47. A braid-breaker using purpose-made baluns such as 
Neosid type 1050/1 or /2, material F14 (m = 200); or Mullard type 

FX2249, material B2 = 200). 

1 : 1 rf transformers for vhf tv/radio. Fig 17.46 gives the 
circuit of a 1 : 1 rf transformer. The resistor provides a 
leakage path for static charges which would otherwise build 
up on the aerial system. The primary and secondary are 
closely coupled by using bifilar windings, ie the transformer 
is wound with a twisted pair of wires of suitable gauge. 
Use four to six twists per inch, depending on wire size. 
The core may be a purpose-made vhf balun core, such as 
Mullard FX2249 or Neosid 1050/1 or /2, a pair of ferrite 
beads, or i.f. transformer cores (with hexagonal holes) laid 
side by side and wound together as Figs 17.47 and 17.48. A 
suggested construction is given in Fig 17.49. 

Two Faraday loops of 2 to 3in diameter may be used, 
taped together, ensuring that the screens do not touch. 
However, the loss is fairly high (Fig 17.50). 

UHF braid-breaker/high-pass filter. Fig 17.51 gives the 
circuit of a uhf high-pass filter and braid-breaker combined. 

Winding 2 turns bifilar 

Fig 17.48. Alternative method using a pair of ferrite i.f. cores with 
hexagonal trimming holes, or ferrite tubes of similar size etc. 
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Fig 17.51. Circuit of a uhf tv 
braid-breaker. L1 is 4 turns 
24swg {in inside dia, C1 is 5 6pF 
small disc or tubular. R1 is 
about 1Mß. Construction must 
conform to good uhf practice to 
minimize losses, but values are 
not critical. Its performance is 

shown below. 

LO X X^ 
0-005 ± Sc 
EO I -° 

0-005 i ! 
NO—♦ i O 

(b) 

Fig 17.52. Some common forms of interference suppression filters 
(from Radio Servicing Pocket Book), (a) For two-core cable appliances, 
(b) for three-core appliances,(c) for three-pin sockets, (d) for thermo¬ 
stats and thyristor light dimmers etc. Types (e) and (f) are vhf types 
intended for use at tv frequencies. Type (g) is a combined mf/hf/vhf 
filter. The value of C may vary between 0 01 and 0-5/xF- On type (c) 
the values given are the largest permissible. All capacitors must be 

rated for ac. L—line, N—neutral, E—earth. 

Its performance is also given in Fig 17 51, and it may be 
constructed along the lines of the vhf braid-breaker given 
in Fig 17.49. 

Mains Filters 

Mains filters based on the low-pass filter design are shown 
in Fig 17.52. (Many are available as commercial units.) 
Fig 17.53 shows a method of constructing a simple mains 
filter for use with tv, radio etc. Where three-core mains 
leads are used the capacitors may be made from two separate 
capacitors in series with the centre tap to the earth lead. 
Filters should, if possible, be contained in a screened box 
and placed close to the devices being filtered. Capacitors 
should always be adequately rated, and precautions taken to 
eliminate the risk of shock. 

Attenuators 

Although not strictly a filter, an attenuator may be 
sufficient to clear interference if it is due to crossmodulation. 
As explained earlier in this chapter, reducing the interfering 
signal by IdB reduces the crossmodulation by 2dB (see 

Fig 17.53. Bifilar mains choke for use with tv or radio receivers. It 
can be wound on a transistor radio ferrite rod or a ferrite ring core. 
For example, about 30 double turns of 22swg pvc-covered close¬ 

wound on a jin dia rod about 3in long (not critical). 
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T Pad 

Loss 
(dB) 

6 
12 
18 

(n) 
24-93 
44-90 
58-20 

Fig 17.54. Simple attenuators. 

Balanced 77 Pad 
c 

b 
(«) 

100-4 
40-21 
19-20 

(n) 
56-01 
139-9 
293-1 

d 
(«) 
225-8 
125-4 
96-6 

Nearest resistor values will suffice. 

Crossmodulation). Commercial in-line attenuators are avail¬ 
able. Fig 17.54 gives details of useful attenuators, but it 
should be borne in mind that these can only be used when 
adequate wanted signal is available from the aerial. 

Characteristic Impedance of Filters 

The circuits of filters given are for 750 systems. For any 
other impedance Zo, capacitance values should be multiplied 

75 
by —, and inductances and resistances by —. 

^0 

The Effect of Mis-termination on Filters 

The input impedance of a tv or radio set is usually not a 
particularly good match to the feeder on the channel to 
which it is tuned, and is invariably a very bad reactive mis¬ 
match on the interfering frequency. The aerial itself is also a 
bad reactive mismatch on the interfering frequency, which 
means the filter is therefore not correctly terminated on 
either side. In unfortunate circumstances, rather than acting 
as a filter it may act as a matching section and make the 
interference worse, though the figures published for the 
filter indicate large attenuation—such figures are given for a 
correctly terminated filter. Such effects cannot occur if the 
filter design specifically open-circuits or short-circuits the 
interfering frequency, so that it is rejected whatever the 
source or load impedance may be. Such a filter in conjunc¬ 
tion with a braid-breaker should always be effective provided 
that the interference is entering via the aerial connection. 

If the tv/radio signal level is sufficient, an attenuator may 
be used between the filter and the tv/radio set. A 6dB pad 
will provide a reasonable match for the filter even if the tv or 
radio set is a complete mismatch, thus enabling a good 
approximation to the correct filter performance to be 
obtained. 

Baluns 

These take two basic forms. One type acts as a choke to 
rf currents on the coaxial braiding, and the other acts as a 
transformer which isolates rf from the braiding. A simple 
balun may be made by coiling a length of feeder, or by 
wrapping it round a ferrite ring as in Fig 17.45. This type of 
balun will operate over a wide range of frequencies. 

Further information on baluns may be found in Chapters 
12 and 13. 
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CHAPTER 18 

MEASUREMENTS 

CORRECT operation of amateur radio equipment 
involves measurements to ensure optimum performance, 

to comply with the terms of the amateur transmitting licence 
and to avoid interference to other users. The purpose of 
these measurements is to give the operator information 
regarding the conditions under which his equipment is 
functioning. Basically, they are concerned with voltage, 
current and frequency. For example, in even the simplest 
transmitter it is necessary to know the grid drive to the 
various stages (current measurements), the input power to 
the pa (current and voltage measurements) and the frequency 
of the radiated signal. 

If apparatus is to be designed and constructed to give 
reliable and optimum performance, a considerable range 
of measuring equipment may be desirable. While it is possible 
to make do with only one or two simple items of test gear, 
this chapter describes equipment for de, ac and rf voltage, 
current and power measurements, wavemeters and frequency 
standards and a number of more sophisticated items for both 
transmitter and receiver measurements. 

DC MEASUREMENTS 

The basis of most instruments for the measurement of 
voltage, current and resistance is the moving coil meter, in 
which a coil of wire, generally wound on a rectangular 
former, is mounted on pivots in the field of a permanent 
magnet (Fig 18.1). The coil experiences a torque propor¬ 
tional to (i) the current flowing through it and (ii) the strength 
of the field of the permanent magnet. Current is fed to the 
coil through two hairsprings mounted near to each end of the 
spindle. These springs also serve to return the pointer to the 
zero position (on the left hand side of its travel in standard 
meters) when the current ceases to flow. Provision for adjust¬ 
ing the position of the pointer is made by a zero adjuster 
accessible from the front of the instrument. 

Since the movement of the coil and its associated pointer 
is proportional to the field of the magnet and that of the 

Fig 18.1. Construction of the moving coil meter. 

When moving coil meters are used in circuits where high 
voltages are present (ie in pa anode circuits) care must be 
taken to avoid accidental electric shock from the zero 
adjuster, which may be live. If the instrument is of the flush 
mounting type the front of the meter may be covered with a 
piece of clear plastic about ¿in thick. 

current being measured, the scale is linear. A minor dis¬ 
advantage is that the instrument can only be used on de, 
but it can be adapted to measure ac with a suitable rectifier. 

It is usual to damp the coil system (ie prevent it swinging 
freely after a change of current), a common method being to 
wind the coil on an aluminium former, which then acts as a 
short-circuited single-turn coil in which the eddy currents 
serve to oppose the movement. The degree of eddy current 
damping is also dependent on the external resistance across 
the terminals of the moving coil and is greatest when the 
resistance is low. It is a wise precaution to protect sensitive 
instruments not in use by short circuiting the terminals. 

When a moving coil meter is used for measuring current 
it is called an ammeter, milliammeter or microammeter 
depending on its full scale deflection (fsd). A de voltmeter 
is a milliammeter or microammeter equipped with a voltage 
dropping (series) resistor. 

Voltmeters 

A milliammeter may be used to read de voltages by 
connecting a resistor, termed a multiplier, in series with it 
(Fig 18.2(b)). The value of the multiplier depends on the fsd 
of the meter and may be calculated from Ohm’s Law. 

Milliammeters 

Milliammeters and microammeters are commonly manu¬ 
factured with basic full scale deflections of 50jiA, 100/xA, 
500^A, 1mA, 5mA and 10mA. For higher current ranges, 
a shunt resistor is connected across the meter (Fig 18.2(a)). 
The value of the shunt may be obtained from the formula 

where R^ is the resistance of the shunt, Rm is the resistance 
of the meter and n is the scale multiplying factor. 

For example, if a milliammeter of 10Q resistance and a fsd 
of 1mA is to be used to measure 100mA, a shunt must be 
provided to carry the excess current, that is 100 — 1 = 99mA. 
Thus the required resistance of the shunt is 

10 10 
^=^^=99 = 040111 

R - Rm
Rs - n - 1 
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For low voltage ranges, the value of the multiplier can be 
obtained from 

R‘ = Rm ’) 

where Rs is the resistance of the multiplier, Rm the resistance 
of the meter, K the required voltage, and Km the voltage 
across the meter (this can be determined by applying Ohm’s 
Law to the resistance of the meter and current flowing 
through it). In practice, however, the resistance of the meter 
can be ignored and the formula simplified to 

1.000K 
Rs — y 

where K is the desired voltage range and / is the fsd of the 
meter in milliamps. 

For example, assume a 0-5mA meter is to be used as the 
basis of a voltmeter to read 100V. Then 

It is usual to describe the sensitivity of a voltmeter in ohms 
per volt; in the example considered above, the meter reading 
100V for an fsd of 5mA would be said to have a sensitivity 
of 200Q/V. In practice, such a sensitivity is too low for 
accurate measurements in radio and electronic equipment, 
due to the current drawn, and a more sensitive meter would 
therefore be chosen as the basis of the instrument. The 
lowest sensitivity which can be considered satisfactory for 
amateur purposes is IkQ/V (requiring a O-lmA meter) but 
sensitivities of 5, 10, 20 and lOOkQ/V are common for 
accurate work. 

Whenever a voltage measurement is made on a circuit of 
appreciable resistance, the current taken by the voltmeter 
should be considered, to ensure that the operating conditions 
are not significantly altered by connecting it. 
The accuracy of a voltmeter depends largely on the 

accuracy of the multipliers. Precision resistors are the most 
suitable but they are rather costly and may be replaced in 
home-built equipment by one per cent close tolerance carbon 
resistors of adequate power rating. Alternatively, a supplier 
may be persuaded to select suitable values from normal stock. 

It should be noted that even high-stability resistors may 
change in value by several per cent with time; if an instru¬ 
ment is required to maintain high accuracy for an extended 
period only wire-wound resistors of suitable low temperature 
coefficient material should be used. 

AC MEASUREMENTS 

The moving coil meter can be adapted to measure ac 
by the addition of a suitable rectifier such as the copper 
oxide type. Such a meter will read ac at audio frequencies, 
indicating the average value, 0-636 of the peak value of a 
sine wave 

Commercial ac instruments of the rectifier type are cali¬ 
brated in rms values assuming a sine wave and hence read 
incorrectly if used on any other wave form. 

In conjunction with a thermocouple, a moving coil 
instrument can be used to read alternating currents at both 
audio and radio frequencies. The thermocouple is a junction 
of two dissimilar metals which, when heated, produces a de 
voltage. The junction is heated by the current to be measured 

Fig 18.2. Extending the range of the me meter: (a) to read higher 
current with a parallel shunt, (b) to measure voltages with a series 

resistor or multiplier. 

passing through a heater to which it is attached. A disadvan¬ 
tage of the arrangement is that low current readings are 
rather severely compressed and it is necessary therefore 
to have several instruments if widely different currents are 
to be measured. Thermocouple instruments read true rms 
values irrespective of wave form. Unless specially designed, 
such instruments become less accurate as the frequency 
increases due to the effect of the shunt capacitance. 

The hot-wire ammeter is also designed to make use of the 
heating effect of a current passing through a wire. In this 
case, the wire is supported at both ends and kept under 
tension by a fibre attached to its centre and loaded by a 
spring. The current through the wire causes heating and 
expansion to take place so that a spindle, round which the 
fibre is wound, moves a pointer across a scale. The heating 
effect is independent of the type of current, and both ac and 
de may therefore be measured. Despite its simplicity, the 
instrument is now rarely used as it is rather inaccurate. 

The moving iron meter is useful for measurements on ac 
circuits (40-60Hz) where the current taken is unimportant. 
In these circumstances fixed iron and moving iron elements 
are mounted in the magnetic field at the centre of a coil 
through which the current to be measured is passing. Under 
these conditions, a mutual repulsion exists between the two 
parts, the moving iron being deflected, thus indicating on a 
scale the current measured. 

The deflection obtained is approximately proportional to 
the square of the current or voltage measured (ie it is a 
square-law instrument). The scale divisions are thus close 
together at the low end of the scale and wide apart at the 
higher. This means that accurate readings cannot be taken 
at the low end, but the open scale at the top is sometimes 
useful. For example, a moving iron meter with an fsd of 
250V would be excellent for reading small changes of voltage 
on a nominally 240V mains supply but would be useless 
for measuring voltages below about 50V. 
AC voltage measurements of signal frequencies are 

generally concerned with peak values; electronic voltmeters 
or oscilloscopes are more suitable for such measurements. 

Fig 18.3. Measuring two different currents with a switched meter. 
In the case of the lower resistance shunt, the lead and switch 

resistance will cause errors. 
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Fig 18.4. Using the milliammeter as a voltmeter allows shunt values 
to be large compared with possible lead and switch resistances. 

meter switching 
In order to save cost and panel space it is usual in complete 

equipments to switch a meter so that a number of different 
circuit currents can be measured. For example, in a trans¬ 
mitter it is desirable to be able to check the anode, screen 
and grid currents of the final valve amplifier as well as some 
of the supplies to earlier stages. Three alternative methods 
are possible. 

First, suitable low-value resistors can be wired into the 
supply leads to act as meter shunts. For example, if the basic 
meter has an fsd of 1mA and a resistance of lOOfi, and if a 
range of 10mA fsd would be suitable to measure grid and 
screen currents and 100mA fsd for anode current, then shunts 
of 11IQ in the grid and screen de paths and of 1 01if in the 
anode de lead would produce the correct scales (see Fig 18.3). 
However, this method leads to considerable errors unless the 
resistance of the switch contacts and the connecting leads 
are very small compared with the resistance of the shunt. 

A better method is to use shunts of 10 to 20 times the 
resistance of the meter. The meter will then read almost at 
its full sensitivity, subject to a reduction of 5-10 per cent 
which is often an acceptable error in this situation. If, for 
example, a 1mA 10012 meter is taken and 1 1-1O is connected 
across its terminals the combination will have an fsd of 
10mA and a resistance of almost 10O. Resistors of 2OOÍ2 in 
the circuit.-, to be measured will only reduce this sensitivity 
by five per cent and the reading will be independent of 
practical values of lead or switch resistance. This method is 
only suitable when the currents to be measured are all of the 
same order. 

A third method which permits a wide range of currents to 
be measured is to use a sensitive current meter as a voltmeter. 
If a 50MA fsd meter is made into a IV fsd voltmeter by the 
addition of a multiplier of 20ki2 less the meter resistance, 
it may be switched across a 100Í1 resistor carrying 10mA 

Fig 18.6. Screening and bypassing a meter in a transmitter. 

or a 10Q resistor carrying lOO.nA and read full scale deflec-
tion for both currents (see Fig 18.4). By varying the series 
resistor and the shunt values, very wide current ranges can 
be measured. 

Meter Protection 

Meters are relatively expensive and are easily damaged if 
subjected to excessive current. Damage from this cause can 
be prevented by connecting two silicon diodes back to back 
across the meter terminals. These will have no effect until the 
voltage across the meter approaches some 400mV when they 
will conduct and effectively shunt it. A similar circuit is 
shown in Fig 18.5 which includes an rf bypass capacitor. 

When meters are built into transmitters, careful considera¬ 
tion should be given to shielding the meter movement from 
rf fields. Such fields can lead to heating of the hair springs and 
hence to permanent damage. Further, the hole in a metal 
panel can be a source of rf leakage. It is good practice to 
contain the meter in a screening can, to use shielded leads 
and to by-pass the meter to rf by a capacitor connected 
directly across its terminals (see also Fig 18.6). 

MEASUREMENT OF RESISTANCE 

The measurement of resistance is based on Ohm's Law, 
two common arrangements being shown in Figs 18.7(a) and 
(b). It will be seen that each circuit comprises a battery in 
series with a milliammeter, a resistor RV1 and an unknown 
resistor X. In practice, the terminals across which X is 
connected are first short circuited and RV1 adjusted until 
the meter reads full scale. When the resistor X is connected 
across the terminals, the meter reading will fall; calibration 
can therefore be carried out by connecting a number of 
resistors of known value across the terminals in turn and 

Fig 18.5. Voltage drop across meter increased by external resistance 
so that silicon protection diodes conduct at about twice full scale 
deflection. An rf bypass capacitor (say 1,000pF) should usually be 

included. 

Fig 18.7. Measurement of resistance with a simple ohmmeter. In (b> 
RV2 is to adjust the sensitivity of the meter to compensate fcr a drop 
in battery voltage. In both circuits RV1 is for setting the meter to a 

full scale deflection with the terminals X short circuited. 
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Fig 18.8. Circuit of the direct-reading low-resistance ohmmeter. 
R1 should be a high-stability resistor of |W rating. R2 should be 
1,000Q less the internal resistance of the meter. The terminals A and 

B should be insulated and have large contact areas. 

marking the scale accordingly. Alternatively, a graph relating 
meter current and resistance can be prepared. 

An instrument designed for resistance measurements is 
termed an ohmmeter and may have several ranges. The 
resistance ranges in multimeters (see next section) are based 
on these simple circuits but are not very accurate below 
about 5Q. Such inaccuracy is partly due to the resistance of 
the connecting leads. 

A circuit arrangement suitable for measuring low resist¬ 
ances and differentiating between them and short circuits 
is shown in Fig 18.8. The instrument measures resistance up 
to 50 by comparing the voltage drops across a standard 
resistor and the unknown resistor when the same current 
flows through both. By selecting a 5£1 resistor as the standard 
(RI) and using a 0-500;iA meter as a 0-0-5V voltmeter, it is 
possible to use the calibrated scale, each 100/iA (01V) 
division representing 1Í1 The value of R2 should be 1,0000 
less the internal resistance of the meter. 
The leads from A and B terminate in strong crocodile 

clips and those from C and D in sharp test prods. 
The method of operation is as follows. With the meter 

switch at set and the variable resistor RV1 at maximum, the 
unknown resistor is connected across terminals A and B. 

Fig 18.9. Use of the low-resistance ohmmeter of Fig 18.8. 

RVl is then adjusted so that the meter reads full scale. The 
switch is next moved to the read position, the meter then 
indicating the resistance of the unknown resistor directly. 

An example of the use of the instrument is illustrated in 
Fig 18.9 where the resistance between a solder tag and chassis 
is to be found. Terminal A is connected to the chassis and B 
to the wire to the tag at any point; terminals C and D are 
connected across the joint to be measured and as close to it 
as possible. In this way, the same current flows through the 
standard resistor RI as through the joint, and the resistance 
of the connecting leads to A and B does not affect the 
reading. 

MULTI-RANGE METERS 

A number of shunts and multipliers selected by a switch 
can be used in association with a single basic meter to form a 
multi-range meter (or multimeter), measuring current and 
voltage and, if containing an internal battery, resistance as 
well. A wide range of such instruments may be purchased at 

Fig 18.10. Basic multimeter unit reading current to 1A de, voltages to 1,000V de and resistance to 20kQ. 
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Fig 18.11. Add-on unit for ac voltages. 

prices depending on the size of the scale and the sensitivity 
of the movement. 

A circuit for a multi-range meter based on a 0-1 mA meter 
of 100n resistance is shown in Fig 18.10. This gives six 
current ranges from 1mA to 1A fsd and de voltage ranges 
from 10V to 1,000V fsd, as well as an ohms range readable 
up to 200kil. The meter is protected by silicon diodes. A 
separate add-on unit is also shown (Fig 18.11), containing a 
meter rectifier with associated switched series resistors to 
give four ac ranges up to 1,000V. When using the add-on 
unit, the main instrument is set to measure 1mA fsd and the 
add-on unit connected to its terminals by lugs. 

The component values shown in Figs 18.10 and 18.11 are 
suitable for a meter having its resistance made up to 200Q. 
The series resistors should be one per cent tin-oxide types, 
while the shunts may be made of Eureka wire. 

ELECTRONIC INSTRUMENTS 

The best-known instrument in this class is the valve 
voltmeter, although the field effect transistor is now fre¬ 
quently used instead of a thermionic valve. In conjunction 
with diode probes, useful ac measurements may be made at 
frequencies well above 100MHz. 

DC VALVE VOLTMETER 

In the simplest valve voltmeter, a de voltage applied to the 
grid of a thermionic triode valve is measured by the resulting 
change in anode current. A practical circuit is shown in 
Fig 18.12 in which a double triode is used as a differential 
amplifier. With the test prods shorted, the anode voltages 
of the two triodes may be made equal by the adjustment of 
RV1. The meter Ml will then read zero since there is no 
voltage across it. If a known de voltage is then applied 
across the test prods, the anode currents of the two triodes 
will unbalance and Ml will deflect. By adjusting the series 
resistor RV2 the meter deflection may be calibrated in terms 
of the input voltage. The voltage applied at the grid must 
never be large enough to cause grid current to flow—higher 
voltages are measured by tapping the grid down a calibrated 
input potentiometer. An input probe consisting of a short 

Fig 18.12. DC valve voltmeter. The meter M1 (0-500pA) should be 
calibrated 0-1-5 and 0-6V. Resistors R1-R7 should be one per cent 

tolerance; S1 should have ceramic insulators. 

length of coaxial cable and the input resistor R14 is desirable; 
this allows de measurements in the presence of rf without 
significantly detuning the circuit under test. In operating, 
valve voltmeters should always be allowed to warm up for at 
least 10min before adjusting the zero control, and this 
adjustment should be checked from time to time. 

AC VALVE VOLTMETER 

A more sophisticated valve voltmeter suitable for measur¬ 
ing af and rf voltage up to at least 50MHz and providing 
useful indications at 150MHz is illustrated in Fig 18.13. It 
consists of a diode detector producing a de output voltage 
proportional to the peak value of the applied alternating 
voltage, followed by a differential de amplifier using a double 
triode. Considerable de negative feedback is applied to each 
triode which serves to linearize the input/output characteristic 
of the amplifier, and also improves the zero stability. Further 
improvement of zero stability is obtained by applying the 
output of a second diode to the other input of the differential 
amplifier. This type of amplifier responds to the difference 
between the potentials applied to its two inputs, and provided 
similar diodes are used for VI and V3, changes in the contact 
potential of the diodes will not vary the zero setting appreci¬ 
ably. 

The diode VI and its associated components RI, Cl and 
C2 are built in the form of a shielded probe which is applied 
to the circuit under test when measurements are to be made. 
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Fig 18.13. AC valve voltmeter. C1 is a 530V wkg mica capacitor. Cl is a 350V wkg mica type. R1, RI, R9 and R10 should be jW high-stability 
resistors, five per cent tolerance; R3 and R8 should be|W 10 per cent tolerance. The value of R4 is300Q less the resistance of the meter M1 ; R5 
10kQ; R6 47kQ; R7 150kQ; R4, R5, R6 and R7 are jW rating, R11 and R12 1W 10 per cent tolerance and R13 1W 20 per cent tolerance. Rectifier 

diodes are BYX10. 

Construction of the probe for use with the ac valve voltmeter. 

The input resistance of the probe is 3-4MQ and the input 
capacitance approximately 8pF. The latter would be reduced 
by dispensing with the earthed shield but this would render 
the probe very sensitive to stray pickup, particularly when the 
instrument is used on its lowest range. A photograph of the 
probe is shown on this page. Connection of the probe to the 
remainder of the circuit is made by a four-way screened lead, 
terminated in a valve base which in turn fits a standard 

In use the high and low potential terminals of the probe 
are short circuited and the meter set to zero by means of the 
potentiometer RV1, with the range switch SI at Range 1. 
The terminals are then separated and the high potential 
terminal applied to the point at which measurements are to 
be made, the low potential terminal being connected to 
chassis or earth. The instrument should be allowed to warm 
up for 5min or so before setting the zero. 

Calibration may be carried out at mains frequency. Pro¬ 
vided that the supply is sinusoidal the reading of a rectifier 
type voltmeter multiplied by 1-414 will give the peak value 
of the calibrating voltage. Exact adjustment of the fsd for 
each range is achieved by variation of the appropriate meter 
series resistances R4, R5, R6 and R7 by adding an additional 
resistor in series or parallel with the specified resistor. At 
least two separate scales on the meter will be required, as the 
1-5V range is non-linear due to curvature of the diode 
characteristics at low input voltages. 

valveholder on the panel. A FET VOLTMETER 

1V 

3V 

1 
1OV 
-D 

30V o 

100V y 

300V 

A solid state equivalent of the valve voltmeter is shown in 
Fig 18.14 in which the triodes are replaced by field effect 
transistors. They should be selected for gate voltages within 

Fig 18.14. Circuit of the fet volt¬ 
meter. TR1, TR2 2N3819; TR3 6 2V 
zener; 0-100mA; R6 jW carbon; 
R7 R12 one per cent high stability. 
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20 per cent of each other at a drain current of 1mA but, if 
this is not possible, dissimilar values of the source resistors 
RI and R2 will overcome the lack of balance. The gate 
voltage of TR2 is defined by the zener diode 7D1 ; this will be 
somewhat lower than its rated voltage because it is operated 
at a very low current in order to reduce battery consumption. 
Calibration will be slightly dependent on the battery voltage 

but a 15V battery should remain serviceable down to about 
9 V provided that the zero adjuster RV1 is corrected. 

Calibration is by the variable resistor RV2 in series with 
the meter and is carried out by applying known voltages to 
the input terminals. A shielded input probe is desirable and a 
suitable arrangement using a ballpoint pen case is shown in 
Fig 18.15. 

S1 function switch 
1 off 
2 capacitance 
3 inductance 

S4 phase balance 
I capacitance and high-Q inductance 
2 electrolytic capacitance and 
transformers 

3 rf coils 

S2 10-position decade switch— see Fig 18.17. 

S3 range switch 
R 

1 0-0-1Q 
2 0-1Q 
3 0-10« 
4 0-100Q 
5 0-1 kQ 
6 0-10*« 
7 0-100kQ 
8 0-1MQ 
9 0-1OMQ 

L 
0-1 pH 
0-1 Ou H 
0-100¡iH 
0-1 mH 
0-1 OmH 
0-100m H 
0-1H 
0-1 OH 
0-1 OOH 

C 
0-100uF 
0-1 Op F 
0-1pF 
0-1C0nF 
0-1 On F 
0-1 nF 
0-100pF 
0-1 Op F 
0-1 pF 
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AC measurements may be made by replacing the input 
probe by a diode probe. The 1N9I4 diode is suitable for the 
measurement of voltages up to about 75V at up to 100MHz. 
Junction-type silicon diodes intended for use as power 
rectifiers are suitable for higher voltages but give falsely low 
readings at high frequencies due to charge storage effects 
which reduce their rectification efficiency. For rf measure¬ 
ments above about 100V, the thermionic diode is the only 
reliable device at the present time, and the diode head shown 
in Fig 18.13 is suitable. 

BRIDGE MEASUREMENTS 

Fig 18.19. Circuit of oscillator; 0 5V rms across terminals 7-5 when 
terminated in a 100Q resistor; 0 05V rms across terminals 6-5 when 

terminated in a 1-5Í2 resistor. 

potentiometer would be very suitable for the fine balance 
control. 

The range resistors shown in block form in Fig 18.16 are 
shown in detail in Fig 18.18 and consist of eight switched 
values. On positions 1 and 2, the low value of resistances 
required must take into account switch contact and wiring 
resistance, and are adjusted experimentally. The input and 
output switches S3a and S3b should have a screening plate 
between them. 

The oscillator circuit is shown in Fig 18.19. It may be 
built on a Veroboard about 3 j by 2jin in size. The circuit 
is a standard Hartley oscillator with the output taken from a 
secondary winding on top of the main tapped coil. The output 
is a 1kHz signal of good sine wave shape. The transformer 
winding details are shown in Fig 18.20. 

The circuit of a suitable amplifier is shown in Fig 18.21 ; 

If accurate measurements of resistance, capacitance and 
inductance are required, bridge methods are preferable since 
greater accuracy and wider range can be obtained. A bridge 
to measure capacitance over the range IpF to l.OOO^F, 
inductance from I mH to 1.000H and resistance from fractions 
of an ohm to 100MQ is shown in Fig 18.16. It is derived from a 
Wheatstone bridge for resistance and the Heys and Maxwell 
bridges for reactance. The coarse decade shown in block 
form in Fig 18.16 is show n in detail in Fig 18.17 and provides 
10 switched steps from 100Q to 1,0000, the fine balance 
control providing the intermediate values. A 10-turn linear 

Fig 18.18. The range resistors. • indicates precise values adjusted 
experimentally. 

All windings use 34swg enamel covered copper wire — one 

7 

6 

5 

Detail of electrostatic screen 2   To earth 

3   To TR5 base via 1^jF 
capacitor 

4 . Screen to earth 

5 ..... Secondary common 

6 Low Z secondary 

7  High Z secondary 

Fig 18.20. Constructional details of oscillator transformer T1. 
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Fig 18.21. The amplifier and detector circuit. 

the fet input stage provides an input impedance of several 
megohms. Silicon diodes across the 25-0-25/xA meter protect 
it from damage when the bridge is out of balance by acting 
as shunts when the voltage across the meter exceeds some 
500mV. The oscillator and the amplifier should be well 
separated but otherwise the layout is not critical. The 
variable resistors associated with S4 for phase balance 

dependent on circuit Q may be ganged if desired, as only one 
is adjusted at a time. Similarly the ac and de sensitivity 
controls may be ganged. 

Using the Bridge 

To measure resistance, the coarse balance control is 
rotated with the gain control at minimum while searching 
for a null in the meter reading. As this is approached, the 
gain should be increased and the fine balance control used to 
obtain a complete null. The resistance value is then read off 
the decade switch and the calibrated scale of the fine balance 
control. 

To measure capacitance, the same procedure is adopted 
except that the phase balance controls must also be adjusted. 
Position I of switch S4 should be used for low-loss capacitors 
and position 2 for low-Q capacitors such as electrolytics. 

To measure inductance, the same method is followed using 
position 3 of S4 for air cored coils, position 1 for coils on 
ferrite cores and position 2 for mains frequency components. 
The 01Q and 10 range resistors may be constructed of 

resistance wire wound non-inductively and adjusted in value 
to correctly measure known resistors. A 7in length of 30swg 
Eureka wire for IQ and 2-5in of 24swg Eureka wire for 01Q 
are suitable starting points. 

RF CAPACITANCE BRIDGE 

It is frequently necessary to measure small-value capacitors 
and a simple bridge operating at a relatively high frequency is 
convenient. 

The following bridge is suitable for measuring capacitances 
down to IpF and up to l,500pF. The circuit (Fig 18.22) is a 
version of the Wheatstone bridge and is energized from a 
Colpitts oscillator at about l-5MHz. The output of the 
bridge is rectified and applied to a “magic eye” indicator 
V2 which is arranged to be fully open when the bridge is 
balanced. 

Calibration 

The calibration of the bridge is quite easy, all that is 
required being a few accurate capacitors. The following 
capacitors are needed and they should be good quality silver 

Fig 18.22. Circuit diagram of the 1 5MHz bridge. C3, C4, CS, C4. C7, silvered mica; C8, C», C10, C11, ceramic; C12, 3S0V electrolytic; L1, 
Maxi-Q Red 2 miniature dual-purpose coil; MR1.250V 15mA contact-cooled rectifier; S1, 2-pole 6-way; T1,2S0V 15mA, 6 3 V 1A. All resistors 

are |W rating. L1, medium-wave oscillator coil. 
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Fig 18.13. Simple rf bridge. C1, Cl form a differential capacitor with a 
maximum value of 168pF in each section. 

mica with a tolerance of ± one per cent: 5, 10, 25, 50. 100, 
250, 500. 1,000p F. 

With these standards it is possible to calibrate the bridge 
throughout its range. Proceed as follows. Start on the lowest 
range and with no capacitor connected across the terminals, 
adjust Cl for balance. This point should be marked zero. 
(This is to balance out the stray capacitance. If it is not pos¬ 
sible to obtain a balance—the “eye” must be fully open— 
solder a small capacitor, about 5pF, across the terminals 
until a balance can be obtained.) Connect the 5pF standard 
to the test terminals using the shortest possible leacs and 
adjust Cl for balance, then mark the scale 5. Repeat the 
process using the lOpF standard. Next solder the two to¬ 
gether and repeat, marking the scale 15. 

RF IMPEDANCE BRIDGE 

The need for an instrument which will measure impedance 
is felt at some time or other by every experimenting amateur. 
The instrument normally used is the full rf bridge, but 
commercial rf bridges are elaborate and expensive. On the 
other Hand, it is possible to build a simple rf bridge which, 
provided its limitations are appreciated, can be an inex¬ 
pensive and most useful adjunct in the amateur workshop. 
In fact, it is essential if experiments with aerials are under¬ 
taken. 

The instrument described here will measure impedances 
from 0 to 4OOÍ2 at frequencies up to 30MHz. It does not 
measure reactance nor show whether any reactance present 
is capacitive or inductive, but a good indication of the 
reactance present can be obtained from the fact that any 
reactance will mean a higher minimum meter reading. 

There are many possible circuits, some using a potentio¬ 
meter as the variable arm and others variable capacitors, 
but a typical circuit is shown in Fig 18.23. The capacitors 
have to be differential in action, mounted in such a way that 
as the capacitance of one decreases, the capacitance of the 
other increases. The capacitors should be the type which 
has a spindle protruding at either end, so that they can be 
connected together by a coupling. To avoid hand capacitance 
effects, the control knob on the outside of the instrument 
should be connected to the nearest capacitor by a short 
length of plastic coupling rod. These capacitors form two 
arms of the bridge, the third arm being the 100Q resistor 
and the fourth the load. Balance of the bridge is indicated 
by a zero reading on the meter Ml. 

The construction is simple. The bridge should be totally 
enclosed in a metal box and the screening indicated in Fig 
18.23 incorporated. All the leads should be kept as short as 
possible. 

On completion, the instrument is calibrated by placing 
across the load terminals various non-reactive resistors (ie 
not wire-wound) of known value. The calibration should 
preferably be made at a low frequency, where stray capaci¬ 
tance effects are at a minimum, but the calibration holds good 
throughout the frequency range. 

In using the instrument, it should be remembered that an 
exact null will only be obtained on the meter when the instru¬ 
ment is looking into a non-reactive, resistive load. When 
reactance is present, however, it becomes obvious from the 
behaviour of the meter; although adjusting the control knob 
gives a minimum reading, a complete null cannot be obtained. 

The rf input to drive the bridge can be obtained from a 
grid dip oscillator or other small oscillator of about 1W 
input power. The oscillator is coupled to the bridge by a short 
length of coaxial cable, terminating in a link coil of about 
four turns, which is placed on or near the gdo coil. Care 
should be taken not to overcouple or the gdo may change 
frequency or even stop oscillating. As the coupling is in¬ 
creased it will be seen that the meter reading of the bridge 
increases up to a certain point, after which further increase 
in coupling causes the meter reading to fall. A little less 
coupling than that which gives the maximum bridge meter 
reading is the best to use. The bridge can be used to find aerial 
impedance and can be used for many other purposes: for 
example, to find the input impedance of a receiver on a 
particular frequency. 

One useful application of this type of simple bridge is to 
find the frequency at which a length of transmission line is 
A/4 or A/2 long electrically. If it is desired to find the fre¬ 
quency at which the transmission line is A/4 long, the line 
is connected to the bridge and the far end of it left open¬ 
circuit. The bridge control is set at Oil The dip oscillator is 
then adjusted until the lowest frequency is found at which 
the bridge shows a sharp null. This is the frequency at which 

Fig 18.24. Method of using the rf bridge to determine the frequency 
at Which a transmission line exhibits a X/4 or À/2 characteristic. 
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the piece of transmission line is X/4 long. Odd multiples of 
this frequency can be checked in the same manner. In the 
same way. the frequency at which a piece of transmission 
line is X/2 long can also be found. The procedure is the same, 
except that the far end of the transmission line is shorted 
instead of being left open. The method in both cases is 
illustrated in Fig 18.24. 

The bridge can also be used to check the characteristic 
impedance of a transmission line. This is often a worthwhile 
exercise, since appearances can be misleading. The procedure 
is as follows: 

(a) Find the frequency at which the length of transmission 
line under test is A/4 long. Once this has been done, 
leave the oscillator on this frequency. 

(b) Select a carbon resistorof approximately the same value 
as the probable characteristic impedance of the trans¬ 
mission line. Substitute this resistor for the transmission 
line as the bridge load and check its value at the 
frequency obtained in (a). (This will not necessarily 
agree with its de value.) 

(c) Disconnect the resistor from the bridge and reconnect 
the transmission line. Connect the resistor across the 
far end of the transmission line. 

(d) Measure the impedance now presented by the trans¬ 
mission line at the frequency of (a). Then the charac¬ 
teristic impedance Zo of the line is given by 

Zo = A Zs X Zt 

where Zs = impedance presented by the line and Zr = 
resistor value. 

FREQUENCY MEASUREMENT 

It is important to know the frequency to which a receiver 
is tuned and the frequency of a signal radiated by a trans¬ 
mitter; in particular, it is necessary to be quite sure that the 
signal is within the amateur band in which operation is 
taking place. 

For this purpose, a crystal controlled oscillator is almost 
essential as a reference by which a vfo can be calibrated. 
Even if the transmitter is directly controlled by a crystal of 
certified accuracy, it is necessary to ensure that the trans¬ 
mitter is working on the correct harmonic of the crystal and 
for this purpose an absorption wavemeter is convenient. 
When constructing new equipment, it is most helpful to be 
able to check the resonant frequency of the tuned circuits 
before power is applied; this can be done with a dip oscil¬ 
lator. 

Standard Frequency Services 

Even when a crystal oscillator is used as a calibration 
source, it is necessary to set it against a frequency standard, 
as the actual frequency obtained from a crystal depends 
slightly on the circuit conditions. Standard frequency trans¬ 
missions are provided in the United Kingdom by trans¬ 
missions from MSF at Rugby on 2-5, 5 and 10MHz, while 
the BBC transmitter at Droitwich on 200kHz is also main¬ 
tained at a very accurate frequency. Similar services in the 
USA are provided by WWV on 2-5, 5,10, 15, 20and 25MHz, 
and some of these signals are normally receivable in the UK. 
WWVH in Hawaii operates on 2-5, 5, 10 and 15MHz. 
The transmissions from MSF on 5MHz are on a time 

sharing basis with HBN (Neuchatel) in accordance with 

Hour 4-

MSF 

0 5 10 là 20 25 30 35 40 45 50 55 60 mins 

|iiii|iiii|iiii|iiii|iiii|ii n|n !i|iiii|im|ini|oii|iiii[ 

HBN 

FFH 
A A A A A A 

A A A A 

OMAIHBOH 
A A A A 

Carrier 
Only □ Seconds 

Pulses 
Tone 
Frequency 
(Hz) 

No 
Transmission 

Fig¡18.25. Some European standard frequency stations. 

Call 
MSF (Rugby) 
FFH (Paris) 
HBN (Neuchatel) 
1AM (Rome) 

IBF (Turin) 

OMA (Prague) 

Frequency 
2-5, 5 and 10MHz 
25MHz 
5MHz 
50MHz 

50MHz 

25MHz 

Schedule 
24 hours 
Monday co Friday, 0800 co 1625 
24 hours 
Monday co Sacurday, 0730 to 
0830 
Monday to Sacurday, 0650 to 
0730, 1050 to 1130 
24 hours 

the schedule shown in Fig 18.25 which also shows the hourly 
schedules of other standard frequency transmissions useful 
in Europe. From 0-5min past each hour, MSF transmits 
carrier and seconds pulses, from 5-9£ min past each hour 
there is no transmission, and from 9J-10min past each hour, 
MSF transmits its callsign and the amount of the frequency 
offset (in parts in 10 10), each given three times in slow morse. 
The cycle is repeated six times in each hour. MSF also trans¬ 
mits on 60kHz from 1429 to 1530ut daily. Note that the 
schedules of standard frequency transmissions are subject to 
change. Details of these changes are published in Radio 
Communication and other magazines from time to time. 

Absorption Wavemeters 

An absorption wavemeter consists simply of a calibrated 
tuned circuit which absorbs power from the circuit being 
measured when the circuits are tuned to the same frequency. 
The power collected by the wavemeter can be made to 

light a small lamp or operate a sensitive meter. With the 
wavemeter resonated to the circuit to which it is coupled, 
some energy is absorbed from that circuit. If the wavemeter 
is held close enough the rf current induced into it will be 
sufficient to light the bulb. Thus, provided that the wave¬ 
meter has been previously calibrated, it is only a matter of 
tuning for a resonance indication on the bulb and reading 
off the frequency. 

A low-power stage may not be capable of providing enough 
rf power to light the bulb. Under such circumstances reso¬ 
nance indication can be obtained from the anode current 
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of the low-power stage, which will rise when the wavemeter 
absorbs energy, or a dip in the grid current of the next stage. 

ABSORPTION WAVEMETER FOR 1 5-30MHz 

The circuit of a simple absorption wavemeter for 1-5-
30MHz is shown in Fig 18.26. It will be seen that the wave¬ 
meter frame is connected to one side of the tuning coil, 
coupling coil, and tuning capacitor. An ordinary 6VO-3A bulb 
is used to indicate resonance. A lower-consumption bulb 
would provide a more accurate indication, but the type 
specified is more robust and will withstand greater overloads, 
while showing a sufficiently sharp resonance point for all 
practical purposes. 

Fig 18.26. Absorption wavemeter for 1-5-30M Hz. 

The tuning capacitor is mounted directly on the front panel, 
while the tuning coil holder (an octal valve socket) is off 
mounted from the front panel by the use of two tapped 
aluminium distance pieces. Two stiff lengths of copper wire 
attached to the coil socket support the bulb holder. This is 
better than a more rigid method of mounting, because the 
location of the bulb with reference to the metal capacitor 
cover can be easily adjusted. The cover is cut from 20swg 
tin plate, bent to the required shape and soldered. 

The coil formers are made from octal valve bases, force 
fitted into a bakelized paper tube 21in long by Hin in 
diameter (internal diameter ¡in). After fitting, the tube and 
base should be cemented together. 

TABLE 18.1 

Range Tuning coil Coupling coil Wire 

1-5-4MHZ 
4-12MHZ 
12-30MHz 

80 turns 
29 turns 
65 turns 

6 turns 
3 turns 
2|turns 

32swg enam 
22swg enam 
22swg enam 

The coils should be wound in accordance with the data 
given in Table 18.1. The illustrations show the type of 
construction. 

Calibration 

Calibration may be carried out with the aid of an oscillator 
or a calibrated receiver. As most amateur stations have an 
accurately calibrated communications receiver, the latter 
method will be described. 

With the receiver switched on and the aerial connected, 
a signal is tuned in at the low-frequency end of the band to be 
calibrated. A coupling coil consisting of a few turns of 
sufficient diameter to slide over the wavemeter tuning coil 
is connected in series with the aerial. The S-meter reading 
should be observed while the wavemeter is slowly tuned: at 
one point the reading will drop, indicating that signal 
frequency energy is being absorbed. This point can now be 
marked on the prepared dial of the wavemeter. The receiver 

View of the wavemeter of Fig] 18.26^ showing the scale, cursor 
resonance indicator lamp and spare coils. 

is then tuned to the next signal higher in frequency, and the 
process is repeated until finally the whole dial is calibrated. 

Some receivers are not fitted with an S-metcr, in which case 
the bfo should be switched on, an ac rectifier type voltmeter 
being connected to the phones terminals of the set. A signal 
is then tuned in until the beat note provides a convenient 
reading on the voltmeter. As before, the wavemeter (coupled 
to the receiver aerial) should be tuned slowly until a dip 
occurs in the reading, indicating a calibration point. 

When calibrating has been completed, the dial may be 
removed and permanently marked with Indian ink, after 
which it should be replaced and covered with a protective 
sheet of ¿in Perspex, held at the corners by 6BA screws 
tapped into the front panel. Perspex of the same thickness is 
also used for the dial cursor, a central hairline being en¬ 
graved on it with a stylus. 

The size of the front panel is 21 by 3}in, and that of the 
capacitor cover box is 2| by 3}in. The resonance indicator 
bulb is pushed through a hole drilled in the top of the cover, 
and is protected from shock by a rubber grommet. 

For checking any apparatus which has a power output of 
500mW or more, the bulb will indicate resonance quite 
satisfactorily, but where output is low, as in the local 
oscillator circuit of a receiver, a meter inserted in the gridleak 
earth return will dip as the wavemeter is tuned through 
resonance. Alternatively, a milliammeter may be inserted 
in the anode circuit of the local oscillator valve, and this 
will give an increased reading as the wavemeter is tuned 
through resonance. 

Internal construction of the absorption wavemeter. 
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SIMPLE ABSORPTION WAVEMETER FOR 65-230MHz 

The absorption wavemeter circuit shown in Fig 18.27 is an 
easily built unit covering 230MHz and can therefore be used 
to check frequencies in Band II (fm broadcasting) and Band 
III (television) in addition to 70 and 144MHz stages in 
amateur vhf transmitters. The appearance of the wavemeter 
with its associated indicating meter can be seen in the 
photograph. 

Fig 18.27. Circuit diagram of the vhf wavemeter. C1 (4-50pF) is a type 
C804 manufactured by Jackson Bros. M should have a fsd of 1-2mA. 
RFC1, RFC2 80 turns 40 swg enamelled wire wound on |W resistor of 

1kQ or more and wax dipped. 

Construction is straightforward and all the components 
apart from the meter are mounted on a Perspex plate 
measuring 7J by 3 by Jin. Details of the tuned circuit are 
shown in Fig 18.28(a), and should be closely followed. The 
layout of the other components is not critical provided they 
are kept away from the inductance loop. A heat shunt should 
be used when the diode is soldered in order to prevent any 
damage to it. 

For accurate calibration a signal generator would be 
required but, provided the inductance loop is carefully 
constructed and the knob and scale are non-metallic, dial 
markings can be determined from Fig 18.28(b). These should 
be accurate enough for most purposes. 

In operation, the unit should be loosely coupled to the 
tuned circuit under test and the capacitor then tuned until 

Fig 18.28. (a) Details of the inductance loop made of 12swg copper 
wire. The dimensions should be closely followed if the calibration of 
(b) is to be used, (b) Dial calibration. The calibration points relative 
to the base line (anti-clockwise) are: 230MHz 0 ; 220MHz 8 ; 
200MHz 16 ; 180MHz 20 ; 160MHz 25 ; 140MHz 35°; 120MHz 50 ; 

100MHz 73 ; 90MHz90 ; 80MHz 118 ;70MHz 152°;65MHz 180 . 

VHF absorption wavem’ter with its indicating meter. 

the meter indicates resonance. For low-power oscillators a 
more sensitive meter should be used if available. 

The wavemeter can also be used as a field strength indicator 
when making adjustments to vhf aerial arrays. A single turn 
coil should be loosely coupled to the wavemeter loop and 
connected via a low impedance feeder to a dipole directed 
towards the aerial under test. 

LECHER LINES 

Above about 100MHz it is practicable to measure directly 
the wavelength at which a transmitter or oscillator is 
operating by using Lecher lines, which comprise a pair of 
taut parallel wires, spaced an inch or so apart to form an 
open-wire transmission line, and a bridge to short circuit 
the wires which can be moved along the line as required. 

For transmitter frequency measurement, one end of the 
line is loosely coupled by a loop to the pa circuit. Starting 
near the coupling loop end of the line, the bridge is slowly 
moved towards the open end of the line until a point of 
maximum current in the bridge is found; this will be indi¬ 
cated by a deflection on the anode current meter, or by 
observing when a flash lamp and loop loosely coupled to the 
pa coil passes through a minimum in brightness. This posi¬ 
tion should be carefully noted and the bridge then moved 
further along the line until the next similar position is found. 
This should be repeated several times until the distance 
between successive positions is the same. The distance 
between the two points will be one half of the wavelength 
at which the transmitter is operating. 

Application of the formula 

15,000 
Frequency (MHz) —-¡—-——:-—7—; Distance between bridge position (cm) 

will enable the frequency of the oscillation to be determined. 
For example, if the distance between the two bridge positions 
is found to be 100cm, then by substituting in the formula 

15.000 
Frequency -¡—-MHz 150MHz 

For the most sensitive condition of adjustment, the Lecher 
lines and the bulb and loop should be very loosely coupled 
to the tank circuit. This is especially important when 
measuring the frequency of a self-excited oscillator, the 
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Fig 18.29. Integrated-circuit 
crystal calibrator. A medium¬ 
wave broadcast tuning coil is 
suitable for L1 (about 150mH). 
The SN7490N may be replaced 

by an FJJ141. 

frequency of which may be altered if the coupling is too 
tight. Although the accuracy of frequency measurement by 
this method is not very high the method is of great use to the 
amateur as the only instrument required is a metre rule. The 
longer the Lecher lines and the further the two minima are 
from the coupling loop end, the more accurate will be the 
reading. An accuracy of 01 per cent can be attained with 
care. 

CRYSTAL CALIBRATOR 

A precision crystal oscillator with means of dividing the 
crystal frequency so as to produce more closely spaced 
reference points is generally known as a crystal calibrator. A 
convenient form uses a 1 MHz crystal oscillator with dividers 
to produce 100kHz and 10kHz markers. For really accurate 
work, the oscillator could be phase locked on to a standard 
frequency transmission, the Droitwich 200kHz transmission 
being the most convenient. 

A crystal calibrator using a fet 1 MHz crystal oscillator and 
integrated circuits as dividers is shown in Fig 18.29. The 
rapid switching time of the tes ensures useful output into the 
vhf region. Unlike multivibrator circuits normally used, the 
integrated circuits have the advantage that no setting up is 
required as each ic achieves its division of 10 by dividing 
first by 5 with output on pin 11 and then by 2 with output 
on pin 14. It is possible to take outputs of 200kHz and 20kHz 
from the junction of pins 11 and 14 on ICI and IC2 respec¬ 
tively. 

Integrated circuits are easily damaged and every care 
should be taken to ensure that their voltage ratings are 
never exceeded. Leakage potentials from soldering irons, 
voltages derived from test instruments, and pick-up from 
strong rf fields are among the sources which can destroy tes. 
They are also intolerant of excessive soldering temperatures 
and the use of holders is a useful safeguard. The power 
supply for the calibrator should be stabilized at between 
4-5V and 5-5V. The 6-8V zener diode shown in Fig 18.29 
is intended to clamp the supply at just below the absolute 
maximum rating of the tes in the event of excessive voltage 
being applied. 
The output from the calibrator may be satisfactorily 

connected to a receiver aerial socket but must not be con¬ 
nected to a live circuit which might easily induce sufficient 
voltage to destroy the tes. If an isolating amplifier is required 
to buffer the calibrator from a live circuit, it should use a 
transistor capable of fast switching if the vhf output is to 
be preserved. 

The only setting-up required is the adjustment of VC1 to 
bring the crystal oscillator to zero beat with a standard 
frequency signal and possible adjustment of the feedback 
capacitor VC2. With active crystals, this may be omitted 
altogether. 

HETERODYNE FREQUENCY METER 

In order to interpolate between frequency markers, either 
a calibrated receiver or a calibrated vfo is required. An 
instrument having a calibrated vfo, a crystal reference and 
means of mixing the unknown and vfo frequencies to produce 
an audible note is known as a heterodyne wavemeter. Many 
amateurs use an excellent instrument of this type known as 
the BC221. 
A circuit for a heterodyne wavemeter is given in Fig 18.30. 

Good mechanical stability and a dial capable of accurate and 
repeatable readings are essential. 

A variable frequency oscillator VI tunes over two ranges 
only: from l-75MHz to 2MHz and from 7 to 7-5MHz. The 
second harmonic of the lower frequency range covers the 
80m band while harmonics of the higher range cover the 14, 
21 and 28MHz bands. V4 is the crystal oscillator using a 
100kHz crystal which is accurately set on frequency by 
adjustment of C6. V2 is the mixer, having the vfo output 
applied to g3 and the crystal oscillator output to gl. The 
vfo output is available at low impedance from the potentio¬ 
meter in the cathode of V2 or the unknown frequency can be 
fed in at this point, usually by a short probe. The difference 
in frequency between the vfo and either the unknown 
frequency or the crystal oscillator will appear at the anode 
of V2 as an audio signal, and is passed on to V3 which acts 
as an audio amplifier. V3 can also operate as an audio 
oscillator by means of S2 in conjunction with T1 ; this 
results in modulation of the vfo output which assists in 
identifying the signal in the receiver. 

Calibration 

The crystal oscillator should be adjusted to exactly 100k Hz 
by reference to one of the standard frequency transmissions. 
This is done by adjusting C6. The tuning ranges of the vfo 
should be approximately set by reference to a receiver and by 
adjusting Cl, C2 and C3. The full swing of C4 should be 
made to fully cover the bands 1 -75 to 2MHzand 7 to 7-5MHz 
so as to have as open a calibration scale as possible. The vfo 
tuning scale should now be accurately calibrated at the 
100kHz points provided by the crystal oscillator and it will 
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Fig 18.30. Circuit of the heterodyne wavemeter. L1 : 16 turns 24swg 1 in dia, ¿in long, cathode tap 2 turns, grid tap 11 turns from earthy end. L2: 
67 turns 26swg enam, 1 in dia, 1|in long, cathode tap 5 turns, grid tap 41 turns from earthy end. C7: adjust for satisfactory audio note, typically 

0 005 to 0 01pF. T1 : any audio transformer of ratio 3:1 to 5:1. Reverse one winding if circuit does not oscillate. 

be found that 50kHz points can also be identified. A smooth 
calibration curve can then be drawn for the vfo. 

Each time the heterodyne wavemeter is used it should be 
allowed to warm up until the vfo is stable and one of the 
100kHz calibration points checked against the crystal; any 
error may be corrected by adjusting C5. 
An ht supply of about 200V at 50mA is required and the 

supply to the vfo and crystal oscillators should be stabilized. 
A glow discharge stabilizer such as the QS150/40 or a com¬ 
bination of zener diodes to give a stabilized supply of 150V 
would be suitable. 

VHF Use of Frequency Markers 

Although it is not difficult to produce frequency markers 
into the vhf region, the presence of strong lower-frequency 
signals is sometimes a disadvantage, particularly when double 
conversion receivers are used. A selective amplifier will 
increase the effective level of signals in the region of interest. 
Such an amplifier is shown in Fig 18.31. The signals from any 
standard source are amplified by the triode stage which 
drives a diode harmonic multiplier, followed by an amplifier 
having an anode circuit tuned to the desired band. As the 

Fig 18.31. Selective amplifier. L1 : 3 turns 18swg, jin dia, |in long for 
145MHz. L2: single-turn coupling loop. 

harmonic generator is rather liable to pick up other fre¬ 
quencies, the two diodes and their associated resistor and 
capacitor should be carefully screened. 

Harmonic Indicators 

Although absorption wavemeters may be used to ensure 
that strong harmonics of the wanted frequency are not pro¬ 
duced, they are not- really sensitive enough when interference 
problems arise. For such cases, a tunable trf receiver covering 
35 to 70MHz may be used for Band I television frequencies 
and also to cover the usual i.f. of about 38MHz. For tele¬ 
vision on higher frequencies, one of the television turret 
tuners available on the surplus market could be used, 
followed by the trf receiver as i.f. amplifier and detector. 
It is better to use valves rather than semiconductors through¬ 
out the rf and i.f. stages, since signals large enough to 
damage semiconductors may easily exist. The equipment 
required depends on the frequencies involved and the type of 
tuner available. An indicator of adequate sensitivity for 
Band I frequencies is shown in Fig 18.32; the output is shown 
on the meter Ml and can be heard on phones connected at 
JI. The meter should have an fsd of 50/jA and should be 
provided with switched shunts to give ranges of, say, 50^A, 
250^A and l-25mA. The transmitter may either be fed into 
the input socket through a high-pass filter to remove the 
fundamental, or may be received by means of a rod aerial 
provided as an alternative input. 

GRID DIP OSCILLATORS 

Another type of frequency measuring device which is 
extremely useful is the grid dip oscillator. This is really 
nothing more than a calibrated oscillator which can be 
tuned over a wide range of frequencies and which has a 
moving coil meter indicating the grid current. If it is coupled 
to an external tuned circuit the grid current meter will dip 
when the oscillator is tuned to the resonant frequency of 
that circuit because the circuit will absorb energy from the 
oscillator, thus reducing the amount of rf feedback to the 
grid and, in consequence, reducing the grid current. 
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Fig 18.32. A harmonic indicator for Band 1 frequencies. L1 : 5 turns 26swg spaced -j^in, ¿in dia, Aladdin PP5938 dust cored former. Aerial coupling 
coil consists of 2 turns wound at earthy end of grid coil. L2: 5 turns 26swg spaced ^in, i'n dia Aladdin PP5938 dust cored former. L3: 2 turns 
26swg enam, wound close to the end of L5. L4, L5: 10 turns 26s*g, close-wound on Aladdin 5937former with dust cores at each end. L6, L8: 10 
turns 18swg enam, close-wound, self-supporting, jin dia, opened to -¡-¿in winding length. L7: 6 turns 18swg enam, self-supporting, close-wound* 
jin dia, opened to {in winding length. Construction of the bandpass transformer L3, L4, L5 is shown on the right. The mains transformer is 

250-0-250V at 25mA and 6 3V at 2A. 

Since the grid dip oscillator provides its own rf energy it 
does not require the circuit being checked to be energized. 
It is therefore useful for checking the resonant frequency 
of tuned circuits, rf chokes and aerial systems. The gdo is 
also useful as an absorption wavemeter, signal monitor or 
simple signal generator. 

Earlier versions of the gdo used valves in the oscillator 
but modern designs use transistor oscillators with a diode 
rectifier and de amplifier to operate the meter. There is, of 
course, no grid current so that the title is somewhat mis¬ 
leading; the term dip oscillator is more appropriate. 

A TRANSISTORIZED DIP OSCILLATOR FOR 0 85-150MHz 

The circuit of a typical dip oscillator which is simple to 
build is shown in Fig 18.33. 

Basically, the circuit comprises a multi-frequency range 
transistor oscillator covering 0-85 to 150MHz in seven 
ranges, using plug-in coils, a diode detector and a transistor 
de amplifier operating a meter. The unit contains its own 9V 
battery, the dip oscillator actually running from a 6-8V 
zener-stabilized line, an arrangement which helps to reduce 
the effects of battery voltage variation. The total current 
consumption is 5mA. A generous overlap is provided 
between the frequency ranges, L2, L3, L4 and L7 covering 

two amateur bands each, and L5 three amateur bands 
(Table 18.2). 

The oscillator circuit is a grounded-collector Colpitts, 
with only part of the tuning capacitance tapped for connec¬ 
tion to the emitter. If the 15pF variable capacitor Cl, shown 
ganged to the !50pF variable C2 in the circuit diagram, were 
in fact fixed, the coupling of the transistor input and output 
circuits to the tuned circuit would vary with rotation of the 
main !50pF tuning capacitor, the effective positive feedback 
falling as the value of the tuning capacitance was increased. 
The combination of the stray capacitances in the circuit 
with the ganged 15pF variable capacitor results in almost 
constant feedback being obtained over all ranges except the 
highest frequency one, where the feedback mechanism is 
somewhat different. The required value of the capacitance 
CF varies with the frequency range in use and so the appro¬ 
priate value is built into each coil range. Increasing the value 
of Cf reduces the feedback ratio. 

The reactance of the 3-3pF coupling capacitor C6, and the 
essentially resistive impedance of the diode and its load, 
form a potentiometer which delivers a nearly constant de 
voltage to the base of TR2, except on the highest frequency 
range, where the meter reading is reduced to about one-third 
of full scale deflection. The coil is used as part of the de 
return circuit for the oscillator emitter current to avoid 

Fig 18.33. The G3HBW dip oscil-
lator covering 0 85-150MHz. The 
rf transistor TR1 is an inexpensive 
vhf type manufactured by Motor¬ 
ola. Alternatively, the AF102, 
AF118, AF139, AFZ12, 2N1742, 
GM0290 or GM0378 may be used. 
S1 is provided to enable the dip 
oscillator to be used as a sensitive 
wavemeter. D1 may be a GEX23, 
GEX54, OA70, OA71 or similar 
diode. ZDI may be any small 6 8V 

zener diode. 
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TABLE 18.2 
Coil winding details 

Coil No Range (MHz) No or turns SWG Former od (in) Former length (in) Winding length (in) CF total (pF) 

1 0-85 to 2 0 180 28 5 44 3-^ (close wound) 3 X 1.000 

2 18 to 4 0 54 28 i 2} j (close wound) 2.200 + 820 

3 3-4 to 80 27 22 5 24 i 2,200 4- 680 

4 6-7 to 16 
13 22

i 24 s 3,300 

5 13 5 to 34 6 22 i 24 4 2,200 

6 33 to 85 3 18 Wind on jin 
drill 

(see Fig 

shroud jin 
long 

18.36(d) 

coil |in long 330 

7 50 to 150 1 18 (see Fig 18.36(c) 68 

shunting the greater part of the tuned circuit with the l-5mH 
rf choke. 
Provision is made to remove the de supply from the 

oscillator transistor when required so that the instrument 
may be used as a sensitive wavemeter and also as a monitor 
by employing the phones jack in the de amplifier collector. 

Construction 

The dip oscillator is built into a small I8swg aluminium 
box, provided with a close fitting, flanged lid, the box and 
lid being available ready made from H. L. Smith and Co, 
281 Edgware Road, London W2. 

The coils for each range plug into a socket on one end of 
the box. Ordinary three-pin battery plugs and sockets are 
used, the plug being glued and then forced into a length of 
Paxolin tubing of suitable diameter on which the coil is 
wound. 

The battery is mounted in a small clamp inside the lid and 
connected to the rest of the instrument by means of flying 
leads. A normal toggle switch is used for the main on-off 
function and a small slide switch to select either d.o. or 
wavemeter operation. This was done so that there would be 
no confusion as to whether the instrument was switched off 
or not, which might have occurred if two similar switches 
had been used. Any type of insulated jack socket may be 
utilized, provided that it is of the shorting variety. 

First, the Perspex dial cursor and aluminium battery 
clamp should be made according to Figs 18.34(a) and (b) 
respectively. It is necessary to be very careful when cutting 
and drilling the -ftin thick Perspex sheet. A hand drill is to 
be preferred to a power-operated one to avoid the risk of 
splitting. The large centre hole should be opened out from a 
suitable smaller size with a reamer or a round file. A useful 
ancillary to be employed when marking the dial may be made 
from 18swg aluminium sheet of the same dimensions as the 
Perspex cursor. Mark and drill the holes as in the cursor 
proper, using the latter as a marking-out template. Draw the 
centre line of the aluminium strip along its greater dimension 
and then mark out and drill four ft in diameter holes along 
this centre line, at distances of 7s, t, and 1 in from one end. 
Finally, cut carefully along the centre line, through the four 
holes and as far as the centre hole with a fine hacksaw. 

When making the battery clamp, preform the inner bends 
first and then the outer, finally marking and drilling the holes. 
The holes may now be drilled in the box and lid (see Fig 
18.35). The four holes for fixing the lid should be marked out 

through the corresponding holes in the box and then drilled 
and tapped 6BA. 

The shaft of the tuning capacitor is cut olf so that only 
about 7« in of its length is left protruding. Both capacitor 
trimmers, if fitted, are then opened out to their fullest extent 
and the capacitor is mounted in the box by means of three 
4BA countersunk head screws, not more thon {in long, using 
two 2BA full nuts on each as spacing washers and screwing 
tightly into the tapped holes in the capacitor endplate. If the 
screws are too long, they are liable to damage the vanes of the 
capacitor beyond repair. Before the capacitor is bolted home, 
insert a jin long 6BA cheesehead screw in to the lug fixing 
hole for the slow-motion drive, the head of the screw being 
inside the box. Next, the operating shaft of the slow-motion 
drive is cut off so that only about Ain of it remains, the drive 
is fitted over the capacitor shaft and the slotted lug is bolted 
to the box, using a single 63A spacing washer and a 4BA 
nut as packing, between the lug and the box. The clamping 
screws may now be tightened on the capacitor shaft by 
manipulating a small screwdriver through the hole in the side 
of the box which has been provided for the purpose. 

A scale disc 2jin in diameter is made from thin card or, 
better, from ftin thick white plastic sheet, such as Ivorine, 
and a ft in diameter hole is made in the centre together with 
two 8BA clearance holes jin apart, so that the disc may be 

Cursor (a) material-, ^«"thick perspex sheet 
Fig 18.34. (a) The Perspex cursor dimensions and (b) the method of 

forming the battery clamp. 
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Fig 18.35. Drilling details suitable for a standard 6’ by by lyjinaluminium box. The cursor is spaced above the top of the box, over the slow 
motion drive which is also mounted on the exterior of the box. 

screwed to the drive flange, using two 8BA ¿ in long counter¬ 
sunk head screws. The two tagstrip-mounting screws are Jin 
long and serve also to support the lower end of the Perspex 
dial cursor, with two J^in long pieces of ¿in od, 21swg wall, 
brass or aluminium tubing as packing pieces between the 
top of the box and the cursor. The other end of the cursor 
is supported in a similar way using two more 6BA screws, 
nuts and pieces of tubing. 

Wiring up the instrument is a simple process. First, the 
double tagstrip arrangement should be partially completed 
as a unit, inserting R4, R5, R6, C5, C6 and DI but not TRI. 
Then bolt the tagstrips in position in the box. Connect RI, 
R3, C4, R2, C3, RFC and also the interconnecting wires 
between the tuning capacitor, coil socket and tagstrips. The 
parallel pair, R2, C3, should be brought up vertically from 
coil socket connection 2, between connection 1 and the pin 
sockets of 2 and 3. The 2N3323 transistor, TRI, may then be 
soldered into position using a heat shunt to protect it. 
Next, attach R7, R8 and TR2 to the centre tagstrip and R9 
and ZD1 to the slide switch. Two unused poles of the dpdt 
slide switch are used as anchoring points for R9. 

Coil Construction 

The general arrangement of the various coils is shown in 
Fig 18.36. For the five lowest frequency ranges covering 
0-85 to 34MHz the form of construction shown in Fig 
18.36(a) is adopted. The vhf coils L6 and L7 are made self-
supporting, as shown in Figs 18.36(d) and 36(c) respectively. 
In all cases, the feedback capacitor (or capacitors) is mounted 
on the plug base, its wires being soldered into the pins. 

First, cut one 4|in length and four 2^in lengths of Jin od, 
iin thick wall, Paxolin tubing, filing the ends at right angles 
and smoothing them off. Take the longest tube and drill 
Ain diameter holes Ain and 3jin from one end on a line 
along the length of the tube. Do the same with the four Fig 18.36. The coil assemblies. The five lower ranges are wound on 

Paxolin tubes, while ranges 6 and 7 are airwound. 
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Complete transistorized dip 
oscillator. Coils should be 
handled with care, preferably 
at the base, and mounted on a 
stand as shown to avoid 
damage which could result in 

calibration errors. 

shorter lengths, drilling the holes ¿in and Ijin from one 
end. Remove the burrs and sharp edges from these holes both 
inside and out. Now cut off and file square two lengths of 
Jin od, ¿in thick wall, Paxolin tube, both fin long (the 
other size of tubing will do if this is not available). Take the 
seven aluminium plug-shrouds and, supporting them care¬ 
fully with a pair of narrow-nosed pliers, cut off the constricted 
portion with a fine hacksaw, leaving a ¿ in length of the 
Jin od aluminium tube portion with, of course, the four 
tabs still attached. Square off the end remote from the tabs 
and file a small chamfer on the outside at this end to provide 
a lead when inserting into the Paxolin tubes. Put a smear of 
Durofix on the outside of the aluminium tubes and then 
force each of them into one of the five longer Paxolin tubes, 
at the end remote from the holes, so that a ¿ in length of the 
aluminium tubes, together with the four tabs, is left pro¬ 
truding. When the glue is dry, the coils may be completed. 

The three lowest-frequency coils are close-wound (Table 
18.2). Winding the coils for Ranges 1 and 2 is made easier if a 
simple procedure is adopted. Start at the plug end, passing 

the 28swg wire through the hole and then temporarily 
anchoring the free end with Sellotape. Hold the plug end of 
die former in the left hand and wind on about ten turns at a 
time, with a small spacing. Then, keeping the tension on the 
wire with the right hand, use the index finger of the left hand 
to push the turns together. When the coil is completed, 
pass the free end of the wire through the hole and anchor it 
temporarily with Sellotape, as at the start. The beginning and 
end turns of the coil may be secured with adhesive Melinex 
tape if desired, but ordinary Sellotape should not be used for 
a permanent job as it is hygroscopic. 

The coils for Ranges 4 and 5 should be spaced out after 
winding to fill the available winding space. Take both ends 
of the coil down through the plug end of the tube, cut off 
so that only about I in is left protruding and then bare the 
whole of this length, sliding an inch or so of loose-fitting 
sleeving on to each lead. Take the feedback capacitor 
appropriate to the range (Table 18.2). If two or three are 
required, parallel them as shown in Fig 18.36. Then pass one 
capacitor lead into pin 3 of a plug base, cut off and solder in 
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The underside of the transistor dip oscillator. 

position, leaving the capacitor pointing away from the plug 
base as shown. Bend the other capacitor lead over and push 
into pin 2, but do not solder. Then offer up the plug base to 
the coil, pushing the coil leads into the appropriate pins, cut 
off the leads and solder. Test the coil in the dip oscillator 
before folding over the tabs. 

The coil for Range 6 is wound on a gin diameter drill or 
rod as a mandrel. The forms of construction of L6 and L7 
are self-evident from Figs 18.36(d) and 18.36(c). The two 
short pieces of gin od Paxolin tubing already prepared are 
used as protecting shrouds for these two vhf coils. 

The finished appearance of the coils is shown on pl8.19. 

Testing and Calibration 

The circuit connections should first be checked carefully. 
If all is well, plug in the Range 1 coil (0-85 to 20MHz) and, 
with the function switch set to d.o. and the tuning capacitor 
at mid-scale, switch on. A meter reading of from 0-5 to 
0-7mA should result. If no meter reading is produced try the 
next Range 2 coil. Should success still not be obtained, check 
the polarity of the detector diode DI : its red (positive) end 
should be connected to the chassis. Correct operation of the 
de amplifier may be ascertained by momentarily bridging the 
collector and base connections on the TR2 tagstrip with a 
470kQ resistor, which should give a reading of about 0-4mA 
on the meter. If this is successful, listen for the signal from the 
oscillator on a receiver. If nothing is heard, disconnect one 
end of D1 and listen again, as a diode with very poor reverse 
characteristics may prevent oscillation. Using methods such 
as these, the fault should be localized. 

When all the ranges have been made to oscillate, check the 
frequency coverage, which should not differ by more than a 

few per cent from the frequencies quoted in Table 18.2. If the 
frequencies all seem too low, particularly at the hf ends, the 
trimmers on the tuning capacitor have probably not been 
unscrewed. It will usually be found easier to break the strip 
leads to the trimmers with a small pair of pliers, or unsolder 
them carefully. 

The greatest meter deflection is usually obtained near the 
hf end of Range 3 or 4. This should be almost full scale. If 
the deflection is too large or too small, it may be adjusted 
by reducing or increasing respectively the value of R7. 

It may perhaps be found that some coil ranges will not 
oscillate over the whole of the tuning capacitor travel; 
usually the hf ends are affected. If only one or two ranges 
are defective, the value of the built-in feedback capacitor 
should be reduced by about five or 10 per cent. However, if 
several ranges are unsatisfactory, a 2N3323 transistor of 
exceptionally low gain may have been used for TRI and in 
this case it should be either changed, or the value of the 
negative feedback resistor RI should be reduced to 56Í1 or 
even lower until the trouble is cured. Check all the coil 
Ranges 1 to 7 in the oscillator, tuning right round on each 
range. The indicated currents should vary smoothly across 
each range without spurious dips or peaks. It will be found 
possible on any particular range to use the self-resonance 
of the coil two ranges lower to check the dip oscillator action. 
Oscillation should be completely stopped at resonance, with 
only moderately close coupling between the coils. The meter 
deflection on Range 7 becomes rather small below about 
60MHz, but only the upper portion is required as the 
Range 6 coil covers the frequencies below 85MHz. 

The instrument is now ready for calibration. Four con¬ 
centric circles are drawn on the dial, using differently 
coloured ballpoint pens. The radii of the four circles are f, 
U, 1 and 1 à in respectively. The capacitor is then completely 
unmeshed and a line is drawn along the diameter of the disc. 

The easiest method of calibration is to listen for the 
oscillator signal on a general coverage receiver. Above 
30MHz a 2 or 4m receiver may be used and, by listening to 
harmonics of the oscillator, the sub-multiple frequencies as 
well may be checked. A tv or fm receiver will provide further 
calibration points. Simple absorption wavemeters may be 
employed to check that spurious signals are not being 
received. 

Both the upper and lower halves of the dial are calibrated, 
reversing the dial-marking template to suit. It is best to make 
the Range 1 and 2 calibrations on the outside of the fin radius 
circle, Ranges 3 and 4 on the outside of the jf in radius circle 
and so on up to Range 7, leaving one space on the outside 
circle as a "spare”. An “H” pencil is probably the best 
writing instrument for the job. 

Using the Dip Oscillator 

Determination of the resonant frequency of a tuned circuit. 
The resonant frequency of a tuned circuit is found by placing 
the d.o. coil close to that of the circuit and tuning for 
resonance. No power should be applied to the circuit under 
test, and the coupling should be as loose as possible consistent 
with a reasonable dip being obtained on the indicating meter. 
The size of the dip is proportional to the Q of the circuit 
under test, a circuit having a high Q producing a more 
pronounced dip than one having only a low or moderate Q. 

Absorption wavemeter. By switching off the ht and coupling 
the d.o. in the usual manner, the instrument may be used as 
an absorption wavemeter. In this case power has to be 
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applied to the circuit under test. Resonance is detected by a 
deflection on the meter due to rectified rf. It should be noted 
that an absorption wavemeter will respond to a harmonic if 
the wavemeter is tuned to its frequency. 

Capacitance and inductance. Obviously, if an instrument 
has the ability to measure the frequency of a tuned circuit, 
it can also be used for the determination of capacitance and 
inductance. To measure capacitance, a close-tolerance 
capacitor (Cs) is first connected in parallel with a coil (any 
coil will do, providing it will resonate at a frequency within 
the range of the d.o.). This circuit is coupled to the oscillator 
and its frequency (F1 MHz) noted. The unknown capacitor 
(Cx) is then connected in place of Cs and the resonant 
frequency again determined. If this is now F2 MHz, the 
unknown capacitance is given by: 

where L is in mH, C is in pF and F, is the resonant frequency 
expressed in MHz. 

Signal generator. For receiver testing the d.o. may be used 
to provide unmodulated cw signals by tuning the oscillator 
to the required frequency and placing it close to the aerial 
terminal of the receiver. The amplitude of the signal may be 
controlled by adjusting the distance between the d.o. coil 
and the aerial terminal. 

AF signals can be injected at the jack socket on the d.o. 
to provide a modulated test signal, the modulation depth 
being dependent on the level of the modulation voltage, 5V 
being adequate. 
CW and phone monitor. By connecting a pair of head¬ 

phones to the instrument, it may be used as a cw monitor. 
It should be tuned to the transmitter frequency and the 
distance between the oscillator and transmitter adjusted 
for optimum signal strength. To monitor telephony trans¬ 
missions the ht is switched off. 

Checking crystals. It is possible to check the activity and 
frequency of oscillation of a crystal by inserting it in the 
coil socket of the d.o. and setting the frequency dial to 
maximum (ie minimum tuning capacitance). The meter 
reading will vary in accordance with the activity of the 
crystal and the frequency may be checked by locating the 
oscillation on a calibrated receiver. Generally speaking, this 
procedure may only be applied to fundamental mode 
crystals. 

Cx = -^pF 

Similarly, inductances may be measured by connecting 
the unknown coil in parallel with a known capacitance and 
applying the formula 

25,300 
L  - CF2

TRANSMITTER POWER OUTPUT MEASUREMENT 

Although amateur licence conditions do not require the 
measurement of output except in the case of ssb transmitters, 
it is desirable to measure transmitter output if only to estab¬ 
lish that the power amplifier is operating under correct 
conditions. Inadequate power output could easily be a sign 
of excessive dissipation in the pa valve or transistor. Power 
is normally measured when the transmitter is working into a 
dummy resistive load which presents the correct load 
impedance through the coupling system to the pa. 

Fig 18.37. (a) Circuit arrangement of the two lamps, (b) Suggested 
layout. An effective “ground glass" screen may be made by using a 
sheet of Perspex, one side of which has been roughened with a 
household abrasive such as Vim. Suitable rotary variable resistors 

are available from P. X. Fox, Curtis and Berco. 

Such a load is in any case required to permit non-radiat¬ 
ing adjustments to be made to the transmitter. At frequencies 
below 30MHz an rf ammeter measuring the rms current into 
the load gives a satisfactory indication of power but its 
accuracy declines as frequency increases. 

Effect of Modulation on Power Readings 
When a carrier is 100 per cent sine-wave modulated the 

mean power increases by 50 per cent. This increase will be 
shown on output power measurements and may be used as a 
good indication of adequate upward modulation. It is 
useful to note that aerial current will increase by only 
V T5 = 1-22 for 100 per cent modulation. 

Lamps as Dummy Loads 
The rf output from a transmitter may be dissipated in a 

lamp and the brightness of the filament used as an indication 
of the power output. It is unlikely that the transmitter can be 
operated into exactly the load impedance offered by the 
aerial since the resistance of a lamp filament varies with its 
temperature. It is extremely difficult to guess the power in a 
lamp by observing the brightness and some form of com¬ 
parison should be arranged. A good method is to use two 
identical lamps, one connected as the rf load and the other 
supplied from a metered variable power source. This is best 
arranged by fitting the two lamps side by side in a box 
having a ground glass screen over the lamps, and a dividing 
panel between them. The two lamps will then each illuminate 
the two separate halves of the ground glass screen. A suitable 
arrangement is shown in Fig 18.37. 

It is obviously desirable to choose a lamp having about 
the required impedance and Tables 18.3 and 18.4 and the 
curves of Fig 18.38 will assist in choosing suitable lamps. 

For powers in excess of about 50W lamps may still be used 
but a load consisting of a resistor is a more convenient way 
of dissipating the power. Power measurement would then 
have to be made by voltage measurement across the load, 
by current measurement using a thermal meter or thermo¬ 
couple or by using a directional wattmeter. 

TABLE 18.3 

Lamp class V W A Q 

Aircraft (General) 
Aircraft (General) 
Aircraft (General) 
Small Projector 
Indicator 
Indicator 

24 
28 
24 
50 
16 
12 

6 
18 
10 
25 
3 
2 2 

0 25 
0-645 
0-415 
0-5 
0-188 
0-183 

96 
43 5(o) 
58 

100 
85 
63 5 

(a) Two in series for 36 watts at 87 ohms. 
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TABLE 18.4 
Lamp, small projector type, 50V 25W 

V A W Q Lumens (%) 

50 
45 
40 
35 
30 
25 

0-5 
0-47 
0-44 
0-425 
0-375 
0-34 

25 
21-5 
17 6 
14-9 
11-25 
8-5 

100 
95 
90 
84 
78 
71 

100 
70 
46 
31 
20 
10 

The type of resistor in which the resistive element is coated 
on the outside of a ceramic tube of 0-5in to lin diameter is 
suitable. The resistor should be regarded as the outer section 
of a coaxial line and a centre conductor of copper mounted 
inside it. The diameter of the inner line should be chosen 
to give the correct characteristic impedance. For a lin 
diameter resistor and an impedance of 75D, an inner con¬ 
ductor of about 0-3in diameter is needed. The inner conductor 
should be terminated in the centre connection of a suitable 
coaxial socket at one end and connected to the resistance by a 
low inductance path at the other end. The whole unit should 
be screened to prevent radiation. 

AERIAL AND FEEDER MEASUREMENTS 

RF ammeters and voltmeters do not reveal the true power 
unless the line in which they are connected is correctly 
matched, but they may always be used as a means of tuning 
up the transmitter and the aerial coupler. The reflectometer 
is, however, an instrument which can distinguish between 
the forward and reflected waves in a standing-wave system, 
and can therefore be used to indicate a true match of imped¬ 
ance, because only the forward wave is radiated. Such an 
instrument can be calibrated to read true power flow into the 
aerial. 

HF REFLECTOMETER 

Reflectometers designed as vswr indicators have normally 
used sampling loops capacitively coupled to a length of 
transmission line. This results in a meter deflection roughly 
proportional to the frequency, and they are therefore 
unsuitable for power measurement unless calibrated for use 
over a narrow band. 

By the use of lumped components this shortcoming can be 

largely eliminated and the following design may be regarded 
as independent of frequency up to 70MHz. 

The circuit is shown in Fig 18.39 and uses a current trans¬ 
former in which the low resistance at the secondary is split 
into two equal parts. The centre connection is taken to the 
voltage sampling network so that the sum and difference 
voltages are available at the ends of the transformer secon¬ 
dary winding. 

Layout of the sampling circuit is fairly critical. The input 
and output sockets should be a few inches apart and con¬ 
nected together with a short length of coaxial cable. The 
coaxial outer must be earthed at one end only so that it 
acts as an electrostatic screen between the primary and 
secondary windings of the toroidal transformer. The layout 
of the sensing circuits in a similar instrument is shown in 
the photograph. 
The primary of the toroidal transformer is formed by 

Fig 18.39. Circuit of the frequency¬ 
independent directional watt¬ 
meter, with four ranges corres¬ 
ponding to FSDs of 0'5, 5, 50 and 
503W in 5O£2 lines, when the value 
of R2 (including RV1, if fitted) 
should be 220Q. For 75Í2 systems 
R2 = 15OÍ2, and the calibration is 
different. The coaxial cable acts 
as an electrostatic screen between 
its centre conductor and the 
secondary winding of the toroidal 
transformer: the cable length is 

unimportant. 
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View of the sensing circuits of the frequency-independent directional 
wattmeter. 

simply threading a ferrite ring on to the coaxial cable. 
Twelve turns of 24swg enamelled wire equally spaced around 
the entire circumference of the ring form the secondary 
winding. The ferrite material should maintain a high 
permeability over the frequency range to be used; a suitable 
ferrite ring is the Milliard FX1596. 

Other components in the sampling circuits should have the 
shortest possible leads. RI and R2 should be non-inductive 
carbon types. For powers above about 100W, RI can 
consist of several 2W carbon resistors in parallel. RV1 
should be a miniature skeleton potentiometer to keep stray 
reactance to a minimum. The detector diodes DI and D2 
should be matched point-contact types with a piv rating of 
about 50V. OA79 and OA91 diodes are suitable. The 
current transformer resistors should be matched to five per 
cent. 

The ratio of the sampling resistors RI and R2 is deter¬ 
mined by the sensitivity of the current sensing circuit. As the 
two sampling voltages must be equal in magnitude under 
matched conditions, RV1 provides a fine adjustment of the 
ratio. 

Calibration 
Accurate calibration requires a transmitter and an rf 

voltmeter. The wattmeter is calibrated by feeding power 
through the meter into a dummy load of correct impedance. 
RVI is adjusted for minimum reflected power indication and 
the power scale calibrated according to the rf voltage 
appearing across the load. The reflected power meter is 
calibrated by reversing the connections to the coaxial line. 

This instrument has full scale deflections of 0-5, 5, 50 and 

500W selected by the range switches. These should not be 
ganged since the reflected power will normally be much less 
than the forward power. 

FIELD STRENGTH METER 

Field strength meters are normally used as indicators to 
maximize the radiated power. An absorption wavemeter 
used with a simple aerial is adequate but the lack of linearity 
of a simple rectifier milliammeter indicator tends to distort 
the effects of aerial modifications. A field strength-meter 
with an untuned input system and a two-stage amplifier 
following the diode rectifier is shown in Fig 18.40. 

NOISE BRIDGE 

The noise bridge is an rf bridge energized by a wideband 
noise which derives from a zener diode operating at a low 
current level. This noise extends up to at least 200MHz. 
The noise source is followed by an amplifier to raise the level 
so that a receiver may be used as a null indicator. The noise 
output is applied to a quadrafilar-wound toroid providing 
two arms of a bridge circuit. A variable resistor in the third 
arm is used to obtain a balance against the aerial connected 
in the fourth arm. When the noise across the resistance arm 
and the aerial are equal, the bridge is balanced. Coincident 
adjustment of the receiver tuning and of the variable resist¬ 
ance is necessary to discover the point of minimum noise 
which occurs at the resonant frequency and radiation 
resistance of the aerial. 

The basic circuits are shown in Figs 18.41 and 18.42. A 
ferrite core of about O-25in internal diameter is suitable and 
the winding may consist of four lengths of 28swg enamelled 
copper wire twisted together to form one multistrand length. 
Five or six Turns of this twisted group are spaced around the 
circumference of the core. The four wires are divided into two 
pairs and each pair connected in series so that the end of one 
wire is connected to the beginning of the other. The variable 
resistor should be a carbon type with a linear track and 
calibrated jn ohms. 

Operation of the Noise Bridge 

With a receiver connected to the secondary winding centre 
point and a resistor of 50 or 75Q across the aerial terminals, 
the noise minimum should be obtained when the variable 
resistor is set to the value of the test resistor. 

Fig 18.40. High-gain field-strength meter by WA4DXP. TRI and TR2 
may be any type of general purpose transistor. 
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Fig 18.41. The bridge configura¬ 
tion of the aerial noise bridge. 
The two bifilar windings L1 
and L2 are interwound on a 

toroid core. 

With the aerial replacing the test resistor, a noise minimum 
should occur with the receiver tuned to the design frequency 
of the aerial and approach null as the resistor is set to the 
characteristic impedance of the line. 

SIGNAL GENERATORS 

In setting up and testing radio and electronic equipment 
it is frequently necessary to have an af or rf signal of suitable 
frequency. AF oscillators are used in the testing of speech 
amplifiers and modulators and in setting up ssb transmitters 
while rf signal generators are of great value in the alignment 
of communication receivers and converters. 

SIMPLE AF OSCILLATOR 

The generator shown in Fig 18.43 will give an output of up 
to IV rms over a frequency range of 15Hz to 200kHz in 
four switched ranges. A single range might be adequate for 
strictly amateur use but the extended range is useful if hi-fi 
equipment is also used. The power requirements are 9V at 
20mA but the oscillator will continue to operate down to 6V. 
A simple switched output attenuator gives maximum output 
of IV or 01V rms. 

The frequency is adjusted by the two-gang potentiometer 
RV1/RV2 and switched by SI, S2 changing capacitors. The 
ranges are: 

1. 15Hz to 200Hz 3. 1 -5kHz to 20kHz 
2. !50Hzto 2kHz 4.15kHz to 200kHz 

Fig 18.42. Basic circuit diagram of the 
noise bridge. Suggested equivalents 
for the diode and transistors are 2F6 8 

and 2N708 respectively. 
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Fig 18.44. Calibration of an audio oscillator by means of Lissajous’ 
figures using 50Hz ac mains. 

Lissajous’ figures are often suggested as the best means of 
calibrating an instrument of this type. The method of using 
them is as follows. With a 50Hz (mains frequency) ac voltage 
fed into the horizontal deflecting plates of an oscilloscope, 
the output of the audio oscillator should be applied to the 
vertical plates and the tuning control adjusted until the 
pattern of Fig 18.44(a) appears on the screen. The oscillator 
frequency is then 25 Hz and the scale may be appropriately 
marked. The tuning control may then be rotated until the 
pattern of Fig 18.44(b) appears, which indicates a frequency 
of 50Hz. Similarly the calibration points relating to the 
range 100-250Hz may be fixed by reference to the patterns 
shown; finally the whole scale may be calibrated accurately 
by interpolation. There are of course many intermediate 
Lissajous’ figures which may be obtained in addition to those 

shown. Readers who wish to work out the frequencies for 
which these apply may do so from the method given in 
Fig 18.45. 

Fig 18.45. If a sine wave of unknown frequency is fed to the horizontal 
deflecting plates of an oscilloscope and a signal from a calibrated 
source is fed to the vertical plates, a stationary pattern such as that 
shown above may be obtained by adjusting the frequency of the 
calibrated source. The number of loops in both horizontal and 
vertical planes should be counted, and the unknown frequency may 
then be calculated from the following equation : Unknown frequency 
= NV/NH X frequency of calibrated source. In the diagram, the 

unknown frequency is j of the calibrating frequency. 

Above 400-600Hz calibration against the mains ceases to 
be practicable. One way to go from there is to use a second 
oscillator which may be set to an intermediate point (say 
200Hz) and used to calibrate the first oscillator by means of 
Lissajous’ figures up to approximately 1kHz. The auxiliary 
oscillator may thereupon be set to 1kHz and the process 
repeated in sequence until the full range has been covered. 
The principal requirement of the auxiliary oscillator is 
frequency stability; purity of waveform is unimportant. 

RF SIGNAL GENERATOR 

The rf signal generator shown in Fig 18.46 covers 80kHz 
to 56MHz and employs a transitron oscillator (VI) modu¬ 
lated by a conventional af oscillator (V2). 
Approximately 3-4mA anode current and 6-8mA screen 

current is drawn by VI, the sum of the two being practically 
constant for any setting of RV2. The value of R5 depends 

Fig 18.46. Circuit of a transitron 
signal generator covering 50 
kHz-56MHz. L1 : two long wave 
be coils in series; L2: medium 
wave be coil with one-quarter of 
turns removed; L3: 23 turns 
40swg dec close-wound on 1jin 
former; L4:17 turns 24swg enam 
close-wound on 1jin dia former; 
L5: 8 turns 20swg enam close¬ 
wound on 1|in dia former; L6: 
7 turns 20swg enam close-wound, 

■^in inside dia (no former). 
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on the ht supply and should be arranged to produce 50V 
at the point indicated. Construction is simplified if this 50V 
rail is earthed instead of the negative as is usual practice. 
The seven-range coil assembly consists of inductances in 

series which are tapped by SI. One end of the highest fre¬ 
quency coil (L7) should be mounted directly on the screen 
grid pin of the valveholder, the switch being arranged close 
to it. Winding of the coils should commence from the L7 end 
to make sure that there are no gaps. Some experiment may be 
necessary with the number of turns. 

A 500pF twin-gang capacitor with ceramic insulation is 
used for Cl. C2. The Cl section is reduced to approximately 
lOOpF by removing vanes; it is used on Ranges 4 to 7. For 
Ranges 1 to 3, C2 is switched in parallel with Cl by means 
ofS2. 

The frequency ranges covered by the capacitors suggested 
and the coils specified are as follows: Range 1.80 to 220kHz; 

TABLE 18.5 
Details of oscillator coils 

Fixed Frequency Oscillator 
T1—i^in dia Aladdin F804/PP5892 former with dust core. 

Main tank winding 34 turns of 32swg 
Feedback winding 16 turns of 32 swg 
Coupling winding 4| turns of 26swg 

All windings single layer, close-wound, enamel. Feedback winding 
on top of main winding near earthy end. 

Coupling winding spaced |in from main tank winding. Main 
tank winding inductance approximately 17/iH, Q approximately 70. 

Variable Frequency Oscillator 
T2—A¡n dia Aladdin former with dust core. 

Main tank winding 30 turns of 32swg 
Feedback winding 12 turns of 32swg 
Coupling winding 4| turns of 26swg 

All windings single layer, close-wound, enamel. Feedback wind¬ 
ing on top of main winding near earthy end. 
Coupling winding spaced |in from main tank winding. Main 

tank winding inductance approximately 15-6mH, Q approximately 
70. 

> t- MIXER (DIFFERENCE)-4 4- HUM SUPPRESSOR-4 

Fig 18.47. Circuit of the wobbulator and power supply. If an X79 is 
not available types X719 or ECH81 can be used without modifica¬ 
tion, type X78 is electrically similar but requires change of base. 

Range 2,2I0 to 760kHz; Range 3, 660 to 2,700kHz; Range4, 
2-6 to 6-5MHz; Range 5, 5-6 to 15-SMHz; Range 6, 14 to 
29MHz; Range 7, 24 to 56MHz. 

Attenuation of the rf output is provided by RVI, a non-
inductive carbon type potentiometer. The arrangement is 
unorthodox but it does provide an easy means of attenuating 
the output. Modulation is by cathode injection, the audio 
oscillator V2 providing four fixed tones selected by S4. 

Screening of the entire unit, including the power pack, is 
desirable in order to avoid signal leakage. The tuning dial 
should be fitted with a vernier so that it may be read to one¬ 
tenth of a degree. 

Calibration can be carried out with the aid of a frequency 
meter or by listening on a receiver for beats with known 
broadcast stations and short-wave stations. 

WOBBULATOR FOR RECEIVER ALIGNMENT 

The main function of a wobbulator is to simplify the 
alignment of i.f. strips and bandpass filters to produce a 
clean. Hat-topped, steep skirted response with minimum 
side lobes. Using a signal generator and a vtvm, the time 
consumed can be considerable because a new graph has to be 
constructed following every major adjustment; with a 
wobbulator and oscilloscope, the pass-band can be observed 
at a glance, and even the effect of an adjustment actually 
being made can be continuously monitored. 

As there arc a number of different intermediate frequencies 
in general use, extending from 50kHz to 2MHz and often 
beyond, a simple oscillator to cover this range would require 
several stages of coil switching. An alternative arrangement 
was, however, chosen which produces an output continuously 
variable over the desired range. This is accomplished by mix¬ 
ing the output of a 5MHz fixed-frequency oscillator with that 
of a 5 to 7MHz variable oscillator. The process of frequency 
modulating the output occurs within part of the tuned 
circuit of the fixed oscillator, which ensures that the fre¬ 
quency deviation remains constant regardless of the output 
frequency, this being another reason for the choice of the 
particular method of generation. The maximum permissible 
sawtooth wave injection to the 6F33 reactance modulator VI 
(Fig 18.47) to produce a linear frequency deviation is able to 
shift the nominal 5MHz by approximately 60kHz which 
should be adequate for all normal purposes. In order to 
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present a single display on the oscilloscope, the signal in¬ 
jected into VI should be of the same repetition frequency as 
the X scan on the oscilloscope, and also be a clean sawtooth. 
The wobbulator has therefore been designed without the 
inclusion of a sweep-frequency oscillator, for the output 
of the timebase of the oscilloscope in use should be perfectly 
satisfactory. Indeed, any irregularities in the wave shape 
become unimportant when the same oscillator is used in 
both cases. This method also eliminates the necessity for 
synchronization of oscillators. 

The 6F33 (VI) or S6F33 was chosen as the reactance 
modulator because of its superior linear mutual conductance/ 
suppressor grid voltage characteristic. It is important to see 
that both the anode and screen are adequately decoupled 
with respect to the sweep frequency. 

The oscillator (V2, V3) frequencies were originally chosen 
as a compromise between stability of output centre fre¬ 
quency and ease of obtaining the required tuning range. 
As the output frequency is dependent on the difference 
frequency between the two oscillators 5MHz was not con¬ 
sidered unduly high for stability. The oscillators being 
electrically similar, conditions causing a shift in one oscil¬ 
lator will similarly affect the other. The difference frequency 
should thus remain constant. 

Should the necessity arise, the frequency range can be 
extended by the modification of one or both oscillators, 
with due consideration for unwanted mixing products. 

The oscillator outputs are fed into the mixer (V4) and as 
more than sufficient output was available, the anode load 
of V4 was deliberately made low. 

The instrument will work satisfactorily from an ht supply 
of 220 to 250V, and to avoid low-frequency cyclic distortion 
of the display, the smoothing must be of a high order. A 
conventional capacitance-input filter followed by a hum 
suppressor was found to give better results than two identical 
filter sections. The ac ripple is minimized by adjustment 
of RV3 in the cathode circuit of the hum suppressor, and in 
the case of the prototype was reduced to less than 2mV rms 
on full load (30mA) with no sweep voltage applied. 

Establishing the correct nominal frequencies may be 
accomplished in one of three ways. After reducing the vari¬ 
able cscillator tuning capacitor to minimum, the fixed oscil¬ 
lator may be aligned by alteration of the slug of T1 and also 
C8, together with any one of the following three methods of 
frequency determination. 

(a) Absorption wavemeter. 
(b) Zero beat with a receiver tuned to 5MHz having its 

bfo on. 
(c) Zero beat with a signal generator tuned to 5MHz, the 

outputs being mixed and displayed on an oscilloscope. 
The circuit of a suitable mixer is shown in Fig 18.48. 

The variable oscillator must be set to cover the range 
5MHz to 7MHz. For 5MHz, CH should be positioned at 
maximum capacitance, and the slug of T2 adjusted for zero 
beat with the fixed oscillator. If with this setting, Cl is not 
capable of tuning the full 2MHz, alteration of the series 
padder C12 will improve the coverage, but the initial 5MHz 
adjustment will have to be repeated. 

Calibration 

The variable oscillator capacitor is calibrated directly in 
terms of difference frequency, and hence “centre frequency” 
when a sweep waveform is applied. It is recommended that 

the process of calibration be attempted when the outputs 
of the oscillators are not being mixed, as direct 5-7MHz 
frequency measurements leave less likelihood of uninten¬ 
tional measurement of spurious mixer products. 

Calibration of the deviation control is the next step. 
With RV1 at minimum (zero sweep) the output can be 
mixed with a reference frequency from a signal generator, 
and tuned to zero beat. The combined output should for 
convenience be displayed on an oscilloscope. On variation of 
the generator frequency, by say, 10kHz, the zero beat pattern 
will immediately vanish until RV1 is altered to resume the 
condition. The process should be repeated until the deviation 
control is at maximum, calibration marks being applied to 
the dial of RV1 at each step. The deviation will always 
remain constant, regardless of the centre frequency, since the 
maximum output frequency of the frequency modulated 
oscillator cannot vary. 

Fig 18.48. A simple mixer for use when aligning the fixed and variable 
frequency oscillators of the wobbulator. 

Amplitude calibration of the output is unfortunately 
impracticable. The reason is that the output voltage varies 
in sympathy with variation of the centre frequency. Refer¬ 
ence divisions of from, say, 1 to 10, however, are very 
useful. 

A TWO-TONE TEST OSCILLATOR 

A simple transistorized two-tone test oscillator for the 
alignment of ssb transmitters is shown in Fig 18.49. 

The oscillators provide frequencies of 700kHz and 2kHz, 
the output from each being independently adjustable, giving 
a maximum of ImW into 600Q combined. The power supply 
required is 12-15V at 10mA. 

The two test oscillators TRI and TR4 are both single-
stage phase shift oscillators using three-section ladder RC 
networks. This type of oscillator has been chosen for its 
simplicity and economy of components, though it does suffer 
from considerable dependence on transistor parameters In 
many circuits embodying this type of oscillator, potentio¬ 
meters are used to vary the conditions on the base or 
emitter in order to establish satisfactory oscillation. This 
should be unnecessary in this case, but should transistors 
other than those specified be used it is useful to remember 
that small changes to R3 or RI 5 will affect the waveform 
and amplitude of the oscillator outputs. 

The signals at the collectors of the oscillators are coupled 
by the isolating resistors R6 and RI3 to the gain controls 
RV1 and RV2. This de coupling ensures that the controls 
vary both the signal amplitude and de bias on the bases of 
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-Í12V 

the output amplifiers. Thus, when only a low output ampli¬ 
tude is required, the standing current of the Class A ampli¬ 
fiers is also low, ensuring maximum efficiency of these 
stages. The cold ends of the amplitude controls are taken 
to a fixed de potential determined by RIO and C6. This 
prevents TR2 and TR3 from being cut off at very low 
amplitude settings. 

The switches SI and S2 each apply power to both oscil¬ 
lators and one of the output amplifiers. The output of each 
oscillator may therefore be obtained independently for setting 
up levels or response checks. 
The common collector load for TR2 and TR3 ensures 

linear mixing of the two test tones and provides the required 
output impedance. Coupling to the load is through the 
IOOjxF capacitor C5. This is suitable for driving into the 

low impedances encountered in transistorized modulators, 
but if the application is restricted to valve amplifiers the use 
of a O OIfiF capacitor here may be necessary to reduce the 
effects due to the changing de conditions in the output 
amplifier. 

Pulsed Operation 

If the prolonged application of sufficient drive to produce 
repetitive peak envelope power results in over-running the 
output devices of the linear amplifier, it becomes necessary to 
pulse the two-tone signal. An on/off ratio of about 1:1 
should be sufficient and a pulse rate of several pulses a 
second makes observation on the oscilloscope quite easy. 
A suitable pulser for the two-tone source is^shown in Fig 
18.50 in which TRI and TR2 constitute a¡ multivibrator 
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(a) 
ms ratio 1*5:1 

(b) 
ms ratio 0*75 ï 1 

Pulse width 
maximum 

5 pps 
(equivalent to 

17wpm) 

Pulse width 
minimum 

14*3 pps 
(equivalent to 40wpm) 

Fig~18.51. Pulse rates and widths. 

driving the shunt transistor switch TR3. The pulse width 
is controlled by RV1 and the pulse rate by RV2. Switch SI 
provides alternative high- or low-impedance outputs 
depending on the audio input requirements of the trans¬ 
mitter. 

The performance of the pulser is shown in Fig 18.51 when 
supplied with a single tone of 2kHz, with the pulse rate 
control set to maximum and the pulse width control set to 
(a) maximum and (b) minimum. The attenuation of the 
signal in the “off” condition is greater than 50dB in the high-
impedance output condition and about 30dB for low impe¬ 
dance output. The battery consumption is 2-5mA at 1-5V 
and it should be noted that neither pole of the battery is 
earthed. 

Use of the Two-tone Generator 

Reference should be made to Chapter 6—HF Transmitters 
for details of the interpretation of two-tone tests. It should be 
noted that the clean cross-over at zero amplitude which is 
sought in transmitter adjustment is only possible if the two 
tones are of equal amplitude. A misleading display is likely 
if the beat note between the tones coincides with the fre¬ 
quency of one of the tones, and hence harmonically related 
tones should be avoided. 

MEASUREMENT OF NOISE FACTOR 

The performance of a receiver front-end or converter is 
largely dependent on its ability to amplify without seriously 
degrading the signal/noise ratio. This is usually expressed as 
the noise factor in decibels where 

Noise factor = 10 log 10 S^“1 (dB) 
o/Nout 

To make a measurement of noise factor, a source of noise of 
known amplitude is required; for hf and vhf frequencies the 
saturated thermionic diode is usually employed. 

The anode current of a diode contains noise components 
due to shot effect, and the frequency spectrum covered by the 
noise output is exceedingly wide, from vlf up to the gigahertz 
region. When the diode is operated under temperature¬ 
limited conditions, ie the emission is controlled only by 

cathode temperature and not by anode-to-cathode potential, 
the noise power output may be shown to be directly propor¬ 
tional to anode current. Thus by varying the current taken 
by the filament, and hence its temperature, a close control 
of noise power output may be achieved. 

A germanium diode is sometimes used as a noise source, 
since it generates considerable noise power when a current 
of a few milliamps is passed through it in the reverse 
conduction (high-resistance) direction. It has been found that 
low turnover voltage diodes produce the greatest noise 
output. Unfortunately the law relating diode current to 
noise output varies for each diode so that a germanium diode 
source requires calibration by a thermionic generator if it 
is to be used for absolute measurements. 

VALVE-TYPE NOISE GENERATORS 

The noise output of the generator is developed across a 
load resistor equal in value to the source resistance from 
which the receiver under test is designed to operate. The anode 
resistance and output capacitance of the noise diode appear 
in shunt with the load resistor, and care must be taken in the 
practical layout to keep the rf connections as short as 
possible in order to reduce the stray capacitance to a mini¬ 
mum. At the higher frequencies it is desirable to tune out 
this stray capacitance by means of shunt inductance if the 
greatest accuracy is required. 

This problem arises because the value of the load resistor 
appears in the formula used to calculate the noise factor, 
and any shunt capacitance will lower the effective value of the 
load to an extent directly proportional to the frequency of 
measurement. The anode resistance of the diode will be much 
higher than the load resistor, as the diode is operated with 
sufficiently high anode voltage to give anode current satura¬ 
tion, and the resistive component of the shunt impedance 
may be neglected for all practical purposes. The de anode 
supply to the diode must be fed in via rf chokes to ensure 
that all the noise generated is passed to the load resistor. 
It is not necessary for very elaborate smoothing to be used 
as the anode current will be independent of anode voltage 
variations under saturation conditions. 

A suitable noise diode is the A2087 (CV2171) made by the 
M-O Valve Co Ltd. This is a B7G-based valve with a short 
mount, which minimizes the lead inductance associated with 
the valve itself. An ht supply of 100 150V at 20mA is 
required, together with a filament supply capable of varying 
the applied voltage up to a maximum of 4-4V. The tungsten 
filament takes 0-64A at the maximum filament voltage. The 
anode current of theCV2171 should not be allowed to exceed 
20mA. 
For use at 450MHz the M-OV CV2398 is preferable 

although the CV2171 is satisfactory at this frequency. The 
CV2398 is a noval based flying-lead valve, has a tungsten 
filament rated at 60V, 115A and requires an ht supply 
of 100-150V at 45mA maximum. 

For ease of operation it is desirable to use coarse and fine 
variable resistors for the filament supply so that the noise 
diode anode current may be set accurately to any required 
value. 

If equipment with both balanced and unbalanced input 
is used at the station, two separate diode circuits will be 
needed and these may be conveniently fed from a common 
power unit. Suitable circuit arrangements are shown in 
Figs 18.52 and 18.53. The meter Ml has three ranges 1, 
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Fig 18.52. Noise generator using CV2171, suitable for unbalanced input. C1, C2, C5, C6, C8 are 10,000pF lead-through capacitors; C1.1,000pF 
tubular ceramic; RV1, 10L2 five per cent wire-wound linear (Spectral 132 ); RV2 1£2 10 per cent wire-wound linear (Spectral 132); 
R3, 75Í 2 five per cent resistor. T1, 125V 50mA, 4 5V 1 A; S1a,b, S2a, dpst toggle; S3, sp three-way wafer; RFC1,2, 50 turns 30swg close-wound on 

jin former. 

5 and 25mA fsd obtained by switching in appropriate shunts 
across the basic 0-1 mA meter. The maximum values of 
noise factor which may be measured on each range are shown 
in Table 18.6. When measurements at 75Q only are required 
then a 0-5mA meter shunted to read 25mA will be adequate. 

The figures given in Table 18.6 are calculated by substitu¬ 
tion in the formula F (dB) 10 log,,, 20/R, where R is the 
source resistance in ohms, and / is in amperes. 

At frequencies up to 150MHz it is permissible to connect 
the noise generator to the receiver by a short coaxial or 
balanced line, but for the highest possible accuracy of 
measurement at 450MHz the noise diode and its associated 
rf circuit should be constructed in the form of a probe which 
can be connected directly to the input of the receiver under 
test. 

The load resistor used should be of a type having minimum 
associated series inductance and parallel capacitance, and a 
tolerance of ± five per cent. 

The output capacitance of the noise diode appears in 
shunt with the load resistor and may be tuned out by the 
arrangement shown in Fig 18.54. The shunt inductance 
should be adjusted for a rise in noise output from the 
generator at the centre of the band of interest; it is scarcely 

Fig 18.53. Noise diode circuit suitable for balanced input. C1, C2, 
1,000pF ceramic lead-through capacitors; C3, C4, 1,000pF tubular 
ceramic, C5, C6, 10,000pF ceramic lead-through; RI, R2 22Í2 JW ; R3, 
3OOÍ2 five per cent (Erie type 5B) ; RFC1, RFC2, 50 turns 30swg close¬ 
wound on jin dia former; RFC3, RFC4, 36 turns 18swg self-supporting 

|in internal diameter. 

worth doing except at frequencies of 400MHz and upwards. 
A practical point to observe when using a noise diode is to 
permit anode current to flow for the minimum time possible 
when making measurements, as the expected life of a valve 
of this type does not exceed a few hundred hours, and is much 
less if the filament voltage is kept at the maximum value for 
long periods. 

TABLE 18.6 

Meter FSD 
(mA) 

Noise Factor (dB) 

75L2 300Q 

1 
5 

25 

1 76 
8-75 

15-74 

7 78 
14 77 
21-76 

Method of Using the Noise Generator to Measure the 
Noise Factor of a Receiver 
When a noise factor measurement is to be made it is 

essential to ensure that the measuring system is linear. The 
receiver under test may be assumed to be linear for this 
purpose if doubling the input power produces a corresponding 
doubling of the output power. 

Two methods of using the noise generator to measure the 
noise factor of a receiver will be described. The first is a 
simple method, involving one measurement only of noise 
diode anode current, while the other involves three such 
measurements and a little more calculation, but has the 
advantage of incorporating a linearity check. 

Both methods require some form of power measuring 
device which is connected to the receiver at a suitable point 
to measure the af noise output. In the event that an af output 
meter is not available, a low-range ac voltmeter may be 
connected across the primary of the receiver output trans¬ 
former. Alternatively an 0-100/iA de meter may be placed 
in series with the earthy end of the detector diode load. A 
fairly heavily damped meter will assist in reducing the 
fluctuations observed when reading noise output. It should 
be remembered that power is proportional to voltage or 
current squared so that to double the power output when 
reading in microamps or volts the meter reading should 
increase by a factor of V2. 

In the first method of measuring the noise factor the 
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Fig 18.54. Modification of the circuit shown in Fig 18.53 in order to 
tune out capacitance of diode. C: 100-1 ,OOOpF blocking capacitor 
(disc); L: inductor resonated with strays and diode capacitance. 

noise generator is connected to the input terminals of the 
receiver but not switched on. The i.f. and af gain controls 
are adjusted to give a convenient reading on the output 
meter. If a de microammeter in the detector diode load is 
being used, the af gain control is ignored and the i.f. gain 
control adjusted to give a reading of 20 40/<A. The noise 
diode is then switched on and the anode current increased 
until the receiver power output is doubled or the detector 
diode current increases by \ 2 times. The noise factor of the 

receiver in decibels is given by F - 10 log,0
201R 

the noise diode current in milliamperes and R is the value 
of the noise generator source impedance. 

The procedure described above is only valid if the receiver 
is known to be linear over the range of input levels involved 
in making the measurement. If there is any doubt then the 
three-measurement method should be used as follows. 

With the noise generator connected but not switched on the 
receiver gain is adjusted to give a convenient meter reading. 
Pi, due to its own noise. The noise generator is then switched 
on and the noise diode anode current adjusted to give a con¬ 
siderable increase in receiver noise power output, but not 
enough to cause saturation. Let this output power be P., and 
the noise diode anode current required to produce it I,. The 
gain is now reduced appreciably, and the noise diode 
currents f2 (usually made equal to 7t by suitable adjustment 
of the gain control) and 73 required to give the original 
output readings Pt and P, are determined, and the three 
values of I substituted in the following formula: 

20 ¡i I, R 
F(dB)= 10 ,Ogl " 1,000 (/3 - /.. /,) 

where 7? is the noise generator load impedance and /,, 72 and 
/3 are in milliamps. It should be noted that if lt + 72 is 
nearly equal to /3 a small error in readings gives a large 
error in F, and this condition should be avoided by making 
PJPi as large as possible. If the receiver has a response at the 
image frequency a correction to the noise factor will be 
required depending on the relative response at the wanted 
and image frequencies. If the responses were equal, the 
correction would be 3dB. 

If the equivalent noise temperature rather than the noise 
factor is required, it is given by Tr = (F — 1 )7'„ where F is 
the numerical value of noise factor and T„ is the equivalent 
noise temperature of the load resistor, which may be assumed 
to be 290°K (°K = °C + 273). The numerical value of the 
noise factor F is a ratio and not the figure given in decibels. 
In order to substitute for F in the equation for equivalent 

noise temperature, it is necessary to take the antilogarithm 
of the quoted noise factor in decibels divided by 10, ie 

F(dB) 
numerical value = antilog 

CATHODE-RAY OSCILLOSCOPES 

The oscilloscope is one of the most versatile instruments an 
amateur can possess and permits the visual display of af and 
rf signals. It is particularly useful for monitoring phone 
transmissions. 

The heart of the oscilloscope is the cathode-ray tube. If it 
is desired to examine a waveform, the input is connected to 
the vertical plates while a sweep or time base circuit is con¬ 
nected to the horizontal deflection plates. For many applica¬ 
tions it is sufficient to derive the sweep voltage from the ac 
mains. 

By using readily available and inexpensive tubes, an 
instrument designed expressly for phone monitoring may be 
constructed quite cheaply. The 3BP1 is suitable as its screen 
is large enough to give an unambiguous picture, and although 
it is a short and handy tube, it has a reasonably high deflec¬ 
tion sensitivity so that a high input is not required. This 
obviates the need for deflection amplifiers in monitor service. 
A number of tubes of this type have been tested and all were 
found to have the electron guns so well centred that the spot 
appeared in the centre of the screen without the assistance 
of a shift-control network. This simplifies construction and 
reduces cost. The anode voltage requirements are modest; 
many tubes will give a quite well focussed spot at voltages 
as low as 400-500, and nearly all will work excellently at 
700V and above. 

MONITORING DISPLAY UNIT 

The circuit of a cathode-ray oscilloscope embodying the 
foregoing principles is given in Fig 18.55. This, though 
deliberately modest, is adequate for setting up ssb trans¬ 
mitters and monitoring a.m. transmitters. 

An eht of 1.000 1,500V is obtained from a voltage doubler 
circuit and, if the ht secondary of the transformer is centre-
tapped, a positive supply at 200,’250V can readily be obtained 
by a single BYX10 rectifier taken from the centre tap for 
any time base which may be added. 

Brilliance of the pattern is controlled by RV3, and focus 
by RV2. It should be noted that a high-intensity spot must 
not be permitted to remain stationary on the screen for any 
length of time, otherwise it will leave a permanent blemish 
on the fluorescent phosphor. Horizontal sweep is taken 
from the 50Hz ac mains. It is therefore necessary to make 
sure that C2 is connected to the live side of the mains supply. 
If no sweep is obtained on switching on, it is clear that C2 
is connected to the neutral lead, and the fault should be recti¬ 
fied by transferring it to the other side of T1 primary. 

A 50Hz sweep causes some distortion of the display, but 
this may be kept within reasonable limits by using a high 
sweep amplitude so that only the centre portion of the sweep 
appears on the screen. The resulting trace is linear enough 
for most monitoring work. The sweep amplitude may be 
reduced by RV1, but this control should be set at maximum 
when monitoring is being carried out. 

If other work is contemplated, it is worth including some 
form of linear horizontal sweep. The Miller-transitron 
oscillator, shown in its most elementary form in Fig 18.56, 
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Fig 18.55. Oscilloscope display unit for monitoring telephony 
transmissions. The resistor chain R3-7 may need adjustment to suit 

particular CRTs or power supply voltages. 

is suitable. Any sharp cut-off pentode may be used in this 
circuit, so long as it has its suppressor grid brought out to a 
separate pin. The required ht supply can be obtained from 
the centre tap of the ht winding as previously noted. 

If the linear sweep of Fig 18.56 is preferred to the 50Hz 
mains sweep, C2 in Fig 18.55 should be disconnected from the 
primary of the heater transformer and connected to the 
anode of the oscillator valve. 

This simple display unit can be employed for monitoring 
a.m. transmissions using the method described, with illus¬ 
trations of typical patterns, in Chapter 9—Modulation. 
Connections for envelope and trapezoidal patterns are shown 
in Fig 18.57. 
Calculation of modulation depth using the trapezoidal 

method is possible by measuring the sides of the trapezium 

Fig 18.56. Miller-transitron sawtooth timebase generator for use 
with the oscilloscope of Fig 18.55. 

RF from PA RF from PA 

Fig 18.57. (a) Oscilloscope connections for envelope pattern, (b) 
Connections for trapezoidal pattern. 

and using the abac of Fig 18.58. A disadvantage of the 
trapezoidal method is the necessity to tap off from the 
secondary of the modulation transformer an audio signal 
for the X (horizontal) plates. However, this can be overcome 
by building a small tuned circuit and demodulator unit 
(Fig 18.59) which can be connected to the output of the 
transmitter to provide the necessary audio signal. The unit 
should be made up on a small sub-chassis and fitted as near 
to the holder of the cathode ray tube as possible. If the signal 
is fed to the X amplifier input the trapezoidal display will be 
obtained. 

SSB transmissions may be conveniently checked by the 45° 
method which calls for the application of similar voltage 
from the input and output of the linear amplifier. This 
necessitates the use of two detectors, as shown in Fig 18.60. 
The resistors RI and R2 should be adjusted so that the volt¬ 
age output from each is similar. The interpretation of the 
various displays obtained when a sinusoidal tone is fed into 
the ssb transmitter is shown in Fig 18.61. It should be noted 
that the use of the demodulator of Fig 18.59 does not 
permit checks on linearity to be made. 

100 <— —i 0-05 

97 - - °'1

0-7 -
Modulation 

°*0 " percentage 

0-5 -
A 

——— X 100°/. 
A + B 

Fig 18.58. Abac for the calculation of modulation depth from the 
trapezoidal pattern. The dotted line illustrates an example in which 
the large side (a) is 6 units long and the shorter one (b) 0 3 units 

indicating a depth of modulation of just over 90 per cent. 
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APPLICATIONS OF THE OSCILLOSCOPE 

It is important to realize that an oscilloscope is virtually a 
two-dimensional meter, ie it is intended for making measure¬ 
ments, not simply for displaying an interesting picture. 
Consequently the temptation to continually adjust the X and 
Y sensitivities to make the picture fill the screen should be 
firmly resisted. If the Y gain is continuously variable it is 
worthwhile calibrating it against a voltmeter on 50Hz ac 
(remembering that the meter reads rms, not peak-to-peak: 
IV rms = 2 \/2V peak-to-peak) so that the settings for, say, 
1,3, 10, 30 and 100V/cm can be found rapidly. Time calibra¬ 
tion can be similarly checked against a crystal calibrator, 
with a divider to 10 and 1kHz and the 50Hz mains. If the 
oscilloscope is provided with a triggered time base it is 
convenient to calibrate it in terms of time/cm, but the older 
slightly less convenient synchronized time base has to be 
variable to synchronize, so a frequency (or period) calibra¬ 
tion is more suitable. 

The uses to which an oscilloscope can be put can be 
conveniently classified by the inputs to the Y and X plates. 

(a) Signal to Y, nothing to X. This mode uses the electron 
beam as a meter pointer, and does not fully exploit an 
oscilloscope, but it is convenient when a valve voltmeter 
would otherwise be required, as for example measuring the 
de anode potential of a high-gain audio amplifier. In practice 
there is no need to switch off the timebase for de measure¬ 
ments, although this may be convenient to measure the 

Osci I loscope 

Fig 18.60. (a) Demodulator unit, (b) Circuit arrangement for checking 
ssb transmissions by the 45 method. 

Fig 18.61. Interpretation of displays obtained with the arrangement 
of Fig 18.60. (a) Linear condition, (b) Incorrect grid circuit loading, 
(c) Incorrect bias, (d) Amplifier overloaded, (e) Insufficient standing 
current in amplifier, (f) Pattern obtained from speech input to a 

correctly adjusted linear amplifier. 

peak-to-peak amplitude of an ac signal. Care should be 
taken to avoid burning the screen in either case. 

(b) Signal to Y, timebase to X. The additional dimension 
of time reveals much more information about a signal. The 
frequency can be measured against a calibrated timebase, 
and any distortion or unwanted signal traced. The input 
capacitance of the average Y amplifier is some 30pF and this, 
if connected to a high-impedance point, can severely restrict 
the bandwidth. The use of coaxial cable leads with an addi¬ 
tional capacitance of 22pF per foot will make this much 
worse; sometimes this effect can be used to remove unwanted 
rf from a low-frequency signal. In general, however, it is 
preferable to use cither a high-impedance probe unit, or 
failing this, short leads of unscreened wire. 

The bandwidth of an oscilloscope amplifier may be quite 
low so that measurements above, say, 10MHz may not be 
possible. Often it is possible to work slightly outside the 
nominal frequency range if a reduced sensitivity is tolerable, 
but this should be done with caution since excessive signals 
outside the bandwidth can cause distortion and even modu¬ 
late the timebase speed. Many oscilloscopes have, however, 
provision for inputs direct to the Y plates, and this permits 
higher-frequency signals to be applied, although the sensi¬ 
tivity is quite low. A modern cathode-ray tube with a side 
arm connection to the Y plates will give a useful deflection 
with an input frequency of l50MHz. Unless a very fast 
timebase is provided, it would not be possible to resolve 
the rf waveform at this frequency, but it would be possible 
to examine the modulation envelope as in the two-tone test 
for ssb transmitters. 

(c) One signal to Y, another to X. The most familiar form 
of this mode is the trapezoidal display of a modulated 
amplifier; but the input and output of any device may be so 
displayed. The input/output linearity of a diode detector 
can therefore be displayed and compared with a product 
detector, taking care to avoid leakage of the bfo signal into 
the oscilloscope. The maximum undistorted output from an 
amplifier can be measured by increasing the drive till the 
diagonal line on the screen starts to curve. 

The wobbulator, or swept alignment oscillator, is another 
application in which the X signal is related to the frequency 
of an oscillator, the output of which is fed to the rf amplifier 
under test, and the amplifier output (possibly after detection) 
is fed to the Y amplifier. Provided the rate of frequency 
sweeping is sufficiently slow, a graph of the amplifier 
response is presented on the cathode-ray tube. 
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Finally, a word of caution. It has been known for the 
timebase harmonics of an oscilloscope to cause tvi. This 
possibility should be borne in mind, and suitable screening 
and lead filtering applied if necessary. 

TESTING DIODES AND TRANSISTORS 

Since transistors and diodes are nearly always soldered in 
place and often purchased in “untested” batches it is worth 
making simple tests on all such devices before use. This also 
permits them to be graded for selective gain and leakage so 
that the better quality devices are reserved for the more 
onerous applications. The circuit of Fig 18.62 shows a simple 
tester which will identify the polarity and measure the leakage 
and small-signal gain of transistors, and also the forward 
resistance of diodes. 

Testing Transistors 
To check the de current gain (which approximates to the 

small-signal current gain ß), the transistor is connected with 
collector to C, base to B and emitter to E. Moving SI to the 
gain position applies 10/xA of base current, and Ml will 
read the emitter current. With SI at the leak position any 
common emitter leakage current is shown, which for silicon 
transistors should be barely perceptible. The difference 
between the two values of current divided by 10/xA gives the 
value of ß + 1 which is near enough to ß for most purposes. 
A high value of leakage current probably indicates a short-
circuited transistor, while absence of current in the gain 
position indicates either an open-circuited transistor or one 
of reversed polarity. No damage is done by reverse connec¬ 
tion and pnp and npn transistors may be identified by finding 
the polarity which gives normal gain. 

Fig 18.62. Simple transistor and diode tester. 

With SI in the Vbe position, the base emitter voltage is 
controlled by RVI which should be near the negative end 
for npn and near the positive end for pnp devices. Ebe 
may be measured by a voltmeter connected between the 
terminal marked “Vue” and either the positive or negative 
voltage rail, depending on the polarity of the device. This 
test position may be used for fets but only positive or zero 
bias is possible. 

Testing Diodes 
The forward voltage drop across a diode may be measured 

by connecting it across the terminals “+” and “Vte” with a 
voltmeter in parallel. The forward current is set by RVI. 
Diodes may be matched for forward resistance, and by 
reversing the diode connections any reverse leakage can be 
seen. The value of forward voltage drop can be used to 
differentiate between germanium and silicon diodes. 
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CHAPTER 19 

OPERATING TECHNIQUE 
AND STATION LAYOUT 

HOWEVER much time and money have been spent on the 
construction or purchase of equipment, results are cer¬ 

tain to depend to a large degree on the way in which the 
station is operated. A listening session on any of the amateur 
bands at almost any time will reveal many examples of bad 
behaviour and faulty operating techniques which are more 
usually the result of ignorance than a deliberate attempt to be 
a nuisance to other band users. 

The two basic essentials of successful operating on any 
mode are judgment and courtesy. A third and most important 
factor is adequate knowledge of the various bands and their 
propagation habits. This can only come as a result of observa¬ 
tion and practice and is the one great advantage which the 
former keen short-wave listener has over the pure technician 
when first coming on the air. 
The newcomer may wonder exactly how he should begin 

his first contact and the wisest course for him to take is to 
first of all listen around carefully and establish exactly what 
signals are to be heard and the general level of activity. He 
can then decide whether to put out a “CQ” call or call a 
specific station at the appropriate time—this is when that 
station has finished his previous contact or has himself put 
out a “CQ” call. It is not good manners to try to “break in” 
on his frequency while he is still in contact. 

Having established contact it is usual to exchange signal 
strength reports, names, locations, and details of equipment 
being used. Further general discussion should concern 
“matters of a personal nature in which the licensee, or the 
person with whom he is in communication, has been directly 
concerned . .(Wireless Telegraphy Act). It should be 
made a golden rule never to discuss politics, religion, or any 
matter which may offend the person to whom one is talking 
or anyone who may be listening. 

Telephony Operation 

Always speak clearly and not too quickly, especially when 
talking to someone whose native tongue is not one’s own. 
Remember that many overseas amateurs deserve great credit 
for the trouble that they have taken to learn a foreign 
language such as English in order to be able to talk to those 
who do not speak their own language. Their ability to con¬ 
verse may well be limited to the more standard subjects in¬ 
volved in the usual simple contact and the use of basic words 
or even of some of the “Q” code (see Table 19.2) is helpful 
under such circumstances. The latter should never be used 
on phone under any other circumstances as nothing sounds 
more stupid to the casual listener than two local amateurs 
talking t^ each other by spelling out morse code abbrevia¬ 
tions. 

CW Operation 

In general the good cw man is the one whose copy is easy 
to read and who does not try to impress by sending faster 
than he is really capable of doing properly. The speed of 
sending should partly depend on circumstances and when 
conditions are poor it is sensible to send more slowly than 
when signals are loud and clear. A good principle to follow 
is to send at the same speed as the operator at the other end 
of the contact—and to slow down if he indicates that he is 
having difficulty. 

Morse from an electronic keyer can be a joy to the ear if 
the device is being operated correctly, and it should be the 
aim of the semi-automatic “bug” or straight key owner to 
send out signals just as readable. It is highly desirable to be 
able to listen to one’s own transmission to know how one’s 
style is developing. 

There are five different ways of ending a cw transmission 
and each indicates to a listener exactly what the intentions of 
the sender are. These are as follows: 

(1) . . AR.” These letters are sent at the end of a call to 
a specific station before contact has been established 
eg "G3AAA de G3ZZZ AR”. 

(2) . K.” The letter K is sent at the end of a “CQ” call, 
or at the end of a transmission during an established 
contact where there is no objection to others joining in. 

(3) . . KN.” This is used when a call is made to a 
specific station and replies are not desired for any other 
station, or at the end of a transmission when already 
in contact where other calls are not wanted. 

(4) . . SK.” This combination is used at the end of a 
final transmission in a contact, immediately before the 
callsigns are given. It means that the sender is ready to 
receive other calls. 

(5) “ . . CL.” Denotes that the sender is closing down and 
will not answer any more calls. 

Note that it is not correct to call “QRZ?” after finishing 
a transmission unless someone has already been heard call¬ 
ing—the right thing to do is to call “CQ”. It should be borne 
in mind however that it is courteous to move off a frequency 
at the end of a contact if the station contacted was originally 
operating there. It is polite to move away from a frequency 
on which one has been fortunate enough to have been called 
by a rare dx station and leave it for others to use—there may 
be many others who would like a contact with the latter and 
it is not difficult to find a fresh frequency. Remember that 
no one has an absolute right to any frequency under any 
circumstances whatsoever and that the policy of “live and 
let live” is by far the best to adopt. 
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The “CQ" Call 
There are many occasions when it is a good idea to put 

out a “CQ” call. One of these is when a band appears to be 
“dead”. This can happen particularly on 21 and 28MHz 
when there can be suitable long distance propagation but the 
level of activity is low, most having left in the belief (after a 
quick listen around) that it is a waste of time to transmit. 

There are important rules to be observed when putting out 
a “CQ” call. Some of the more vital ones are as follows: 

(1) Listen on the chosen frequency to make sure that it 
is quite clear of other signals before starting to trans¬ 
mit. 

(2) When using telephony confirm (1) by asking “Is 
anyone using this frequency please?” several times, 
and then listen very carefully for replies before 
commencing the call. 

(3) Keep calls short and listen frequently for replies. Many 
contacts have never taken place because potential 
callers have become bored while waiting for an 
opportunity to identify and have moved away. The 
ideal arrangement is to use full break-in on cw and 
vox when on ssb so that it is possible to “listen 
through” one’s calls. Not more than three “CQs” 
followed by one’s own callsign given twice—this being 
repeated until a contact is established—is perhaps the 
best procedure to be followed. If no answers are 
obtained it may be because the frequency chosen is 
subject to interference elsewhere in the world and a 
change to another one is advisable. 

If contact with a specific area is desired it is a good idea 
to put out a directional call. For example—“CQ VK, 
CQ VK, CQ VK de G-” etc (on cw) or “CQ Australia” 
on phone should produce replies from that part of the world 
only if conditions are suitable, and all other callers should 
be ignored. Likewise, if another station’s directional CQ is 
heard and this does not apply to one’s own area it should 
not be answered. 

When answering a “CQ” call it is good practice to make 
transmissions short and to emphasize one’s own call. The 
other man knows his own callsign well but not the caller’s! 
Short calls mean minimum interference; if the contacts being 
made by the station being called are of the “rubber stamp” 
variety (RS/T, name, location, promise to QSL) it is quite 
possible that a persistent caller may find that a contact has 
been established and is half over by the time he finishes his 
transmission. It is a very good idea to listen to any station for 
a short while before calling; it will then be possible to 
estimate the speed at which contacts are being made and 
also where callers should transmit. 

DX Working 
This is a branch of amateur radio which holds a fascination 

of its own and commands a considerable following. The 
interpretation of the expression “dx” varies according to the 
frequency being used, the power and equipment of the 
stations involved, and even the scarcity of licensed amateurs 
in the country in which the dx station is located. 

Without doubt the most important attribute which those 
looking for dx contacts need is patience. The more elusive 
stations are often running low power, may have simple 
equipment, and may be situated a very long way away. They 
may also not be particularly anxious to talk to yet another 
station in the British Isles! It is therefore all the more 

TABLE 19.1 
The Phonetic Alphabet 

A Alfa 
B Bravo 
C Charlie 
D Delta 
E Echo 
F Foxtrot 
G Golf 
H Hotel 
I India 

J Juliet 
K Kilo 
L Lima 
M Mike 
N November 
O Oscar 
P Papa 
Q Quebec 
R Romeo 

S Sierra 
T Tango 
U Uniform 
V Victor 
W Whisky 
X X-ray 
Y Yankee 
Z Zulu 

important to obey any calling instructions which they may 
give, and not to cause any interference problems. 

On the whole it is more rewarding to seek out a station and 
call it at the correct time than to call “CQ” and expect a 
reply from a rare station. Many of the operators in dx loca¬ 
tions have set operating habits and tend to appear at regular 
times and on regular frequencies, and the good listener¬ 
amateur will try to find out about these and then lie in wait 
for his quarry. The writer considers that dx working is very 
similar to fishing and requires similar study. 

There are a number of news sheets published throughout 
the world at regular intervals which contain a great deal of 
valuable information on the latest expeditions and also on 
frequencies and times of operation of more unusual stations. 

Many expedition stations make a practice of never listen¬ 
ing on their own frequencies but indicate where they will seek 
replies, and the more practised mean exactly what they say. 
On telephony, for example, they may say “tuning 14,190 to 
14,200kHz” and under these circumstances it is often better 
not to choose a calling frequency at the limits of the range 
indicated but to find a clear spot in between and call there. 
Some of the less experienced operators keep tuning to stations 
using the same frequency as that of the previous station 
contacted and if this is the case it is advisable to zero beat 
with the latter. A call just off the frequency of the last station 
contacted has often produced results for the writer. It is 

TABLE 19.2 
The Q Code 

-I 
QAV I am calling . . . 
QCM There seems to be a defect in your transmission. 
QIF . . . (callsign of station) is using . . . (frequency). 
QRA The name of my station is . . . 
ORB The distance between our stations is . . . 
QRG Your exact frequency in kHz is . . . 
QRH Your frequency varies. 
QRI Your note varies. 
QRJ Your signals are very weak. 
QRK The intelligibility of your signals is (1 to 5) 
QRL I am busy. 
QRM There is interference. 
QRN I am being troubled by atmospheric noise. 
QRO Increase power. 
QRP Reduce power. 
QRQ Send faster (. . . words per minute). 
QRS Send more slowly (. . . words per minute). 
QRT Stop sending. 
QRU I have nothing for you. 
QRV I am ready. 
QRW Please tell . . . that I am calling him. 
QRX I will call you again. 
QRZ You are being called by . . . 
QSK I can hear between my signals (ie I am using break-in). 
QSL I give you acknowledgement of receipt. 
QSM Repeat the last message. 
QSP I will relay to . . . 
QSV Please send a series of Vs. 
QSW I will transmit on . . . kHz. 
QSY Move to . . . kHz. 
QSZ Send each word or group twice. 
QTH My location is . . . 
QTR The exact time is . . . 
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TABLE 193 
The Z Code 

ZAN I am receiving absolutely nothing. 
ZAP Acknowledge please. 
ZCK Check your keying. #

ZCL Transmit your call letters intelligibly. 
ZDF Your frequency is drifting. 
ZDM Your dots are missing. 
ZFO Your signals have faded out. 
ZGS Your signals are getting stronger. 
2GW Your signals are getting weaker. 
ZOK I am receiving OK. 
ZRN You have a rough note. 
ZSU Your signals are unreadable. 
ZWO Send words once. 
ZWT Send words twice. 

common practice on cw to indicate tuning frequencies by 
sending “U 5” or "L 5” (for example) to indicate that the 
listening area is 5kHz higher or lower than the station's own 
transmitting frequency. 

Under expedition conditions the dx station is usually 
trying to make as many contacts as possible in limited time 
and therefore tends to restrict exchanges to reports and 
callsigns only. Once again, adequate preparatory listening 
should alert the caller to what is required in order for him to 
avoid offending others who may be waiting for their turn. 

Tail-ending 
The use of this procedure, which consists of dropping 

one’s own callsign in almost zero beat with a station just 
completing his last transmission, is accepted by some good 
operators but is open to grave abuse if used unskillfully and 
is usually best avoided. Likewise the temptation to break 
into a contact already established on ssb should be resisted 
unless one of the participants is well known to the caller. It 
should be remembered that joining into a conversation 
between two complete strangers is similar to joining a con¬ 
versation anywhere else and that the rules of common 
courtesy should be exercised. 

Phonetics 
The use of internationally recognized words as phonetics 

is most useful under certain circumstances and the alphabet 
suggested in Appendix 16 of the Radio Regulations, Geneva, 
1959 (as described on amateur licences in the UK) is shown 
in Table 19.1. Remember that “words used in this manner 
shall not be of a facetious or objectionable character” 
(British Amateur Licence). 

The “Q” Code 
The most common abbreviations employed by amateurs 

using morse code is the “Q” code (Table 19.2). A much less 
frequently used code is the “Z” code—this has a number of 
combinations which could be of considerable use in amateur 
work (see Table 19.3). 
Where a “Q” or “Z” group is followed by a question 

mark an answer is required and where appropriate this 
should be qualified by the addition of a number according to 
the following classification: 1—very slight; 2—slight; 3— 
moderate; 4—severe; 5—extreme. For example “QRM?” 
means “is there any interference” and “QRM 5” means 
“them is extremely severe interference”. 

A great deal of information can be transmitted in a short 
time on cw if full use is made of these standard abbreviations 
and codes. Their use may also be of great assistance at times 

TABLE 19.4 
The RST System 

Readability 
1—Unreadable. 
2—Barely readable, some words distinguishable. 
3— Readable with considerable difficulty. 
4—Readable with practically no difficulty. 
5—Fully readable. 

Signal strength 
1—Faint signals, barely perceptible. 
2—Very weak signals. 
3—Weak signals. 
4—Fair signals. 
5—Fairly good signals. 
6—Good signals. 
7—Moderately strong signals. 
8—Strong signals. 
9—Extremely strong signals. 

T one 
1—Extremely rough hissing note. 
2—Very rough ac note. 
3— Rough lew pitched ac note, slightly musical. 
4—Rough ac note, moderately musical. 
5—Musically modulated note. 
6— Modulated note, trace cf whistle. 
7—Near de note, smooth ripple. 
8—Good de note, trace of ripple. 
9—Pure de note. 

during contacts with amateurs who are in difficulty on tele¬ 
phony because of language differences (but not otherwise). 

Originally the only code available for reporting signals 
was the one used to denote loudness and that was graded in 
the arbitrary scale R1-R9. Later, when interference became 
a problem it was necessary to indicate the readability of the 
signal and the scale QSA1-QSA5 was used to denote this; 
at the same time the signal strength was given as QRK1-
QRK9. Later, when attention began to be paid to the quality 
of cw signals another code was evolved—this is the now 
universally used RST code (Table 19.4). This shows Read¬ 
ability (RI to R5), Signal strength (SI to S9), and Tone 
(T1 to T9). On telephony it is usual to give the report as 
Readability (1 to 5) and Strength (1 to 9). A cw note which is 
chirpy is indicated by the addition of a “c” after the tone 
number. There is another code—the S1NPO code—(Table 
19.5) which is more frequently used for reporting broadcast 
transmissions. 

TABLE 19.5 
The SINPO Code 

Signal strength S 

Interference 

N Noise 

Fading 

Overall rating 

2 
3 
4 
5 

2 
3 
4 
5 

2 
3 
4 
5 

2 
3 
4 
5 

2 
3 
4 
5 

Barely audible. 
Poor. 
Fair. 
Good. 
Excellent. 
Extreme. 
Severe. 
Moderate 
Slight. 
Nil 
Extreme. 
Severe. 
Moderate. 
Slight. 
Nil. 
Extreme. 
Severe. 
Moderate. 
Slight 
Nil. 
Unusable. 
Poor. 
Fair. 
Good. 
Excellent. 
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TABLE 19.6 
Morse code and sound equivalents 

A di-dah 
B dah-di-di-dit 
C dah-di-dah-dit 
D dah-di-dic 
E dit 
F di-di-dah-dit 
G dah-dah-dit 
H di-di-di-dit 
I di-dit 
J di-dah-dah-dah 
K dah-di-dah 
L di-dah-di-dit 
M dah-dah 
N dah-dic 
O dah-dah-dah 
P di-dah-dah-dit 
Q dah-dah-di-dah 
R di-dah-dit 

S di-di-dit 
T dah 
U di-di-dah 
V di-di-di-dah 
W di-dah-dah 
X dah-di-di-dah 
Y dah-di-dah-dah 
Z dah-dah-di-dit 
1 di-dah-dah-dah-dah 
2 di-di-dah-dah-dah 
3 di-di-di-dah-dah 
4 di-di-di-di-dah 
5 di-di-di-di-dic 
6 dah-di-di-di-dic 
7 dah-dah-di-di-dit 
8 dah-dah-dah-di-dit 
9 dah-dah-dah-dah-dit 
0 dah-dah-dah-dah-dah 

An abbreviated form of 0 (zero) is sometimes used and consists of one 
long dash. Similarly an abbreviated 9 in the form of an N (dah-dit) is in 
quite frequent use and can save considerable time during contest work 
where many numbers are being transmitted. 

Question mark 
Full stop 
Comma 

Punctuation 

di-di-dah-dah-di-dit 
di-dah-di-dah-di-dah 
dah-dah-di-di-dah-dah 

(The comma is frequently used to indicate an exclamation mark.) 

Procedure signals 
Stroke (/) 
Break sign ( =) 
End of message (4- or AR) 
End of work (SK) 
Wait (AS) 
Preliminary call (CT) 
Error 
Invitation to transmit (K) 

dah-di-di-dah-dit 
dah-di-di-dah 
di-dah-di-dah-dit 
di-di-di-dah-di-dah 
di-dah-di-di-dit 
dah-di-dah-di-dah 
di-di-di-di-di-di-di-dit 
dah-di-dah 

One dah is equal to three di’s (dits). 
The space between part of the same letter should equal one dit. 
The space between two letters should equal three dits. 
The space between two words should equal between five and seven dits. 

Learning Morse 

It will be noticed that in Table 19.6 the various morse 
code characters are described in dits and dahs. It is most 
important that anyone wishing to learn the code should not 
attempt to do so by memorizing first of all an image of dots 
and dashes which then have to be translated into sounds. It 
is far better to learn each character as a sound entity from the 
very beginning. 

Many amateurs look upon the task of preparing themselves 
for a morse test as a great ordeal and never attempt it, thereby 
denying themselves the pleasure of owning a higher class 
licence with all its associated privileges. With determination 
and assistance from the various morse instruction tapes and 
records which are now on the market (and available from 
RSGB) a very useful degree of skill can be acquired. CW 
signals can often be copied over long distances even if very 
low power is all that is available, and under today’s crowded 
band conditions they take up far less space and are less 
subject to being rendered unreadable by interference. 

QSL Cards 

Most amateurs and keen listeners experience pleasure 
when they receive written confirmation of enjoyable con¬ 
tacts or verification of reception of distant stations, and in 
former times the QSL card was considered to be the final 
courtesy of the contact. Present day costs have meant that 
many can no longer follow a policy of confirming every 
contact but it should be the aim of all those who make 
promises to send out QSL cards to do so, or to state the 
fact that they do not quite clearly at the time. In many 

countries the national radio society runs a central bureau 
where members may send their cards for world-wide distri¬ 
bution in bulk at reduced cost. They are also able to deposit 
envelopes for collection of their incoming cards from other 
QSL bureaux. 

One of the uses of QSL cards is as proof of contact for 
the purpose of claiming the various certificates of operating 
proficiency which are offered by many of the world’s national 
societies. The more important of these are fully described in 
the RSGB publication Amateur Radio Awards. It is therefore 
important to realize that the information given on cards 
should be accurate, and should contain the following data as 
an essential minimum: 

(1) The fact that a contact took place must be mentioned. 
(2) The date and time of the contact. 
(3) The frequency band and mode used. 
(4) The signal strength of the station contacted. 

It is absolutely vital that no alterations whatever are made on 
cards which are likely to be used for the purposes of certain 
award applications (eg ARRL's DX Century Club). This 
applies whether such alterations are made by either the 
sender or the recipient. 

It is not necessary to use elaborate cards and oversized ones 
or those weighing more than four grammes should not be 
sent via bureaux. A confirmation written in the form of a note 
or letter is equally acceptable and some enthusiasts have had 
blank cards printed with a suitable layout for the distant 
station to complete and return to the sender. A rubber 
stamping—suitably worded and applied to the applicant’s 
own card—is also quite satisfactory. 

Top Band Operation 

Special care must be exercised when using the 160m band 
as the amateur service is only permitted to use it as a second¬ 
ary user. This means that amateur privileges depend entirely 
on good behaviour and the utmost care being used to avoid 
interference to the primary users of the band. It is absolutely 
vital that such interference should not occur and any request 
from, for example, a coastal station, to close down or move 
frequency must be instantly obeyed. A list of some European 
coastal stations and their frequencies is given below. This 
was correct at the time of writing but changes may well 
have occurred and it is as well to check every frequency 
before transmitting. Under night time conditions even 
some of the more distant stations listed may be subject 
to interference from low power amateur signals from the 
British Isles. 

European Special Service Stations using frequencies on 
the 160m band are as follows. 
Patra (Greece) 1800kHz 
Lyngby(OXZ) 1806kHz 
Brest (FFU) 1806kHz 
Blavand(OXB) 1813kHz 
Gdynia (SPC) 1818kHz 
Bordeaux (FFC) 1820kHz 
Wick(GKR) 1827kHz 
Niton (GNI) 1834kHz 
Lands End (GLD) 1841kHz 
North Foreland 
(GNF) 1848kHz 

Stonehaven (GND) 
1856kHz 

Bordeaux (FFC) 1862kHz 

Kotka (OFU) 1862kHz 
Vaasa (OFW) 
Scheveningen 
(PCH) 

Humber Radio 
(GKZ) 

Brest (FFU) 
Reykjavik (TFA) 
Portpatrick (GPK) 

1862kHz 

1862kHz 

1869kHz 
1876kHz 
1876kHz 
1883kHz 

Civitaveccia (Italy) 1888kHz 
Scheveningen 
(PCH) 1890kHz 

Goteborg (SAG) 1904kHz 
Marseilles (FFM) 1906kHz 
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This list is compiled from the ITU List of Radio-
determination and Special Service Stations. 

The frequencies available to amateurs in various countries 
on 160m vary considerably and in some are very restricted. 
Different parts of the United States of America are allowed 
to use different parts of the band—eg stations in the 
Hawaiian Islands are allowed the 1900-2000kHz section 
whereas the rest of the USA uses the lower half of the band. 
Users of 160m who are looking for long distance contacts 
follow a special transmitting and listening pattern. For 
example it is the custom for European stations wishing to 
make transatlantic contacts to transmit in the 1825-1830kHz 
region and to listen for replies at the very low end of the 
band—this area is relatively free of other signals in Europe 
and the 1825-1830kHz band (known as the “dx window”) 
is relatively clear in America. During the relatively few 
hours when propagation permits long distance contacts on 
160m other stations are considered to be courteous if they 
avoid this part of the band. 

Eighty Metres 
The Region 1 allocation on the band covers 35OO-38OOkHz, 

but in Region 2 (which includes the American continent) 
the upper limit is 4000kHz. Australian amateurs are re¬ 
stricted to the portion below 3700kHz, and the portions 
which may be used by some other countries (eg India and 
Japan) are very small indeed. The whole band is available 
on a shared basis with other services. In order to facilitate 
intercontinental working it has been recommended by Region 
1 IARU that 3500-3510kHz and 379O-38OOkHz should be 
reserved for such purposes when propagation is favourable, 
and that the segment 3635 3650k Hz be reserved for use by 
stations in the USSR for intercontinental contacts. 

Forty Metres 
Amateurs in Region I (which includes Britain) have the 

poorest slice of this band and are limited to the portion be¬ 
tween 7000 and 7100kHz. Elsewhere the upper limit is 
7300kHz. It should be noted that contacts with stations in 
other Regions (eg those in the USA) who are transmitting 
above 7100kHz should not be made as they come within the 
definition of “cross band” contacts according to ITU 
regulations. 

Band Plans 
On all bands there are recommended sections set aside for 

use by each mode. In some parts of the world (eg the USA) 
observance of these band sub-divisions is mandatory and 
their use also depends on the class of licence held by the 
operator. The Region 1 HF Band Plan (which is supported by 
all IARU member societies in Europe and Africa) is set out in 
Table 19.7 and should be observed at all times even though 
its recommendations are only advisory as far as British ama¬ 
teurs are concerned. The 2m, 70cm and 23cm Band Plans are 
shown in Table 19.8. 

Single-sideband Transmissions 
This mode of operation has almost replaced amplitude 

modulation telephony and enables its users to carry on 
telephone type conversations if both stations are making full 
use of voice control (vox). This is most convenient as 
questions can be answered as they arise, interference de¬ 
tected as soon as it occurs, and long monologues avoided. 
Regulations in the UK provide that stations operating in this 

TABLE 19.7 
Region 1 HF Band Plan 

Band Type of emission 

3-5-3-6MHz cw (2) 
3 6MHz (±20kHz) rtty (1) 
3-6-3-8MHz cw and phone (2,3) 

7-7 04MHz cw 
7 04MHz ( : 5kHz) rtty (1) 
7-04-7-1 MHz cw and phone. 

14-14-IMHz cw 
14 09MHz ( 110kHz) rtty (1) 
14-1-14-35MHz cw and phone 

21-21 -15MHz cw 
21 1 MHz (• 20kHz) rtty (1) 
21 -15-21 -45MHz cw and phone 

28-28-2MHZ cw 
28-1 MHz ( i 50kHz) rtty (1) 
28-2-29-7MHZ cw and phone 

Notes: 
(1) For rtty, recommended section of operation shared with cw. 
(2) 3,500 to 3,510 and 3,790 to 3,800kHz reserved for intercontinental 

working. 
(3) 3,635 to 3,650kHz is used by USSR stations for intercontinental work¬ 

ing. 
(4) For sstv recommended operating frequencies are 3,735, 7,040,14,230, 

21,340 and 28,670kHz, all ±5kHz. 
(5) For beacons 28,200-28,250kHz is recommended. 
(6) For the downlink of satellites 29,400-29,550kHz is recommended. 

way should identify by giving their callsigns at intervals of 
not more than 15 minutes. Stations in the USA must iden¬ 
tify every 10 minutes. 

When transmitting on ssb (A3j) it is very important to 
avoid driving the final amplifier too hard and causing serious 
deterioration of the signal quality and severe interference 
to other band users. A good general rule to follow is to see 
that on speech peaks the needle of the meter which reads the 
anode current of the final stage in the transmitter should not 
exceed a point one third of the reading it gives when the 
stage is in the fully inserted carrier position. By far the best 
plan of all is to arrange for a sample of the transmitted sig¬ 
nal to be viewed on a monitor oscilloscope at all times— 
in this instance “flat-topping” becomes immediately obvious. 

Log Keeping 
The Home Office requires all amateurs to keep a log book 

recording full details of all transmissions. A well-kept log is 
essential, not only because it may be required for inspection 
by the authorities, but also because it provides a permanent 
record of events, results and observations which may be 
interesting or useful later on. 

Suitable log books which comply with regulations are 
readily available and may be purchased from RSGB Head¬ 
quarters. 

It should be made a practice to carry out regular checks 
for television interference, and such episodes should be duly 
entered into the log book. Few amateurs seem to realize that 
such tests are in fact stipulated in the Amateur Licence 
[section 4 (2)]. 

Power 
The transmitting licence details the various power inputs 

permitted on the various bands, and the maximum power 
output permissible in the case of single sideband transmitters. 
The correct power to use for any contact is the lowest that 
will ensure satisfactory reception by the distant station, and 
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TABLE 19.8 

2m Band Plan 

MHz Allocation 
144 000-144 010 E-M-E 
144 050 CW calling 
144100 CW random ms 
144-150 Upper limit cw exclusive 
144 200 SSB random ms 
144 300 SSB calling 
144 500 SSTV calling 
144 600 RTTY calling 
144 700 FAX calling 
144 900 Regional beacons centre 
145 000-145 225 Repeater input—R0 to R9 
145 300 RTTY (local) 
145 500 (S20) Mobile calling 
145 525 (S21), 
145 550 (S22), 
145 575 (S23) FM simplex 
145 600-145 825 Repeater output 

ALL MODES MODES 
REPEATER 
OUTPUT 

N otes 
1. Established simplex frequencies on repeater output channels may be’retained. 
2. The segment 145 250-145 500MHz may be allocated, if desired, to fm channels. 
3. No regional planning for beacons of erp less than 50W. 
4. Regional planning for beacons of erp more than 50W. 
5. CW permitted over whole band. CW exclusive 144 0-144 150MHz. 
6. Channelized nets should not operate in this portion at any time. 
7. Local traffic should operate above 145MHz during contests and band openings. 

70cm Band Plan 

MHz Allocation 
432 000-432 010 E-M-E 
432 050 CW calling 
432100 CW random ms 
432 200 SSB random ms 
432 300 SSB calling 
432 500 SSTV calling 
432 600 RTTY calling 
432 700 FAX calling 
432 900 Regional beacons centre 
433 000-433 225 Repeater input—RU0 to 

RU9 (25kHz) 
433-25 TV sound (6MHz system) 
433 300 RTTY 
433 400-433 575 Simplex channels—SU16 to 

SU23 (25kHz) 
433 75 TV sound (5 SMHz system) 
434 60-434 825 Repeater output 
439 25 TV vision (Vestigial side¬ 

band system) 

Notes 
1. HB and DL repeater system: inputs 431 0/431 5, outputs 438 6/439-1. 
2. No regional planning for beacons—erp of less than 50W. 
3. Regional planning for beacons—erp of more than 50W. 
4. CW permitted over whole band. CW exclusive 432 0-432 150MHz. 
5. Channelized nets should not operate in this portion at any time. 
6. Local traffic should operate above 433MHz during contests and band openings. 
7. UK repeaters have the input and output frequencies inverted; see Chapter 14. 

23cm Band Plan 

MHz Allocation 
1,296 000-
1,296010 E-M-E 

1,296 050 CW calling 
1,296 300 SSB calling 
1,296 500 SSTV calling 
1,296 600 RTTY calling 
1,296 700 FAX calling 
1,296 900 Regional beacons centre 
1,297 300 RTTY 

Notes 
1. No regional planning for beacons—erp of less than 50W. 
2. Regional planning for beacons—erp of more than 50W. 
3. CW permitted over whole band. CW exclusive 1,296 0-1,296 150MHz. 
4. Local traffic should operate above 1,297MHz during contests and band openings. 
5. France has no allocation 1,296-1,298MHz. Consequently the band 1,238-1,240M Hz is used partitioned 

as above. 
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A2A-A2Z Botswana HCA-HDZ Ecuador TYA-TYZ Dahomey 
A3A-A3Z Tonga HEA-HEZ Switzerland TZA—TZZ Mali 
A4A-A4Z Oman HFA-HFZ Poland UAA-UQZ USSR 
A5A-A5Z Bhutan HGA-HGZ Hungary URA-UTZ Ukraine SSR 
A6A-A6Z United Arab HHA-HHZ Haiti UUA-UZZ USSR 

Emirate HIA-HIZ Dominican Republic VAA-VGZ Canada 
A7A-A7Z Qatar HJA-HKZ Colombia VHA-VNZ Australia 
A8A-A8Z Liberia HLA-HMZ Korea VOA-VOZ Canada 
A9A-A9Z Bahrain HNA-HNZ Iraq VPA-VSZ British Overseas 
C2A-C2Z Nauru HOA-HPZ Panama Territories 
C3A-C3Z Andorra HQA-HRZ Honduras VTA-VWZ India 
C4A-C4Z Cyprus HSA-HSZ Thailand VXA-VYZ Canada 
C5A-C5Z Gambia HTA-HTZ Nicaragua VZA-VZZ Australia 
C6A-C6Z Bahamas HUA-HUZ El Salvador WAA-WZZ USA 
C7A-C7Z World Meteoro- HVA-HVZ Vatican City XAA-XIZ Mexico 

logical Service HWA-HYZ France & Overseas XJA-XOZ Canada 
C9A-C9Z Mozambique Territories XPA-XPZ Denmark 
D2A-D3Z Angola HZA-HZZ Saudi Arabia XQA-XRZ Chile 
D4A-D4Z Cape Verde IAA-IZZ Italy XSA-XSZ China 

Republic JAA-JSZ Japan XTA-XTZ Upper Volta 
D5A-D4Z Liberia JTA-JVZ Mongolia XUA-XUZ Khmer Republic 
D6A-D6Z State of the JWA-JXZ Norway XVA-XVZ Viet-Nam 

Comoros JYA-JYZ Jordan XWA-XWZ Laos 
D7A-D7Z Republic of Korea KAA-KZZ USA XXA-XXZ Portuguese Over-
H3A-H3Z Panama LAA-LNZ Norway seas Provinces 
L2A-L9Z Argentina LOA-LWZ Argentina XYA-XZZ Burma 
P2A-P2Z Papua New Guinea LXA-LXZ Luxembourg YAA-YAZ Afghanistan 
S2A-S3Z Bangladesh LYA-LYZ Lithuania YBA-YHZ Indonesia 
S6A-S6Z Singapore LZA-LZZ Bulgaria YIA-YIZ Iraq 
S7A-S7Z Republic of the MAA-MZZ UK of Gt Britain YJA-YJZ New Hebrides 

Seychelles & N Ireland YKA-YKZ Syria 
S8A-S8Z Transkei NAA-NZZ USA YLA-YLZ Latvian SSR 
AAA-ALZ USA OAA-OCZ Peru YMA-YMZ Turkey 
AMA-AOZ Spain ODA-ODZ Lebanon YNA-YNZ Nicaragua 
APA-ASZ Pakistan OEA-OEZ Austria YOA-YRZ Roumania 
ATA-AWZ India OFA-OJZ Finland YSA-YSZ El Salvador 
AXA-AXZ Australia OKA-OMZ Czechoslovakia YTA-YUZ Yugoslavia 
AYA-AZZ Argentina ONA-OTZ Belgium YVA-YVZ Venezuela 
BAA-BZZ China OUA-OZZ Denmark YZA-YZZ Yugoslavia 
CAA-CEZ Chile PAA-PIZ Netherlands ZAA-ZAZ Albania 
CFA-CKZ Canada PJA-PJZ Netherlands Antilles ZBA-ZJZ UK Overseas 
CLA-CMZ Cuba PKA-POZ Indonesia Territories 
CPA-CPZ Bolivia PPA-PYZ Brazil ZKA-ZMZ New Zealand 
CQA-CRZ Portuguese Over- PZA-PZZ Surinam ZNA-ZOZ UK Overseas 

seas Provinces RAA-RZZ USSR Territories 
CSA-CUZ Portugal SAA-SMZ Sweden ZPA-ZPZ Paraguay 
CVA-CXZ Uruguay SNA-SRZ Poland ZQA-ZQZ UK Overseas 
CYA-CZZ Canada SSA-SSM Egypt Territories 
DAA-DTZ Germany SSN-STZ Sudan ZRA-ZUZ Rep of South Africa 
DUA-DZZ Philippines SUA-SUZ Egypt ZVA-ZZZ Brazil 
EAA-EHZ Spain SVA-SZZ Greece 2AA-2ZZ UK of Gt Britain 
EIA-EJZ Eire TAA-TCZ Turkey & N Ireland 
EKA-EKZ USSR TDA-TDZ Guatemala 3AA-3AZ Monaco 
ELA-ELZ Liberia TEA-TEZ Costa Rica 3BA-3BZ Mauritius & 
EMA-EOZ USSR TFA-TFZ Iceland Dependencies 
EPA-EQZ Iran TGA-TGZ Guatemala 3CA-3CZ Equatorial Guinea 
ERA-ERZ USSR THA-THZ France & Overseas 3DA-3DM Swaziland 
ESA-ESZ Estonia Territories 3DN-3DZ Fiji 
ETA-ETZ Ethiopia TIA-TIZ Costa Rica 3EA-3FZ Panama 
EUA-EWZ Bielorussian SSR TJA-TJZ Cameroon 3GA-3GZ Chile 
EXA-EZZ USSR TLA-TLZ Central African 3HA-3UZ China 
FAA-FZZ France & Overseas Republic 3VA-3VZ Tunisia 

Territories TNA-TNZ Congo 3WA-3WZ Viet-Nam 
GAA-GZZ UK of Gt Britain TRA-TRZ Gabon 3XA-3XZ Guinea 

& N Ireland TSN-TSZ Tunisia 3YA-3YZ Norway 
HAA-HAZ Hungary TTA-TTZ Chad 3ZA-3ZZ Poland 
HBA-HBZ Switzerland TUA-TUZ Ivory Coast 4AA-4CZ Mexico 

4DA-4IZ 
4JA-4LZ 
4MA-4MZ 
4NA^OZ 
4PA-4SZ 
4TA-4TZ 
4UA-4UZ 
5AA-5AZ 
5BA-5BZ 
5CA-5GZ 
5HA-5IZ 
5JA-5KZ 
5LA-5MZ 
5NA-5OZ 
5PA-5QZ 
5RA-5SZ 
5TA-5TZ 
5UA-5UZ 
5VA-5VZ 
5WA-5WZ 
5XA-SXZ 
5YA-5ZZ 
6AA-6BZ 
6CA-6CZ 
6DA-6JZ 
6KA-6NZ 
6PA-6SZ 
6TA-6UZ 
6VA-6WZ 
6XA-6XZ 
6YA-6YZ 
6ZA-6ZZ 
7AA-7IZ 
7JA-7NZ 
7OA-7OZ 
7PA-7PZ 
7QA-7QZ 
7RA-7RZ 
7SA-7SZ 
7TA-7YZ 
7ZA-7ZZ 
8AA-8IZ 
8JA-8NZ 
8OA-8OZ 
8PA-8PZ 
8QA-8QZ 
8RA-8RZ 
8SA-8SZ 
8TA-8YZ 
8ZA-8ZZ 
9AA-9AZ 
9BA-9DZ 
9EA-9FZ 
9GA-9GZ 
9HA-9HZ 
9IA-9JZ 
9LA-9LZ 
9MA-9MZ 
9NA-9NZ 
9OA-9TZ 
9UA-9UZ 
9VA-9VZ 
9WA-9WZ 
9XA-9XZ 
9YA-9ZZ 

Philippines 
USSR 
Venezuela 
Y ugoslavia 
Sri Lanka Republic 
Peru 
UN 
Libya 
Cyprus 
Morocco 
Tanzania 
Colombia 
Liberia 
Nigeria 
Denmark 
Malagasy Republic 
Mauritania 
Niger 
Togo 
Western Samoa 
Uganda 
Kenya 
Egypt 
Syria 
Mexico 
Korea 
Pakistan 
Sudan 
Senegal 
Malagasy Republic 
Jamaica 
Liberia 
Indonesia 
Japan 
Yemen 
Lesotho 
Malawi 
Algeria 
Sweden 
Algeria 
Saudi Arabia 
Indonesia 
Japan 
Botswana 
Barbados 
Maldive Republic 
Guyana 
Sweden 
India 
Saudi Arabia 
San Marino 
Iran 
Ethiopia 
Ghana 
Malta 
Zambia 
Sierra Leone 
Malaysia 
Nepal 
Zaire 
Burundi 
Singapore 
Malaysia 
Rwanda 
Trinidad & Tobago 

TABLE 19.9 
Allocation of international callsign series 

except where the transmitter is designed only for low power 
it is desirable to have some easy means of reducing power 
input whenever conditions permit. Cross town contacts may 
be carried on with very low power indeed and a great deal 
of interference to other stations avoided. Local contacts 
should be arranged to take place on frequencies which are 
not open and in use for long distance working, and 28MHz 
is an ideal band to use for the purpose during sunspot minima. 

STATION LAYOUT 

Before starting to construct equipment it is desirable to 
have some idea of the ultimate layout of the completed 
station, for the physical size of the various units will, to some 

extent, depend on whether a table-top, bureau-bookcase, 
cupboard, rack and panel, or console assembly will be used. 
This in turn will de pend on the amount of space that can be 
devoted to the station. Nowadays it is relatively easy to 
construct gear, capable of being operated at the full per¬ 
missible input power, to occupy very little space, and the old 
rack and panel layout is virtually obsolete. This is the result 
of the availability of semiconductor devices and miniaturized 
components, and the need for effective screening of the 
modern transmitter as a precaution against tvi. 

Choosing a Site 
Amateur stations have been set up in many different 

places in and around the home, the location obviously 
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Fig 19.1. Typical table-top arrangement of an amateur station. A 
suitable operating table may be made from a standard flush door 
polished and supported on two cupboards or two two-drawer filing 

cabinets. 

depending on domestic circumstances, the available accom¬ 
modation, and the operator’s ambitions. Ideally the best 
arrangement is for a small room to be set aside for the 
station. Not only does this provide the maximum comfort 
and quietness for operating, but also affords complete safety 
from danger for other members of the family. However, there 
are other quite suitable places in most homes. 

Very efficient installations have been set up in cupboards 
under staircases, built into bureaux or cupboards in down¬ 
stairs rooms or in sheds in gardens. All these places suffer 
from some drawback that does not exist for the lucky person 
who can devote a whole room to his station. The site under 
the staircase will inevitably be small, dark, and difficult to 
ventilate (a most important factor when extended operating 
periods are anticipated), and the station in the downstairs 
room shared with other members of the family will often be 
noisy, while the garden shed may be too cold and damp in 
the winter and too hot in the summer, besides being less 
accessible. The choice must be made by each individual, 
preferably in consultation with the rest of the family, after 
weighing the pros and cons of each alternative. The decision 
should take into account the siting of aerials—which should 
be as near to the transmitter as possible—and conversely as 
far from television aerials as can be arranged. The accessi¬ 
bility of power points should also be borne in mind, and also 
the availability of suitable earthing for the equipment. The 
aim should be to arrange that operating, even over long 
periods, is a pleasure so that maximum efficiency is obtained. 

Station Wiring 

The care that has gone into the construction of equipment 
should be continued when linking it together. Connecting 
cables should be short and concealed wherever possible. It 
is advisable to use connecting leads of differing colours since 
not only does this facilitate rapid servicing but it is also a 
safety precaution. A most important point to be watched 
where several plugs and sockets are to be used to carry 

different voltages is never to use identical components 
because it is only too easy to make an expensive mistake and 
put a wrong plug in a socket. In these days of the existence 
of a large amount of imported equipment, wired for II0V ac 
input, it is a good plan to feed the mains from a Variac or 
auto-transformer to a distribution board with three-pin 
sockets of a type different from all the 230V power sources. 
The 110V gear is then fitted with plugs which will only enter 
the 110V sockets and what would be an expensive disaster 
cannot occur! 

Circuit diagrams of all equipment should be kept readily 
available, as this is an obvious aid to rapid and efficient 
servicing. Diagrams of all the interconnecting wiring will also 
be found to be invaluable. 

Switching 

The ideal number of switches to be used to change the 
equipment from the receive to the send position is none! 
The most convenient arrangement is to have vox operation 
when operating on ssb, and full break-in when using cw. 

If the portion of the circuit where the transmitter is keyed 
carries a high voltage it is vital to key it through a relay. In 
any case a keying relay should be used whenever the leads 
from the keyed circuit to the key are of any appreciable 
length (see Chapter 8 for further details). 

Arranging the Equipment 

A typical arrangement of the equipment that goes to make 
up the average station is shown in Fig 19.1, but there are, 
of course, many other ways of assembling the various items 
according to personal preference. One of the most important 
features of the station is the operator’s chair, which should 
be as comfortable as possible. From the operating position, 
all the main controls should be within easy reach, and all 
meters clearly in view. 

The transmitter should be sited so that aerial feeders can 
be connected with the minimum of bends and of length 
within the room. If spaced feeder is being used this should 
be kept as far as possible from other objects. Ideally feeders 
should pass through a small window. Replacement of the 
glass with Perspex for easier drilling is not recommended 
(see Chapter 12). 

The morse key is normally placed on the right side of the 
operating surface but should be located for maximum com¬ 
fort during long periods of use. Small pieces of insulating 
tape folded beneath the feet of the key will help to stop 
any tendency for it to wander around on the bench. The 
microphone can be located in any convenient position on the 
desk. A good flat area, with sufficient space to accommodate 
the key, microphone, log, and a scribbling pad is essential 
for comfortable operating. 

SAFETY PRECAUTIONS 

Safety is of paramount importance and every precaution 
should be taken to ensure that the equipment is perfectly 
safe, not only for the operator himself but also for the other 
members of the household, or visitors. Double-pole switches 
should be used for all ac supply circuits, and interconnected 
switches should be fitted to home constructed equipment so 
that no part of it can have high voltage applied to it until the 
valve heaters and low power stages have been switched on. 
This precaution may not only save the life of the operator, 
but also protects the transmitter against damage. 
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FEEDLINE FROM 

Fig 19.2. Lightning arrester. This arrangement is suitable for all 
types of twin-feeder systems. The mounting board should be of 
fireproof insulating material. Metal can be used provided that the 
spacing between the feeder and earth gaps is considerably smaller 
than the distance between the feeder gaps and the metal plate. 

It should be possible to turn off power to the entire station 
by operating one master switch, located in a very prominent 
position, and all members of the household should know 
that in the event of an emergency this must be switched off 
before anything is touched. 

All aerials should be protected against lightning, either by 
the provision of a lightning conductor in the immediate 
vicinity, or by the use of lightning arresters. The con¬ 
struction of a suitable spark-gap arrester for use with open 
wire feeders is shown in Fig 19.2. Arresters for coaxial cable 
are also available. Great care should be exercised before 
touching feeders which have been disconnected during a 
thunderstorm as they may hold a dangerous charge for a 
considerable time afterwards. Further information on 
lightning protection is given in Chapter 12. 

An often overlooked precaution concerns the current 
carrying capability of the mains supply to the station. A 
150 watt amateur station fully equipped with ancillary 
apparatus can draw quite a heavy current from the supply, 
and when assembling the equipment it is important to cal¬ 
culate the current that will be drawn when everything is in 
use and to check that the house wiring will carry this amount. 
If there is any doubt new wiring should be installed. 

It is most important that every amateur should develop a 
strict code of safety discipline for use when handling his 
equipment. It should be the rule never to work on equipment 
which is plugged into the ac supply if this can possibly be 
avoided. However, there are occasions when this is un¬ 
avoidable and under these circumstances the following pre¬ 
cautions should be followed: 

(1) Keep one hand in a pocket. 
(2) Never wear headphones. 
(3) Be certain that no part of the body is touching an 

object which is earthed and use a rubber or similar 
non-conductive covering over concrete floors. 

(4) Use insulated tools. 
Before working on equipment of any kind, plugged into the 
mains or not, it is vital to make sure that all filter capacitors 
are fully discharged—these are capable of retaining what 
could be a lethal charge for a considerable time. 

The vast majority of shocks sustained from electrical 
apparatus are derived from the 240 volt mains line lead. 
Every year there are 100 or more deaths in the UK due to 
electrocution, mostly as a result of accidental contact with 

mains voltage. There is evidence to suggest that because of the 
different physiological effects, those who receive shocks 
from voltages of more than 1000 volts have a better chance 
of survival than those subjected to severe medium voltage 
shocks. Voltages as low as 32 volts have been known to cause 
death—as the jingle says: “It’s volts that jolts, but mils that 
kills.” 

The danger of electrocution is increased where the victim’s 
skin resistance is lowered by dampness or perspiration, or 
where he grips an extensive area of “live” metal while in 
good contact with earth. It is against this second possibility 
that particular care is needed in amateur stations. 

A particular hazard is equipment which has a mains con¬ 
nected chassis which is being used under conditions for 
which it was not intended. All modern British television sets 
and a fair proportion of domestic broadcast receivers fall 
into this category; not only the “ac/dc” sets but also—and 
this is not always appreciated—a large proportion of “ac 
only” models. These sets are built to comply with the British 
Standards safety specification (BS 415) which, among other 
precautions, lays down that it should be impossible for the 
little finger to touch any part of the chassis, and also specifies 
that double pole on-off switches are used. Old radio sets, 
especially pre-war models, often do not comply with these 
standards, or may have damaged backs, or be used with 
exposed control spindles or grub screws. If there is any such 
equipment in your station, the exposed parts should be 
checked with a neon to make certain that they are not “live” 
with the on/off switch in either position. Remember that a 
single pole switch in the neutral lead will leave the chassis 
“live” even with the set apparently turned off. After such 
checks have been carried out non-reversible plugs should be 
fitted to ac supply leads. 

It is wise to check all three-pin supply sockets in the 
house to see whether they have been correctly wired ; all too 
often this is not the case. A three-pin socket with the “earth” 
socket at the top should have the “neutral” socket on the 
bottom left, and the live “line” socket on the bottom right— 
these directions apply when looking into the socket and must 
of course be reversed when looking at the back of the 
socket for wiring purposes (see Fig 19.3). Correct colour 
coding of leads is now: “Live”, brown; “Neutral”, blue; 
“Earth”, yellow and green. It is very important to note that 
this coding may not apply to the wiring on some imported 
equipment, and the manufacturer’s instructions should be 
very carefully studied before plugging into the supply. The 
use of modern fused plugs is recommended. 

An even greater hazard, because it is seldom anticipated, 
can arise under fault conditions on equipment fitted with a 
double wound (ie “isolating”) transformer of the type so 
often used in amateur equipment. It is by no means unusual 
or unknown for the primary winding to short circuit to the 
screening plate between the primary and secondary, the core, 
or to one of the secondary windings, so that the chassis of the 
equipment becomes “live”. Such equipment will often con¬ 
tinue to operate quite normally and can thus represent a very 
real danger over a considerable period. The best safeguard 
against this danger is to ensure that the screening plate 
between the primary and the other windings, the core, and 
the chassis, are all effectively earthed. The earth connection 
must be of very low resistance otherwise the supply fuses 
may not blow. These fuses should be of the minimum 
practicable rating—it is no use having a 5OÍ2 resistance to 
earth and a 10A fuse—if this should be the case the size 
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Fig 19.3. The correct wiring for three-pin plugs and sockets. To test 
that a socket is correctly wired, a lamp should light if connected 
between “L” and “N” or “L” and “E” but not when connected 
between **N” and “E”. A neon bulb will glow when touched against 

“L”. 

of the electricity bills may be surprising, but the hazard is 
likely to remain undetected ! 

Another source of danger is the electric tool which has 
developed a fault and which has a “live” casing. This can 
happen, for example, with soldering irons and electric drills. 
The modern electric drill is designed with this danger in 
mind, but even so it should be remembered that in industry 
it is recommended that such tools should only be used in 
“earth free” areas—which is far from the state of affairs in 
the average amateur installation. A very careful check should 
be kept on the leads to all such tools, and any "tingles” felt 
when they are in use must be investigated immediately. 

Many amateurs fit extra power sockets in their stations 
and the control arrangements may call for quite a lot of 
semi-permanent ac wiring and switching. 

In the UK these should always conform with the high 
standards laid down in the IEE Wiring Regulations. These 
are rather formidable reading for the non-professional but a 
number of books giving sound advice on modern wiring 
practice, based on the IEE recommendations, have been 
published and can often be obtained from local libraries. 
Advice can also be obtained from the offices of local 
electricity boards. 

In most countries overseas, similar regulations exist and 
operators in these areas are recommended to obtain copies 
or seek the advice of the supply authorities. Finally, taking 
the worst possible event into consideration the operator and 
members of his household are advised to familiarize them¬ 
selves with the procedures for the treatment of electric shock. 

INSURANCE 

While every amateur will try to construct and maintain 
his station so that it is completely safe for himself and any 
others who may visit it, there is always the possibility that 
an accident may occur. Owing to a component failure a 
visitor may receive an electric shock, or an aerial or mast may 
fall and injure someone or damage property. Such an 
occurrence can result in a legal action, and in these days can 
result in the award of very substantial damages against the 
person held to be responsible for the accident. This risk can, 
and should, be insured against, either by an extension to the 
existing Householder's Comprehensive policy or by taking 
out a separate public liability policy if only fire insurance is 
held. The annual premium for this will only be quite a small 
amount and readers cannot be too strongly urged to consult 
their insurance advisers over this matter. 

It is a wise precaution to have a fire extinguisher of the 
type suitable for use on electrical equipment in the radio 
room. The best type is that w hich directs a stream of carbon 
dioxide gas on to the burning area; the powder and carbon 
tetrachloride types may be used but are liable to cause further 
damage to such electrical equipment with which they come 
into contact. 
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SAFETY RECOMMENDATIONS FOR 
THE AMATEUR RADIO STATION 

1. All equipment should be controlled by one master switch, the position of which should be well known 
to others in the house or club. 

2. All equipment should be properly connected to a good and permanent earth. (Note A.) 
3. Wiring should be adequately insulated, especially where voltages greater than 500V are used. Terminals 

should be suitably protected. 
4. Transformers operating at more than 100V rms should be fitted with an earthed screen between the 

primary and secondary windings. 
5. Capacitors of more than 0 01pF capacitance operating in power packs, modulators, etc (other than for 

rf bypass or coupling) should have a bleeder resistor connected directly across ¡their terminals. The 
value of the bleeder resistor should be low enough to ensure rapid discharge. A value of 1/C megohms 
(where C is in microfarads) is recommended. The use of earthed probe leads for discharging capacitors 
in case the bleeder resistor is defective is also recommended. (Note ß). Low leakage capacitors, such as 
paper and oil filled types, should be stored with their terminals short-circuited to prevent static charging. 

6. Indicator lamps should be installed showing that the equipment is live. These should be clearly visible 
at the operating and test position. Faulty indicator lamps should be replaced immediately. Gas filled 
(neon) lamps are more reliable than filament types. 

7. Double-pole switches should be used for breaking mains circuits on equipment. Fuses of correct rating 
should be connected to the equipment side of each switch. (Note C.) Always switch off before changing a 
fuse. The use of ac/dc equipment should be avoided. 

8. In metal enclosed equipment install primary circuit breakers, such as micro-switches, which operate 
when the door or lid is opened. Check their operation frequently. 

9. Test prods and test lamps should be of the insulated pattern. 
10. A rubber mat should be used when the equipment is installed on a floor that is likely to become damp. 
11. Switch off before making any adjustments. If adjustments must be made while the equipment is live, 

use one hand only and keep the other in your pocket. Never attempt two-handed work without switching 
off first. Use good quality insulated tools for adjustments. 

12. Do not wear headphones while making internal adjustments on live equipment. 
13. Ensure that the metal cases of microphones, morse keys, etc, are properly connected to the chassis. 
14. Do not use meters with metal zero adjusting screws in high voltage circuits. Beware of live shafts pro¬ 

jecting through panels particularly when metal grub screws are used in control knobs. 
15. Aerials should not, under any circumstances, be connected to the mains or other ht source. Where 

feeders are connected through a capacitor, which may have ht on the other side, a low resistance de 
path to earth should be provided (rf choke). 

* * * 
Note A.—-Owing to the common use of plastic water main and sections of plastic pipe in effecting repairs, 

it is no longer safe to assume that a mains water pipe is effectively connected to earth. Steps must be taken, 
therefore, to ensure that the earth connection is of sufficiently low resistance to provide safety in the event 
of a fault. Checks should be made whenever repairs are made to the mains water system in the building. 

Note B.—A “ wandering earth lead ” or an “ insulated earthed probe lead ” is an insulated lead permanently 
connected at one end to the chassis of the equipment; at the other end a suitable length of bare wire is 
provided for touch contacting the high potential terminals to be discharged. 

Note C.—Where necessary, surge-proof fuses can be used. 
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CHAPTER 20 

AMATEUR SATELLITE 
COMMUNICATION 

RECENT years have seen a considerable growth in the 
use of amateur artificial satellites for long-distance vhf 

communication. Improvements in amateur equipment and 
the satellites themselves are bringing what was once a very 
specialized field into the mainstream of amateur activity. 
It is however possible that many amateurs are still suffering 
disappointment in their attempts to use this method of 
communication, due to an inadequate knowledge of the 
fundamentals of satellite orbital geometry. This topic is 
therefore dealt with in some detail below before the aspects 
of station equipment are considered. 

Unlike the moon, amateur satellites in orbit relatively 
close to the earth’s surface appear to move rather rapidly 
across the sky from horizon to horizon. How long the 
satellite will be within the range of a station is dependent 
on two factors: (i) the altitude of the satellite, and (ii) 
the distance it will be at the point of closest approach to 
the station. The longest duration at any altitude will occur 
on orbits that pass directly over the station location. The 
duration will decrease for orbits that pass further away from 
the station. For instance, a satellite in a 1,000-mile orbit 
would be within “line of sight” range for about 25min 
on an overhead pass, about 20min when it comes only 
within 1,000 miles of a ground station and only about 
10min with a 2,000-mile distance of closest approach. 
When using a satellite for two-way communication it is 

necessary to take into consideration the length of time the 
satellite will be within the simultaneous range of all the sta¬ 
tions involved. The higher a satellite is the greater the 
effective range a ground station using it will have. Since 
higher satellites will be further away from the ground station, 
signal strengths will be smaller due to path losses unless 
either more powerful transmitters or higher gain receiving 
systems are used. The greater the point-to-point distance 
between the user and the satellite, the more power or gain 
will be needed to maintain adequate signal levels. Therefore, 
although high altitude satellites will allow contacts with more 
distant stations, a more elaborate station will be needed, or a 
satellite with larger transmitters and aerials. 

GEOMETRY OF ORBITING SATELLITES 

The laws governing the characteristics of one object 
rotating around another were established long before com¬ 
munication satellites were thought of. The motion of the 
planets around the sun has been a subject of study for a great 
many years, and the laws that have been derived from these 
observations are equally applicable to man-made satellites 

placed in orbit around the earth. It is not intended to derive 
these laws here, but merely to show how most of the informa¬ 
tion required for calculating orbital parameters for a satellite 
can be obtained from a few simple equations. 

The force of attraction between any two objects is defined 
in the basic laws of physics as being proportional to the 
masses of the two objects divided by the square of the 
distance between them. This may be written as 

rn, X m2
F=

where and m2 are the two masses and d is the distance 
separating them. 

This concept is analogous to the property of magnetism 
where the force of attraction between two magnets (with 
opposite polarity) increases as the strength of either, or both, 
magnets is increased, and decreases as they are moved 
apart. 

The other main factor to be considered is that when an 
object rotates around a point, there is a force generated that 
tends to make the object move away from the centre of 
rotation. This can be likened to spinning a weight around on 
a piece of string; the heavier the weight and the faster it is 
spun the greater is the force pulling the weight away. This 
force is known as the centrifugal or centripetal force and 
can be written mathematically as 

where m is the mass of the object, v its velocity and d is the 
distance from the centre of the orbit to the object (or the 
length of string in the analogy). 

Now consider the situation where there are two objects 
separated by a distance d, and one of the objects is rotating 
around the other, see Fig 20.1. If all extraneous effects are 
ignored, a condition of equilibrium will exist when the two 
forces previously mentioned (ie P and F), completely balance 
out. In this situation the outward, or centrifugal force, P, 
is equal to the force of attraction F, but in the opposite 
direction : thus there is no residual force causing the separa¬ 
tion of the two objects to alter. The mathematical expression 
for this state of equilibrium is 

mtv2 _ m¡m2
~d d^ ' ' W

As before, and m2 are the masses of the two objects 
separated by a distance d, and v is the velocity of the rotating 
object. 
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Fig 20.1. A state of equilibrium exists when the centrifugal force 
P is equal to the force of attraction. 

Taking the situation of a satellite in orbit around the 
earth, d is the sum of the radius of the earth R (6,375km) 
and the height of the satellite orbit h. 

Equation (i) can then be re-arranged to give 

R + h 
The circumference of the orbit is given by Z = 2tt(Æ + A). 
If the time required to complete one revolution (known as 
the orbital period) is t then from the general relationship 
of velocity = distance 4- time it can be seen that 

2tt(Æ + h) 

and that by substituting this in equation (ii) we can arrive 
at the following expression for the period: 

t = 2tt(R + h) / —? " 
\ nk 

. ..(iii 

This shows that the orbital period of a satellite is com¬ 
pletely independent of the weight of the satellite and depends 
only on the height of the orbit. The parameter m2 is the 
gravitational mass of the earth and has a value of 
398,600km3/s2. 

In the following calculation we shall take as an example 
the orbit of Oscar 6 which had a mean altitude of 1,460km. 
In fact the orbit was not completely circular but the variations 
cause very minor errors to the calculations. By substituting 
this value of h in equation (iii) the period is 

t = 2tt(6,375 + 1,460) 6,375 +1,460 -seconds 
398,600 

= 6,900s or 115min. 

Thus the satellite would complete about 12| orbits each 
day. Fig 20.2 shows how the satellite period varies for typical 
values of altitude. Another example that will be considered 
later is where the satellite altitude is 35,800km, which gives 
rise to an orbital period of 24h. 

Many of the terms used in orbital geometry are self-
explanatory but others may not be so obvious and the more 
important ones are listed below. 

Sub-satellite point: this is the point on the earth that lies 
directly below the satellite. At this point the distance to the 
satellite is a minimum. 

Ascending and descending nodes: a node is the point at 

Fig 20.2. The time for which a satellite can be seen varies with the altitude of the satellite according to this chart. 

20.2 



AMATEUR SATELLITE COMMUNICATION 

Fig 20.3. The geometry of a satellite orbit, showing the half angle 
of visibility (</>) and the slant height (hs). 

which a satellite’s sub-satellite point crosses the earth’s 
equator. If it crosses from south to north it is called an 
ascending node, from north to south a descending node. 

Half angle of visibility : referring to Fig 20.3, this is the angle 
<£. It represents half the coverage angle of the satellite which 
is subtended at the centre of the earth. It can be calculated 
from the following expression. 

, K cos ó --
r R + h 

Slant height: the distance from a point on the earth to 
the satellite. The maximum slant height is when the location 
is at point A on Fig 20.3 and is given by 

h = R tan <t> 

Slant range: the sum of the slant heights between two 
points on the earth, via the satellite. The maximum slant 
range will be twice the maximum slant height, ie 2 R tan It 
is necessary to know these distances when calculating the 
path losses for the up and down link paths. 

Map range: the maximum great circle distance between 
two points on the earth that can simultaneously see the 
satellite. In Fig 20.3 this is the length of the arc APA' and 
can be shown to be equal to (220 x $)km, where is in 
degrees. 

For Oscar 6 the above parameters are as follows: 
Half angle of visibility 35-5° 
Slant height 4,550km 
Slant range 9,100km 
Map range 7,900km 

As stated before these values are all determined solely by the 
altitude of the satellite. 

Doppler Shift 

The movement of a satellite relative to the ground station 
results in a change in frequency of signals received in either 
direction. This change, known as Doppler shift, can be 
determined from the formula : 

Fig 20.4. Doppler shift in relation to frequency and orbital height. 

fdcom — 3’36 Çfup fdown) V 
where is shift on each side of the centre frequency 

fup is frequency of ground station transmitter (uplink) 
in MHz 
fdmn is frequency of the satellite repeated signal 
(downlink) in MHz 
V is speed in kilometres per second from equation (ii). 

Maximum Doppler shift will occur on overhead passes. It 
can be seen in the formula that Doppler shift is a function of 
frequency as well as speed and is greater at higher frequencies. 
Fig 20.4 indicates the total shift that may be expected at 
various altitudes and frequencies. 

This shift in frequency of course must be taken into account 
when tuning receivers and transmitters. The frequency of a 
satellite moving toward a ground station will appear higher 
than the actual satellite transmission frequency and will drop 
as the satellite approaches until at the exact point of closest 
approach when it will be on the true frequency. Past this 
point the received signal will continue to drop lower in 
frequency as the satellite moves away from the ground 
station. Problems of tuning transmitter frequency are 

approach 

Fig 20.5. Variation of Doppler shift as the satellite passes a receiving 
station. The received frequency is at its nominal value when the 
satellite is at its nearest point, ie when its relative velocity is zero. 
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Fig 20.6. The satellite can be seen for its longest period when it 
passes directly overhead. Points B and B' are the furthest at which 

the satellite can be seen. 

reduced when a satellite receiver and transmitter frequencies 
are sufficiently far apart to permit a station to monitor its 
downlink while it is transmitting, for example, when the 
uplink is on 144MHz and the downlink is on 28MHz. This 
allows maximum efficiency of spectrum use since mutual 

interference by more than one station on the same frequency 
can be immediately detected. 

The maximum Doppler shift of a signal from a satellite 
beacon is: 

= 3-36(/„ V) 
where is the Doppler shift occurring each side of the 

beacon centre frequency (in Hz) 
is the frequency of the satellite beacon transmitter 

(in MHz) 
V is the speed of the satellite (in kilometres per second). 
Values for v can be found from equation (ii). 

Longitude Increment 

After each orbit of the satellite the earth will have rotated 
a certain amount so the satellite will appear above a different 
point on the earth. It is convenient to choose a location on 
the equator as a reference point and determine how far the 
earth will have rotated during one complete satellite orbit. 
The earth completes one orbit in 24h, which is Io every 
4min; so if the period of the satellite is 115min, the earth 
will have rotated by 28-75° after each orbit. In other words 
the longitude of the point at which the satellite crosses the 
equator is increased by 28-75° per orbit. 

Maximum Satellite Visibility Time 

Fig 20.6 shows a satellite whose orbit passes directly over 
the earth station at point P; at this situation the satellite 
is visible for a maximum length of time. The actual duration 
of the pass depends on the velocity of the satellite which, 
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as has already been shown, is determined by its altitude. 
The satellite completes one complete orbit, or 360°, in its 
period t: therefore to travel from the point B to B' on the 
orbit will take 2^/360 x ~ where is the half angle of visibility 
referred to earlier. For Oscar 6 was 35-5°, hence the maxi¬ 
mum time for which the satellite was in direct line-of-sight 
was 22-7min. 

In practice most satellite passes will not be overhead and 
the duration of the pass will consequently be reduced. Fig 
20.2 shows how the time for which a satellite is visible varies 
with the altitude of the satellite. In calculating the time for 
which a given satellite may be seen, two satellite positions 
have been identified. These arc B and B' in Fig 20.6, which 
are known as the point of acquisition of the satellite (AOS) 
and the point of loss of the satellite (I.OS) respectively. It 
should be remembered that these positions are based on 
line-of-sight criteria and observations have shown that 
satellite signals may not be heard until after, or in some cases 
before the satellite rises above, or falls below, the horizon. 

Geosynchronous and Geostationary Orbits 

It has been shown in the derivation of equation (iii), p20.2, 
that the period of a satellite is determined by its altitude, 
and it has been noted that for a satellite altitude of 35,800km 
the orbital period is 24h. Thus the satellite would appear 
above a certain point on the earth at the same time every 
day; this is known as a geosynchronous orbit. 

If the orbit of the satellite is in the plane of the equator 
then both the earth and the satellite will rotate together and 
the satellite will always be above the same point on the 
earth; this is known as a geostationary orbit. One of the 
major advantages of this type of orbit is that the satellite 
always appears at the same point in the sky and hence there 
are no problems with orbit prediction and aerial tracking. 
With the much higher altitude of the satellite the coverage 
area is very greatly increased; a typical coverage area is 
given in Fig 20.7. 

The main drawback with this type of orbit is that the path 
losses are much higher than those experienced with the 
subsynchronous orbits used by present amateur satellites. 
However, if it does become possible to put an amateur 
satellite into a geostationary orbit there would almost 
certainly be a sufficient number of stations able to use it to 
justify such a project. If it is possible to bounce signals off 
the moon at a distance of 380,000km, it should not be too 
difficult to relay them via a satellite at 36,000km. 

Free Space Path Loss 

The reduction in signal level between two points varies as 
the inverse of the square of the distance between the points. 
Considering an isotropic aerial, ie one that radiates equally 
in all directions, the field strength at a distance d from a 
source of P watts will be 

Now the gain of an aerial is given by 

AstA 
G = ~ 

where A is the effective aperture and X is the wavelength. 
Hence, if an isotropic receiving aerial were placed at a 
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Fig 20.8. Nomogram for deriving the free space loss for various 
distances and frequencies. 

distance d from the source the received power level would 
be 

Pr = E X A = X 
4tt</2

GX2

4rr 

But G = 1 for an isotropic aerial, hence 

Pr = P x X2 

(4ttc/)2. 

The ratio of P to Pr is known as the loss between two iso¬ 
tropic aerials, or the free space path loss. Fig 20.8 shows 
a nomogram which enables a free space loss to be calculated 
for various frequencies (see also Chapter 11). 

TRACKING OF SATELLITES 

At hf, and to some extent vhf, it is possible to use relatively 
low-gain aerials that have very wide beamwidths and 
consequently do not have to be directed towards the satel¬ 
lite. However, as the frequency is increased the losses become 
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greater and it becomes necessary to employ aerials with 
higher gains and hence smaller beamwidths. Thus, in order 
to obtain the maximum signal from the satellite it is necessary 
to point the aerial in the right direction. 

To do this one needs to know the azimuth (heading) and 
elevation of the satellite as it progresses through the pass. 
A method for calculating this information for any satellite 
was published by W5PAG in the AM SAT Newsletter 
(December 1973) and this method is described below. 

Azimuth—elevation Contour Chart 

It is first necessary to draw a chart similar to Fig 20.9 
which gives the bearing required to direct the aerial towards 
a point of given latitude and longitude. The necessary 
steps are 

1. The great circle angle (ie the angle subtended at the 
centre of the earth) between the receiving station and 
the point on the earth which is directly below the satel¬ 
lite should be calculated. Fig 20.10 shows the great circle 
angle D and the other parameters required in the 
calculations. This angle can be calculated as follows: 

D = cos -1 (——— . cos V ) — y degrees 
\ R + h / 

where y is the elevation angle of the satellite at the 
station, R is the radius of the earth (6,375km) and h is 
the altitude of the satellite (1,460km). 

2. Next it is necessary to calculate the latitude of the point 
on the first bearing (say O') which corresponds to the 
elevation angle y. 

sin B = sin a cos D 4- cos a sin D cos C 
where B is the latitude of the point below the satellite, 
ie the sub-satellite point, a is the latitude of the receiv¬ 
ing station and C is the bearing to north (in this case 
0°). 

3. Finally, the corresponding longitude of the sub-satellite 
point should be calculated: 

sin C • sin D sin £ =-
cos B 

where £ is the difference in longitude between the sub¬ 
satellite point and the receiving station. 

Thus the latitude and longitude of a point corresponding 
to a particular elevation angle have been calculated, on a 

Fig 20.10. Q is the point on the surface of the earth which is directly 
beneath the satellite. The latitude is B and the longitude relative 

to the receiving station at P is L°. 
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Satellite Orbital Path 

Having drawn the chart it only remains to determine where 
the satellite will be at any given time. The only information 
that is required about the satellite is the orbit period and the 
angle of inclination of the orbit to the equatorial plane. The 
latitude of the sub-satellite point is given by: 

sin b sin (360z/r) x sin <¡> 
where / is the length of time after the satellite has crossed the 
equator, r is the satellite orbit period and 0 is the angle of 
inclination of the orbit. The values of 0 for Oscars 6 and 7 are 
101-77 and 101-71“ respectively. However, such a small 
difference is unlikely to cause any significant error. This 
angle is greater than 90 and the satellite orbit is referred to as 
retrograde, ic the orbit moves in a westerly direction as the 
earth moves from west to east. 

The corresponding longitude of the sub-satellite point at a 
time t after the equator crossing is given by: 

I = cos-1 [cos(360z/r) cos 6] ± r/4 
The factor r/4 is due to the rotation of the earth; the earth 
rotates by every minute. When the orbit is retrograde, ie 
when 0 is greater than 90 , i/4 is added, otherwise it is sub¬ 
tracted. 

As an exa nple, consider Oscar 7 which has a period of 
almost 115min and an orbital inclination of 101-7“. To find 
the location of the sab-satellite point these two values must be 
substituted in the equation above. The location at a time 
t = 18 nin after the satellite crosses the equator is obtained 
from: 

b sin 1 {sin [(360 x 18)/115] x sin (101-7)} = 54-6° 
and / = cos’1 {cos [(360 x 18)/l 15] cos (54-6} + 18/4 

= 21-5° 
If the longitude of the equator crossing is, say, 15 W and 

the satellite is in the ascending node (ie moving in a direction 
towards the North Pole), the sub-satellite point at 18min 
after the equator crossing will be 54-6“N and 15 + 21-5 
= 36-5°W. 
To plot the complete orbital path as shown in Fig 20.11 

the above calculations must be repeated for convenient 
intervals of time, say one or two minutes. The orbital path 
should be plotted on a transparent sheet so that it can be 
positioned over the elevation contour diagram. 

Using the Azimuth Elevation Chart 

Having completed both parts of the chart, it may now be 
used to determine the appropriate azimuth and elevation of 
the satellite at any time during its pass in the following way. 

The orbital path is first positioned on the elevation contour 
diagram and the equator lines on each are aligned. The 
equator crossing point on the orbital path overlay is posi¬ 
tioned at the longitude of the equator crossing of the particu¬ 
lar orbit. Most orbital data is given for the ascending node, 
although to calculate the descending node equator crossing 
all that is necessary is to subtract (180° — a/2) from the 
ascending node crossing point, where x is the longitude 
increment per orbit (28-7° for Oscar 7). 

With the overlay in position it is now possible to read off 
the corresponding azimuth and elevation of the satellite to a 
sufficient degree of accuracy for most purposes. 
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Fig 20.12. The overall noise figure comprises the noise temperatures 
of all components referred to a single point, usually the input to the 

first amplifier in the receiver. 

TYPICAL LINK BUDGET FOR AN AMATEUR 
SATELLITE 

All amateur satellites launched to date have been in sub-
synchronous orbits and, at best, have had only single axis 
stabilization, ie one axis of the satellite has been kept 
constant in relation to the earth. Thus, it has only been 
possible to make use of simple non-directional aerials on 
board the satellite. 

Transmitting Station Requirements 

To calculate the amount of power required from an 
amateur station to access a satellite it is first necessary to 
know the signal level required at the input to the satellite 
receiver. The level at the input of Oscar 6 for full output was 
— lOOdBm, which should remain typical for future satellites. 
The required ground station power is calculated as follows: 

Required signal level 
Effective satellite aerial gain 
Maximum slant range 
Free space path loss at maximum range 
Required ground station erp 

— lOOdBm 
• OdB 

4,550km 
149dB 
49dBm 

or l9dBW 

This corresponds to an effective radiated power (erp) of 
about 80W. The erp is the product of the aerial gain and the 
amount of power actually fed to the aerial (not to the 
feeder). This figure can be achieved either by feeding 80W 

Ampl if ier/M ix«r Sky Amplifier A 

Fig 20.13. In the microwave bands the low signal levels used call for 
low-noise receivers. An outline of a suitable receiver is shown here. 

to an omnidirectional aerial, or a lower level of power to an 
aerial with some gain. From an operating point of view it is 
better to use an omnidirectional aerial since no tracking of 
the satellite is necessary. At higher frequencies where the 
signal losses are greater it may not be quite so easy to 
generate high levels of rf power and it may become necessary 
to use high-gain aerials which require quite accurate methods 
of satellite tracking. 

Receiving Station Requirements 

For single sideband operation a signal-to-noise ratio of 
lOdB is an acceptable working level, although for cw work¬ 
ing much lower levels may be tolerated. A typical calculation 
is given below which derives the signal-to-noise ratio in a 
3kHz bandwidth for a signal received from a satellite 
delivering a peak power cf IW at 29MHz. An allowance of 
IOdB is made for other signals that may be present in the 
input passband of the satellite receiver. With low duty cycle 
types of modulation such as ssb and cw such an allowance 
would provide for about 50 transmissions through the 
satellite provided there are no excessively strong signals 
present. The received signal-to-noise ratio is calculated as 
follows: 

Satellite erp 
Multi channel loading 
Maximum slant range 
Free space loss 
Receiver aerial gain 
Received signal level 

Receiver noise bandwidth 
Receiver noise figure 
Noise power in receiver bandwidth 

OdBW (1W) 
— lOdB 
4,550km 

— l35dB 
OdB 

— !45dBW 

3kHz 
150dB 

- 154-3dBW 

hence signal-to-noise ratio = — 145 —(—154-3) 
= 9-3dB 

The receiver noise figure is mainly due to atmospheric 
noise. If the receiving station were situated directly below 
the satellite the path loss would be reduced by about lOdB 
and the signal-to-noise ratio correspondingly increased. A 
further improvement could be obtained by employing an 
aerial with some gain. 

Optimizing the Receiving System 

At hf the noise in a receiving system is generally swamped 
by the very high levels of atmospheric noise, sometimes 
known as sky noise (or temperature). The variation of this 
parameter with frequency is shown in Fig 20.12, which 
clearly shows that in the microwave bands the sky noise 
reduces to a level where the noise generated within the re¬ 
ceiver has a significant effect on the overall system perform¬ 
ance. Thus it is very important, for systems working at the 
low levels involved in satellite and moonbounce working, to 
reduce the internal receiver noise to the lowest possible 
value. In general this means using the minimum of feeder, 
and selecting amplifiers with the lowest noise figure consis¬ 
tent with useful gain. 

Fig 20.13 shows an outline diagram for a typical low-level 
receiver. An input filter is not shown since the loss introduced 
is highly undesirable, and the use of a receive filter should be 
avoided unless there is the likelihood of crossmodulation 
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from adjacent signals. (A filter will of course generally be 
required in the transmitter output.) 

To find the overall noise figure of a receiver it is usual to 
find the noise contribution of each element and refer this to 
one point in the receiver, normally the input to the first 
amplifier. This is done as follows. Sky noise—a typical value 
might be 100 K, which is the equivalent noise temperature 
at the output of the aerial. This noise signal will be attenuated 
by the feeder, which has a loss of IdB, or 1-26 as a ratio; 
therefore the equivalent sky noise temperature referred to 
the input of the amplifier is: 

292 = 79-4°K 
1-26 

The feeder not only has a loss but also increases the noise 
temperature. 

The noise temperature at the input end of the feeder is given 
by (1-26 — 1) X 290 = 75-3°K. The general expression is 
(loss as a ratio — 1) multiplied by the ambient temperature 
in degrees Kelvin. Hence the noise temperature referred to 
the amplifier input is : 

— = 59-8°K 
1-26 

The noise temperature of the amplifier is calculated from a 
similar expression to that for the feeder loss, ie (noise figure 
as a ratio — I) multiplied by the ambient temperature in 
degrees Kelvin, which in this case is (2 — I) x 290 = 290 K. 
The coupling loss between the two amplifiers has a noise 
temperature of 

^antilog — 1^ X 290 = 14-5°K 

This value is reduced by the amplifier gain when referred to 
the amplifier input, hence the equivalent noise temperature 
is 14-5/10 or T45°K. The mixer stage of the second amplifier 
usually has a much worse noise figure than the first amplifier, 
but the higher the gain of the first stage the lower the effect 
of following stages. An 8dB noise figure is equivalent to a 
noise temperature of (antilog 8/10 — 1) x 290 or 1,535°K, 
which is reduced to 

b— x 105 = 16UK 
10 

when referred to the input of the first amplifier. Thus the 
equivalent noise temperature at the input to the first has 
been calculated for each element. The total noise tempera¬ 
ture is simply the sum of each of the individual values: 
Sky noise 79-4 K 
Feeder loss 59-8 K 
1st amplifier 290°K 
Coupling loss 1-45 K 
2nd amplifier/mixer 161°K 

59I-7°K 
The noise figure is calculated from 

N = 101og 10 (¿+ l)dB 

where Tis the total equivalent noise temperature. Hence for 
the receiver considered the noise figure is 4-8dB. By doing 
this type of calculation it is possible to locate those areas in 

a receiving system that have a significant effect on the overall 
performance. In particular it can be seen what the effect is if 
the second amplifier cannot be ignored. 

AMATEUR SATELLITES LAUNCHED 
Oscar 1 

The first amateur satellite was designed and built by the 
Project Oscar group (Oscar is an acronym for Orbiting 
Satellite Carrying Amateur Radio). It was launched on 12 
December 1961 and consisted of a 100mW telemetry beacon 
operating on 144-98MHz. More than 5,000 reports of the 
satellite were received from 600 amateur stations during its 
three-week life. 

Oscar 2 
This satellite was launched on 2 June 1962 and operated 

for 18 days. Like Oscar 1 it carried a telemetry beacon in the 
2m band. 

Oscar 3 
This was the first “free access” satellite in the world, being 

launched on 9 March 1965, only one month before Early 
Bird. The transponder accepted signals within a 50kHz 
bandwidth centred on 1441 MHz and re-radiated them 
around 145-9MHz at a power level of 1W p.e.p. A 50mW 
telemetry beacon also radiated on 145-85MHz. Operation 
lasted for only two weeks, during which time more than 100 
stations communicated through the satellite, including two-
way transatlantic contacts. 

Oscar 4 
This was launched on 21 December 1965 and carried a 2m 

to 70cm transponder. Unfortunately the satellite failed to 
achieve its correct orbit and only operated long enough for 
about a dozen two-way contacts to be made. However, 
Oscar 4 does have the distinction of providing the first direct 
satellite communication link between the United States and 
the Soviet Union. 

Australis Oscar 5 (AO-5) 
The fifth amateur satellite was designed and constructed in 

Australia. A newly formed group, the Radio Amateur 
Satellite Corporation (AMSAT), checked the satellite for 
space operations before its launch on 23 January 1970. 
AO-5 carried telemetry beacons on 144 05MHz and 
2945MHz and the latter could be switched by ground 
command. Although no communication facility was pro¬ 
vided, AO-5 did provide valuable experience in telecommand 
systems, which are now standard. Also, the two beacons 
allowed investigation of anomalous propagation. 

AMSAT—Osearé 
Oscar 6 was launched on 12 October 1972 as part of the 

payload of a Thor-Delta rocket carrying the NOAA-2 
weather satellite. The orbital parameters were very similar 
to Oscar 5, allowing access to the satellite several times each 
day. The communication equipment comprised a 2m to 
10m transponder with a 100kHz bandwidth. The input 
frequency range was 145-90 to 146 000MHz and the output 
range 29-45 to 29-55MHz. 

Beacon signals were transmitted on 29-45MHz and 435-1 
MHz, although the latter failed after a short period of 
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Oscar 7 during vibration tests. The 2,304MKz quadrifilar aerial 
furnished by RCA can be seen at the top. 

operation. A new feature on Oscar 6 was the Codestore unit 
which was an 800-bit message storage unit capable of storing 
or playing back up to 18 words of morse code. The informa¬ 
tion from the Codestore unit was transmitted on the hf 
beacon signal by suitably keying the oscillator. The type of 
message transmitted via the Codestore ranged from satellite 
orbital data to telemetry parameters such as battery voltage 
and current drain. Oscar 6 was still functioning well after 
more than four years' operation, although times of operation 
were being restricted to conserve battery power. 

AMSAT—Oscar 7 

The next package from AMSAT was a satellite carrying 
two communications transponders and four beacons, three of 
which may be keyed by a Codestore unit similar to the one 
flown on Oscar 6. A brief summary of the characteristics of 
the satellite is given below. The satellite was launched on 
15 November 1975 from the Western Test Range in the USA. 
145 to 29MHz repeater. This is similar to the one flown on 
Oscar 6 except that the power output is increased to 2W 
p.e.p. The repeater will receive signals between 145-85 
and 145-95 MHz and re-radiate them between 29 4 and 
29 5MHz. There is also a beacon on 29-5O2MHz. The trans¬ 
mitter erp required to access the satellite is the same as for 
Oscar 6, ie about 80 to 100W. 
432 to 145MHz repeater. This repeater, like that above, is 
also a linear device and hence is more efficient with low duty 
cycles types of modulation such as cw or ssb. The input 
frequency range is 432125 to 432175MHz and the out¬ 
put, which is inverted, is transmitted between 145-975 

and 145-925MHz. There is also a telemetry beacon at 
145-980 MHz. For reasons of loading of the 2m satellite 
receiver it is not possible to operate both repeaters 
simultaneously. 

In order to access the repeater an effective radiated power 
of 80 or I00W is required, preferably by using a low-
gain aerial and a high-level power amplifier, since this 
reduces the need for continual tracking of the satellite. The 
output of the repeater is about 8W p.e.p. fed to a circularly 
polarized aerial, which helps to reduce fading of the signals. 
435 1 MHz telemetry beacon. This beacon is similar to that 
flown on Oscar 6, but does not operate when the 432 to 
145MHz transponder is in use. (The Doppler shift at this 
frequency will be up to ±8 4kHz). 
2,304MHz beacon. It was originally proposed to carry a 
beacon transmitter at the frequency, but due to authorization 
difficulties this was not possible. 

Geostationary Satellites 

Future amateur satellites planned for the immediate 
future are likely to use orbits similar to those of Oscar 5 or 
6, however it is possible that within the next decade an 
amateur satellite could be placed in a geostationary orbit 
(see p20.5). As mentioned previously a satellite in such an 
orbit remains in an almost constant position relative to the 
earth. There are slight variations in the actual position due 
to the fact that the orbit may not be truly equatorial, but 
those are not likely to be signicant with amateur aerials. 

The most appropriate frequency band for the downlink, 
ie satellite to earth, is probably 70cm (actually 435 to 
438MHz), since at this frequency it is relatively easy to 
achieve low receiver noise figures (2 to 3dB) and high aerial 
gains (20 to 25dB). For the uplink the choice is somewhat 
under debate but due to the ease at which high power levels 
may be generated 145M Hz seems to be the preferred solution. 

A power link for the above suggested choice of frequencies 
is given below. 

2m uplink 
Input level at satellite for full output 
Free space path loss 
Propagation loss 
Pointing and polarization loss 
Required ground station erp 
Ground station aerial gain 
Transmitter power 

— 130dBW 
- 168dB 
— IdB 
- 2dB 
41dBW 
20dB 
21dBW 

or 126W 

10cm downlink 
Satellite erp lOdBW 
Free space path loss 178dB 
Multichannel loading factor - lOdB 
Propagation loss —IdB 
Pointing and polarization loss — 2dB 
Ground station aerial gain 20dB 
Received signal level — 161dBW 
Receiver noise figure 3dB 
Signal bandwidth 3kHz 
Signal-to-noise ratio — 168dB 
Noise power -169d BW 

Thus it can be seen that communication via a geostationery 
satellite is quite within the existing capabilities of many 
amateur stations. 
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TABLE 20.3 
Amateur satellite allocations 

Frequency band 

7,000-7,100kHz 
14,000-14,250kHz 
21,000-21,450kHz 
28 0-297MHz 
144-146MHZ 
435-438MHz 
24-0-24 05G Hz 

Status 

Equal primary region 1,2 & 3 
Equal primary region 1,2 & 3 
Equal primary region 1,2 & 3 
Equal primary region 1,2 & 3 
Equal primary region 1,2 & 3 
Permitted subject to non-interference 
Equal primary. 24-125 ± 0-125GHz is 
also designated for industrial, scientific 
and medical purposes 

FREQUENCY ALLOCATIONS TO THE AMATEUR 
SATELLITE SERVICE 

In 1971 a world conference was convened by the Inter¬ 
national Telecommunication Union (ITU) in Geneva to 
allocate specific frequency bands to the various satellite 
services that either already existed or were proposed for the 
future. As far as amateurs were concerned this effectively 
meant designating certain existing allocations, or parts of 
them, as allocations to the Amateur Satellite Service. A 
complete list of the allocations is given in Table 20.1. 

COMMUNICATING THROUGH OSCAR 7 
The theoretical background to satellite orbital geometry 

and user station requirements has been given in some detail 
earlier in this chapter. The following section is intended to 
give the reader a brief summary of the way in which these 
considerations are applied in practice to communicating 
through a typical amateur satellite: Oscar 7. 

Equipment Required 
A receiver having good performance on 29-4-29-5MHz is 

essential for reception on Mode A. Most newer equipment is 
satisfactory but a preamplifier is desirable for older receivers. 
A 3N140, 40673 or similar mosfet should be used to give a 
gain of 10-20dB and a noise factor of about 3dB. A 
suitable design appears on p4.36. 

Normally a triband beam will give good results up to an 
elevation angle of about 30°, but above this angle it will be 
found that crossed dipoles or a slant vertical will be superior 
and have the added advantage that tracking will not be 
required. 

Fig 20.14. Crossed dipoles aerial, showing phasing and 75Q matching 
arrangements. If the feeder run to the transmitter is short, or if 
the aerial is only being used for reception, 50Q feeder may be used 
(without the A/4 matching section shown). When calculating the 
length of cable required for the Ä/4 sections, due allowance must be 

made for the velocity factor in each case (see Chapter 13). 

Fig 20.15. Details of the centre insulator, which may be made from 
2in diameter nylon, Tufnol, ebonite etc. 

The 144MHz uplink power requirements are 100W erp at 
2,000 miles range, decreasing to 10W when near overhead. 
Most fm equipment can be modified for cw keying, and a 
vfo or vxo is well worthwhile. Aerials range from crossed 
Yagis for dx working at extreme ranges to simple crossed 
dipoles (also known as the turnstile) for higher angle com¬ 
munication. 

Details of a crossed dipoles aerial for 144MHz is given in 
Figs 20.14-20.16. This aerial is also suitable for the downlink 
on Mode B. 
The aerials suggested for the Mode A uplink are also 

suitable for reception on Mode B (145-925-145-975MHz). 

Fig 20.16. View of the com¬ 
pleted centre section. A 
liberal coat of Araldite 
should be given to all ex¬ 
posed wires and termina¬ 
tions to prevent the ingress 

of moisture. 
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They must be followed by a low-noise system comprising a 
converter feeding a communication receiver providing the 
i.f./af functions (see p20.8). Do not overlook the inversion of 
the Mode B passband—cw will be transmitted at the high 
end of the uplink and received at the low end of the downlink. 

The Mode B uplink power required is 80W erp at 2,000 
miles range. This is a maximum figure and excellent results 
have been achieved using powers of less than 10W. RF on 
432MHz may be obtained by a low-power transmitter or by 
the use of a transverter or varactor tripler from 144MHz. 
The latter is probably the most economical approach. A Yagi 
is suitable for the uplink aerial and this also provides enough 
radiated power at high angles to give adequate results with¬ 
out the use of a second aerial. If higher power is available 
crossed dipoles or a collinear will give good results without 
the necessity for tracking. 

It might be worthwhile mounting the 144MHz and 432-
MHz aerials on a common mast and rotator to minimize 

tracking problems. However, if the 432MHz output is 
derived by tripling from 144MHz, leakage may desensitize 
the receiver. 

Orbital Predictions 
Orbital prediction data usually give the longitude and 

time of the ascending node of a reference orbit for each day, 
together with the orbit number. Using this data it is possible 
to calculate the longitude and time of the next ascending 
node. This is done simply by adding the longitude increment 
(see p20.4) to the longitude given, and the satellite orbit 
period to the time given. Successive ascending nodes are 
determined in the same way. 

Once the nearest ascending nodes to the user have been 
determined the method given on p20.6 can be used to plot 
orbital paths. Not only will these indicate the direction and 
elevation of the satellite at any given time, but also the usable 
tim. periods. 
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CHAPTER 2/ 

IMAGE COMMUNICATION 

THIS chapter is concerned with the transmission and 
reception of visual and graphic images using normal 

voice communication bandwidths and equipment. Two 
systems are in use in the UK at the present time: slow-scan 
television and facsimile, and these are described below. With 
either system it is possible to transmit and receive images on 
a world-wide basis, and these can provide a valuable adjunct 
to conventional voice or cw communication. 

SLOW-SCAN TELEVISION 

Introduction 

One of the more recent aspects of amateur radio which 
has gained wide popularity in a relatively short space of time 
is slow-scan television. This popularity is in a sense the more 
remarkable as sstv is almost entirely an amateur develop¬ 
ment. While considerable experimentation went on in the 
field of low-definition tv systems in the early ’sixties, the 
rapid development of satellite transmission systems made 
most of the work in this field superfluous, and it was left to 
radio amateurs to recognize the potential of narrow-band 
picture transmission systems. 

Slow-scan television, as its name implies, is a system by 
which a television picture is slowed down so that it may be 
contained radio the 2-8kHz audio bandwidth normally 
used in amateur radio equipment. The slowing-down 
process results in a 120-line picture which takes 7-2s to scan 
out, making one complete frame. 

In theory the definition in terms of visible elements is 
around one-fourteenth of that obtainable with a 625-line tv 
picture, but this resolution is found to be adequate for the 
transmission of still pictures. 

Since the total bandwidth lies well within the audio 
spectrum it becomes possible to transmit pictures using a 
normal amateur ssb transceiver and, similarly, an ordinary 
domestic tape recorder may be used to record the signals for 
playback at a later date. 

Picture Composition 

A composite video signal (ie video plus sync pulses) is used 
to frequency modulate a 1,200Hz audio subcarrier oscillator, 
and the resultant constant-amplitude fm signal is used to 
modulate an ssb transmitter. 

The aspect ratio of the picture is usually 1:1. This square 
format was chosen mainly because the surplus cathode-ray 
tubes generally used for sstv are round, and therefore in 
order to utilize as much of the available screen area as 
possible a square picture was desirable. 

Fig 21.1 shows the frequency composition of a single 
slow-scan line. An audio frequency of 1,500Hz is equivalent 

Typical sstv picture received on long-persistence cathode-ray tube. 

to “black” level and 2,300Hz is equivalent to "white”. It 
follows that any intermediate shade of grey can be repre¬ 
sented by a transmitted frequency between 1,500Hz and 
2,3OOHz. 

Synchronization pulses are transmitted at the subcarrier 
frequency of 1,200Hz and, since these are “ultra” black, do 
not appear in the displayed image. The line scan shown in 
Fig 21.1 thus consists of a 5ms sync pulse at 1,200Hz 
followed by the varying frequencies which represent the light 
intensity of the scanned visual image. At the end of the line 
the scanning spot on the monitor screen “flies back” during 
the period of the next sync pulse and is then ready to scan 
the next line. The flyback is visually suppressed since the 
sync pulse is below black level. 

At the beginning of each complete frame the first 5ms line 

Fig 21.1. Frequency composition of a single slow-scan line. 
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sync pulse is replaced by a 30ms frame sync pulse during 
which the scanning spot resets from the bottom right to the 
top left of the displayed picture. Once again this flyback is 
visually suppressed. 

Standards 

The universally adopted standards for sstv are shown in 
Table 21.1. It can be seen that the line frequency of 16-6Hz 
is obtained by dividing the mains supply frequency by three 
(50Hz countries). Similarly if the mains frequency is divided 
by 360 one obtains the sstv frame frequency of 014Hz 
(7-2s). It will be apparent from Table 21.1 that in countries 
that use a 60Hz mains frequency a different divider network 
must be employed to arrive at approximately the same 
standards. Most sstv monitors will accept either standard, 
the only noticeable effect being a slightly larger picture on 
the monitor screen. 

TABLE 21.1 
SSTV standards 

Parameter 50Hz Mains 60Hz Mains 

Line speed 

Line performance 
Frame speed 
Picture aspect ratio 
Scanning direction 
Horizontal 
Vertical 

Sync pulse duration 
Horizontal 
Vertical 

Subcarrier frequency 
Sync 
Black 
White 

Required transmission 
bandwidth 

50Hz ¿-3= 16 6Hz 
(60ms) 

120 
7 2s 
1 to 1 

left to right 
top to bottom 

5ms 
30ms 

1.200Hz 
1,500Hz 
2,3OOHz 

1 0 to 2-SkHz 

60Hz -4-15Hz 
(66ms) 

120 
8s 
1 to 1 

left to right 
top to bottom 

5ms 
30ms 

1,200Hz 
1,500Hz 
2,300Hz 

1 0to2-5kHz 

Equipment 

A station equipped for sstv needs, in addition to the 
ordinary ssb equipment, a monitor and picture generator. 
No modification whatsoever is necessary to the existing 
transmitting and receiving equipment because the sstv signal 
is always at audio frequencies. However since the tv signal 
uses a constant-amplitude subcarrier, and the duty cycle is 
thus 100 per cent, care should be taken not to exceed the 
limitations of the transmitter power amplifier. In most 
modern transceivers this means a maximum input of around 
half the rated cw power. If long transmissions are to be made 
a cooling fan for the pa would be a worthwhile investment. 

The monitor is normally plugged into the phones socket, 
extension speaker socket or phone-patch output of the 
receiver. The choice of monitor depends largely upon the 
individual. For those wishing to build their own, examples 
of high-quality monitors are those designed by SM0BUO [I] 
and W6MXV [2]. Less sophisticated (and cheaper) designs 
are those by W4TB [2] and G3RHI [3]. Full details of a 
design based on [1] are given later in this chapter. 
The simpler designs often have a tendency to “false 

trigger” the monitor under conditions of weak signal 
strengths or strong adjacent-channel interference. These 
monitors should not be under-rated however, and under 
most operating conditions will give very good results. 
There is no need at first to obtain picture generating 

equipment, and an ordinary domestic tape recorder or one 
of the popular cassette machines is all that is necessary. Most 
sstv amateurs will be glad to make short “programmes” 
from the reader’s own caption cards and photographs, and 
record them on to tape. The output of the recorder is 
plugged directly into the microphone socket of the trans¬ 
ceiver. Several methods exist for generating one’s own 
pictures, but the simplest is probably the electronic pattern 
generator which is usually only used for test purposes. 

Fig 21.2. Block diagram of an sstv monitor. 

The “flying-spot scanner”, which is discussed later in this 
chapter, may be built for a few pounds, and needs no 
expensive camera tubes or lighting arrangements. It can only 
reproduce caption cards or photographs. 

SSTV cameras fall into three main groups: 
(a) A camera using a tube such as a “Plumbicon”, which 

is scanned directly at slow-scan rate. 
(b) An ordinary fast-scan (405 or 625-line) camera which 

is sampled at slow-scan rate and needs slight modifi¬ 
cation to the timebases. 

(c) The fast-scan to slow-scan converter, which takes the 
output from an unmodified fast-scan camera and con¬ 
verts it digitally to slow scan. 

Monitors 
The heart of an sstv monitor is the cathode-ray tube 

which should be carefully chosen to suit the operator’s 
requirements. The tube should have a long-persistence (P7) 
phosphor, the most popular types being the surplus 3FP7 
and 5FP7 ex-radar tubes, these having 3in and 5in round 
screens respectively. This type of tube is however becoming 
rather scarce although suitable alternatives primarily 
intended for oscilloscopes can be found at reasonable prices. 

The 3FP7, while permitting only a small picture display, 
has the advantage of being electrostatically deflected and it 
therefore requires no deflection coils. Tubes such as the 
larger 5FP7 require separate focus magnet and deflection 
assemblies. The deflection coils can be taken from an old 
domestic tv set having a tube with a narrow deflection angle. 
(Most modern tv tubes have a deflection angle of around 
110° and the scan coils are therefore unsuitable.) 
The focus assembly can use either permanent or electro¬ 

magnets, ahd focus magnet assemblies can be taken from 
old domestic tv receivers having tetrode-type tubes. The 
electromagnetic types require however a fairly large de source. 

The basic block diagram for an sstv monitor is shown in 
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Fig 21.2. The signal is applied to a limiter which eliminates 
any distortion due to amplitude modulation, and the signal 
is then passed to the video discriminator and detector. The 
discriminator output is arranged to give maximum response 
at 1,500Hz and minimum response at 2,300Hz, and the 
signal is then passed to the tube. Similarly the limited signal 
is passed to the sync discriminator and detector, the output 
of which should give maximum response at 1,200Hz. The 
sync separator routes the line and frame sync pulses to the 
two timebases which drive the crt scan coils. 

Of considerable importance in any monitor are the var¬ 
ious filters. These ensure that only the wanted information is 
fed to the video and sync stages and that all interference 
signals outside the passband are attenuated. Obviously the 
better the filter the less risk there is of adjacent-channel 
interference. Simple filters often employ the 88mH toroids 
commonly used in rtty equipment and suitable capacitors 
are chosen to achieve the correct centre frequency. More 
widely used today, however, is the “active” filter employing 
the popular 741 operational amplifiers. By cascading several 
sections together a very effective filter is obtained with steep 
sides and narrow skirt selectivity. 

When constructing a monitor it is important to keep all ac 
fields such as those associated with the mains transformer 
well away from the tube, and failure to do so may result in 
vertical hum bars appearing in this display. The 5kV or so 
required on the tube’s post deflection anode can be lethal, so 
proper safety precautions must be taken during construction 
and testing. 

Sync Pulse Generators 

The sync pulse generator provides line and frame pulses 
for the picture generating equipment. In the sstv camera or 
flying spot scanner the sync pulses are used to trigger the 
line and frame timebases, and these pulses are also routed to 
the modulator unit so that, when mixed with the picture 
information, they produce the required composite video 
output. 
A typical sync pulse generator is shown in Fig 21.3. The 

pulses are derived from the 50Hz mains frequency. The 
sinusoidal input is squared and brought to ttl level by the 
stages TRI, TR2 and ICla. This 50Hz square wave is 
divided by three in 1C2 producing 16-6Hz pulses at pin 9. 
These are shaped and timed in 1C3 to produce the line syncs. 
Further division by 120 takes place in 1C4 and 5 to produce 
the frame rate of 014Hz (7-2s). 

The shaper and timer IClb.c produces the correctly timed 
frame syncs, and the pulse duration is set by adjusting the 
capacitors on ICI and IC3. The frame and line syncs are 
combined in IC3d to produce a composite sync pulse output 
at pin 11. 

Picture Generators 

Perhaps the simplest picture generator, as previously men¬ 
tioned, is the electronic pattern generator. Its main use is for 
setting up monitoring equipment, and of particular value is 
the grey scale which is used to check the monitor’s tonal 
rendering and contrast. 
A typical grey scale generator is shown in Fig 21.4. The 

oscillator ICla drives a 7490 counter to produce square 
wave outputs at a, b and c. When the counter has counted 
to seven (logic 111), outputs a, b and c will all be at logic 1 
and the output of IClb (pin 6) will go to zero, thus disabling 
the oscillator. The line sync pulse will reset the counter to 

Fig 21.4. Grey scale generator circuit. 
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Fig 21.5. Block diagram of flying>spot scanner. 

zero. IClb (pin 6) will now go to logic 1 and the oscillator 
will re-start. Outputs a, b and c are fed through resistors to 
a current-summing junction employing a 741 operational 
amplifier. The 5600 feedback resistor is adjusted to give an 
amplitude of IV p-p. 

The flying-spot scanner represents a most economical way 
of generating one's own pictures. In the block diagram of 
Fig 21.5 a raster is scanned on to the front of a cathode-ray 
tube. The light from the raster is focused on to the photo¬ 
graph or drawing to be transmitted, and the reflected light 
from the picture is detected by the photomultiplier tube and 
converted into a low-level signal. The signal is amplified by 
the photomultiplier and the output fed to the video/sync 
mixer, the output of which shifts the voltage-controlled 
subcarrier oscillator from 1,500Hz to 2,3OOHz depending on 
the level of light falling on the photocell. Sync signals from 
the pulse generator are combined with the video signal in 
the mixer stage which then shifts the subcarrier down to the 
sync frequency of 1,200Hz. 

For the flying-spot source the station monitor may be 
used with the contrast level turned right down so that a 
constant brilliance raster is traced out. The output of the 
scanner is then fed to a tape recorder. The only problem 
with this method is that if only one monitor is used the 
results cannot be seen until the tape is replayed, and this 
makes adjustment rather tedious. A simplification is to draw 
the caption on to transparent sheet and place it against the 
tube face, because this does away with the need for a lens. 
A block diagram of a slow-scan camera is shown in Fig 

21.6. This system uses the sampling method of scan conver¬ 
sion, and any 405 or 625-line camera may be adapted for 
sstv. 

The camera is laid on its right-hand side and the original 
frame timebase is used as the slow-scan line timebase. 
Dividing the fast-scan frame rate (50Hz) by three gives the 
required slow-scan rate, and the usual way to achieve this 
division is to replace the original frame sync pulse by a 
slow-scan line sync pulse, adding a capacitor in the camera 
to slow down the frame timebase. The original fast-scan line 
is still traced out at its usual speed but instead along the 

Fig 21.6. Block diagram of sstv sampling camera. 

vertical axis. This line is “sampled” over a period ot 7-2s, 
resulting in slow-scan video output which is fed to the sstv 
modulator. 
The second form of camera conversion uses a digital 

technique, and this method has the advantage that it 
requires only the standard composite video output from an 
ordinary tv camera operated the right way up and with no 
modifications whatsoever. 

Fast 

Fig 21.7. Block diagram of fast-scan to slow-scan converter. 

A basic block diagram is shown in Fig 21.7 but the whole 
system is somewhat complex and detailed information can 
be obtained from private [4] or published [5] designs. 

The technique used is to convert the fast-scan tv signal 
into digital coded information (analogue-to-digital conver¬ 
sion) and load it a line at a time into a memory at fast-scan 
rate. The information from the memory is then recalled at a 
slow-scan rate, and the resulting digital information is fed 
to a digital-to-analogue converter and then to the sstv 
modulator in the normal way. 

Advanced Techniques 

One such technique is the sstv keyboard which was pion¬ 
eered by WOLMD [6], The keyboard is, as its name suggests, 
a method of writing information on to a slow-scan monitor 
by simply typing in the characters on a keyboard rather like 
that of a typewriter. The system normally writes five rows 
with up to six characters per row. This is useful for transmit¬ 
ting written information and for contest work, and the 
keyboard may also be used with a camera to superimpose 
titles over live shots. 

Perhaps the most interesting development is a design for a 
slow-scan to fast-scan receive converter. This converter ac¬ 
cepts a slow-scan picture, converts it to digital form, stores 
the complete frame in a memory bank, and then scans the 
memory at 625-line rate. The resultant picture is then viewed 
directly on a vision monitor or domestic tv set. The results 
on the screen are quite remarkable and far superior to those 
obtained with a conventional sstv monitor. 

This system would seem to come at an opportune time 
since the supply of surplus long-persistence tubes now seems 
to be running out. The limiting factor at the moment, apart 
from the complexity, is the high cost of the ic memories, but 
hopefully these will become cheaper in due course. 

There are a number of experiments being carried out on 
the production of colour pictures, and this is usually done 
photographically. The subject is recorded three times, each 
time with a different colour filter (red, blue or green) placed 
in front of the camera lens. The receiving station photo¬ 
graphs each frame on to a single exposure of colour film 
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SSTV picture received on a domestic tv set after slow-scan to fast¬ 
scan conversion. 

using the same sequence of filters in front of the camera 
lens. A Polaroid camera is best for this purpose as the 
results can be seen immediately. 

A high-definition system is in use which utilizes a 256-line 
picture, taking 34s to scan one complete frame. Since the 
normal P7 phosphor crt does not have the required persis¬ 
tence (under average lighting conditions), perhaps the best 
method is to photograph the picture from the monitor with 
a Polaroid camera. The results are a much better picture 
which can be very useful for transmitting intricate circuit 
diagrams. 

SSTV Operation 
Licensing authorities in many countries throughout the 

world permit sstv transmissions, and present activity is 
concentrated around 3-740 and 14-230MHz, contacts being 
often established initially on ssb. 

It should be borne in mind that sstv is a picture transmit¬ 
ting technique and while printed captions are necessary for 
“rubber stamp” information (name, QTH, rig, etc) and 
station identification, the real purpose is to exchange pic¬ 
tures with other amateurs to enhance normal communi¬ 
cation. The printed word should therefore be kept to a 
minimum to maintain the interest of the receiving station, 
and in this way all language barriers are crossed and the 
potential of sstv is realized more fully. 

SSTV MONITOR 

This sstv monitor is representative of the more sophistica¬ 
ted designs, the performance of which compares favourably 
with commercially-built equipment. The slow-scan video 
bandwidth is 900Hz, ie the highest video frequency is 900Hz, 
consequently there are only 300Hz between this frequency 
and the sync frequency of 1,200Hz. To improve on this inter¬ 
ference situation a linear integrated circuit working as a 
limiter is used in the input stage, Fig 21.8(a). This ic has 
differential outputs, and the output pulses will therefore have 
opposite polarities. They are used to drive two monostable 
multivibrators, the digital tes SN74121, which work as 
pulse-counting detectors and give an output signal that has a 
frequency range that is twice the range of the input signal. 
The frequency range of the input signal is 1,200Hz to 2,300 
Hz, and thus the output signal will have a range of 2,400Hz 
to 4,600Hz. The difference between 900Hz and sync (2 x 
1,200Hz = 2,400Hz) is now considerably greater and a much 
cleaner video signal is obtained. 

The input ic limits, according to data, at an input signal of 

100/jV, while in this circuit an input signal of about 50mV is 
needed for full limiting. The output of the multivibrators 
goes to a low-pass filter with a flat characteristic from zero 
to about 900Hz, and the quality of the desired video signal 
is closely associated with the design of this filter. All signals 
up to about 900Hz should pass through the filter unaffected, 
while all higher frequencies should be greatly attenuated. 

The output signal from the filter, which should be about 
400mV p-p, is fed to video stages TRI, TR2 and TR3. The 
signal from TR3 intensity-modulates the cathode of the 
monitor tube. From the emitter of TR2, the signal will be 
connected to the active filter stages TR6 and TR7. Here all 
signals between approximately 2kHz and 3kHz will be 
greatly attenuated, ie noise and other interference will be 
considerably decreased. The attenuation will be about 60dB 
as shown in Fig 21.9. 

From the emitter of TR7 the signal goes back to age 
amplifiers TR5 and TR4 and further to the video input stage 
TRI. The level with respect to ground of the signal at TR7 
emitter should be 1-9V. With the preset control RV2 the 
voltage on TR5 base is set to 6-2V, and RV1 is adjusted so 
that the signal on the emitter of TR4 will be at 1-7V for peak 
sync and 2-4V for black. Maximum white will then be at 3-5 
to 3-8V depending on the quality of the incoming signal. By 
proper adjustment of the age amplifier the frequency setting 
of the ssb receiver is no longer so critical. 

The signal is fed from TR8 to TR9 where it is integrated by 
the lOkil resistor and the 27nF capacitor. The pulse 
measured at the collector of TR9 is set by RV3 to around 5V 
p-p. On the base of TRI 1 there will now be a positive-going 
square pulse with a width of 3ms. This pulse is integrated in 
the next stage and will appear as a sawtooth on the collector 
of TRI2 from where it is fed to the horizontal sweep stages. 

Other features of this design involve the increasing of the 
signal sensitivity and the decreasing of the sensitivity to 
interference. Earlier, the method used was that the incoming 
sync pulse triggered the sweep oscillators, but as the system 
could not differentiate between a sync pulse and an inter¬ 
ference pulse the oscillator was triggered by any pulse that 
appeared. At strong interference levels this could result in 
beam absence during long periods—it was consequently im¬ 
possible to get the monitor to synchronize. At weak signal 
levels the sync was not large enough and the sweeps did not 
operate for that reason. 

In this design, local horizontal and vertical oscillators 
through which there will be a raster on the screen continu¬ 
ously, irrespective of whether a signal is being received or not, 
are used. Together with the action of the active filter stages 
TR6 and TR7, the result is such that it is possible to receive 
signals under rather strong interference conditions, and weak 
signals under fading conditions. 

The sawtooth from TR12 will consequently control the 
frequency of the sawtooth oscillator TR1.3, the basic fre¬ 
quency of which is adjusted to a somewhat lower frequency 
by potentiometer RV4 on the front panel. This setting is not 
critical but is necessary as the sweep frequencies from various 
stations can differ. 

From the emitter of TRI5 the sawtooth is picked off 
through potentiometer RV5 which controls the sweep 
amplitude. To the same emitter is also connected transistor 
TRI6 which centres the sweep on the screen, this setting 
being made by potentiometer RV6. The sawtooth is amplified 
in TRI7 and TRI8 and will drive the complementary stage 
TR19-TR20 which brings about a sawtooth sweep in the 
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Fig 21.8(a). First part of two-part circuit diagram of sstv monitor. 
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Fig 21.8(b). Second part of two-
part circuit diagram of sstv moni¬ 
tor. 

deflection coils. To improve the linearity a small signal is fed 
back to TRI7. 

From the base of TRI 1 the square pulse is fed to the verti¬ 
cal sync stage TR21 and is integrated in that collector circuit. 
On the collector of TR22 there will be a square pulse that 
controls the local oscillator TR23. The function of the 
vertical sweep stages is similar to that of the horizontal 
stages. 

Between the emitters of the final amplifier stage and 
ground there should be a sweep of 15V p-p for the horizontal 
stage and 13V p-p for the vertical stage. Between the emitters 
of TR24 and TR25 there is a 47kil resistor and a 20/xF 
capacitor in order to improve the linearity of the vertical 
sweep. 

The capacitors on TRI7 base and TRI8 collector serve to 
decouple the vertical sweep which could be superimposed on 
the horizontal sweep. The capacitor on TR28 collector de¬ 
couples the horizontal sweep from the vertical sweep. 
Transistor TR31 is a stage for blanking the beam during 
vertical flyback. 

Fig 21.9. Frequency characteristics of active filter stages TR6-TR7. 

Power Supplies 

The low-voltage power supplies are shown in Fig 21.10. It 
is important that the + 10V and — 10V supplies be stabi¬ 
lized in order to maintain good linearity. The transformer 
used should have a current rating of 5A. The horizontal 
deflection coil requires a current of about 500mA p-p and 
the vertical coil about 300mA p-p. 

The 250V supply for the eht generator uses conventional 
circuitry and is not shown. The + 108V should be dropped 
from the 250V supply using a suitable resistor and should be 
stabilized if possible. 

A line-output transformer suitable for the eht supply may 
be obtained from a domestic tv set. The large overwind coil 
is used and is wired up according to the circuit in Fig 21.11. 
The eht diode should be mounted between two lin ceramic 
stand-off insulators and covered to eliminate the possibility 
of being touched accidentally. This eht is lethal and adequate 
safety precautions should be taken. 

Component Considerations 

TAA35O may be replaced with a TAA35OA, and in this 
case the pin numbers are all rotated clockwise by three pins. 

The low-pass filter in Fig 21.8(a) uses Philips cores H20; an 
equivalent is the Mullard LA 1302. A slightly lossy substitute 
can be wound using LAI cores. 

The 1-3V voltage-dependent resistors in the bases of TR14 
and TR24 may be replaced by two silicon diodes in series 
(BA 100) or possibly with a 1-3V zener diode. 

A suitable scan coil assembly and permanent magnets for 
focussing may be obtained from an old tv set having a tube 
neck of similar size to the 5FP7. The scan coils should have 
their windings series or parallel connected as necessary to 
give the nearest resistance readings to those quoted in 
Table 21.2. 
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Mechanical Design 
The electronic and high-voltage circuits can be housed in a 

cabinet measuring 160mm wide by 240mm high by 300mm 
deep. However, it may be preferable to build the power 
supplies in a separate cabinet as trouble may be experienced 
with the ac fields surrounding the transformers. 

The monitor tube is clamped against the front panel by 
fabricating a round clamp from a strip of 18swg aluminium. 
A pinch-bolt should be used for tightening on’to the tube, and 
four lugs bent out at 90° to fix the clamp to the front panel. 

The transistor stages may be mounted on two Vector¬ 
boards measuring 130mm by 220mm, or by using printed 
circuit boards. The input stages TRI to TR12, TR21 and 
TR22 are mounted on one board with the sweep stages on the 

Fig 21.11. EHT generator. 

+ 25OV 

Original to 
EY51.etc 

Original to 
x  boost ht 

°’ EHT 

TABLE 21.2 
Component details 

L1, L3 1 H. Philips H core type H-20 or Mullard LA1302, 400 turns 
of 34 swg enamelled copper wire. 

L2 2H. Philips H core type H-20 or Mullard LA1302, 550 turns 
34 swg. 

L4 Horizontal deflection coil, approximately 4-6Q. 
L5 Vertical deflection coil, approximately 38Q. 
D1 BY140, BY176 or BY182. 

other. The boards are placed vertically on both sides of the 
monitor tube and fixed to small distance-spacers. 

FACSIMILE 

Facsimile (fax) is a process by which graphic information 
is converted into electrical signals which are transmitted by 
cable or radio to a receiver and then reproduced exactly as 
the original. The receiving systems usually available to the 
radio amateur operate on an electromechanical basis. A 
block diagram of a typical receiver system is shown in Fig 
21.12. A.M. or fm signals are detected and the output in both 
cases is a varying de signal, the value of which corresponds 
to the variation in the density of the material being 
processed. Transferring the varying de potential into a 
printed record is usually achieved by the use of electrolytic 
or photo-sensitive paper. 

Electrolytic paper presents a change of colour following 
the passage of a current through a metal stylus. The var¬ 
iations in the current caused by the received signal voltage 
appear as variations in the density, ie black, grey or white, 
of the paper. There are various types of electro-sensitive 
paper available and one often encountered is known as 
“Teledeltos”. 

When photo-sensitive paper is used a lamp replaces the 
stylus. The signal variations received by cable or radio are 
amplified and applied to the lamp, and the resulting beam is 
focused sharply on to the sensitive paper. The intensity of 
the beam determines the density of the final printed copy. 

Standards 

These can vary between the service involved and the type 
of machine. Generally, however, the characteristics of 
amateur service facsimile transmissions conform to CCIR 
recommendations. 
There are two modes of emission in current use. The A4 

Fig 21.12. Block diagram of facsimile receiving unit. 
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mode denotes amplitude modulation of the carrier. The tone 
frequency is between 1,400 and 1,900Hz, and the upper limit 
is white and the lower limit black. The bandwidth using ssb 
is nominally 2-4kHz. 

F4 denotes frequency modulation of the carrier. The 
centre frequency is 1,900Hz, white is + 400Hz and black 

400Hz. 
For the amateur service it is recommended that the mode 

of transmissions shall be chosen so that the bandwidth on 
frequencies below 146MHz shall not exceed 4kHz. 

Recommended mechanical standards are: 

(a) Drum speed. This is generally a multiple of 60 revo¬ 
lutions per minute with a preferred speed of 120rpm. 

(b) The drum diameter is 152mm. 
(c) Drum length. This should be at least 550mm. 
(d) Index of co-operation. This is the measure of the 

degree of the compatibility of different machines. It is 
the product of the total length of one scan line and the 
number of scan lines per unit length. The recom¬ 
mended figures are 576 for minimum black or white 
picture elements of 0-4mm and 288 for minimum 
picture elements of 0-7mm. 

(e) Direction of scanning at the transmitter. The picture 
area is scanned from left to right and from top to 
bottom. 

(f) Synchronization. The scanning speed should be main¬ 
tained within 5 parts in 10’ of the normal value. 

Equipment 
The cost of new facsimile equipment is very high and 

amateur operation invariably makes use of converted com¬ 
mercial or home-built equipment. In Europe equipment 
manufactured by Creed, Muirhead and Siemens may be 
found. Generally the conversion of commercial equipment 
for amateur operation is not difficult. There has been some 
interest shown in the conversion of equipment to receive 
weather photographs from the automatic picture transmis¬ 
sion satellites and further information on this aspect of 
facsimile operation may be found in [7]. 

The setting up and testing of equipment can be facilitated 
by signals from three stations located at Bracknell which 
operate 24haday. These are: GFA 21 on 3,289-5kHz, GFA 

Typical facsimile equipment as used at I1LCF. The scanning drum 
and lead screw are clearly visible at the bottom of the picture. 

23 on 8,040kHz and GFA 24 on 11,086 5kHz. These 
stations use F4 emission and a drum speed of 120rpm. 
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CHAPTER 22 

THE RSGB AND THE RADIO AMATEUR 

THE Radio Society of Great Britain (RSGB) is the national 
society of radio amateurs in the United Kingdom. The 

majority of its 20.000 members hold amateur transmitting 
licences; the others either hope to do so later orare interested 
primarily in the receiving side of amateur radio. More than 
2,000 members live overseas. 

HRH The Prince Philip, Duke of Edinburgh, KG, is the 
Society’s patron. 

The Society was founded as the London Wireless Club 
more than 60 years ago in 1913 but soon attracted members 
throughout the country; the name of Radio Society of Great 
Britain was formally adopted in 1922. For many years its 
activities have been devoted almost entirely to the many 
aspects of amateur radio—that is, the transmission and 
reception of radio signals as a hobby pursued for the pleasure 
to be derived from an interest in radio techniques and con¬ 
struction, and for the ensuing friendships with those people 
throughout the world who possess similar interests. 

The Society is proud of its role in the development of 
amateur radio and of the many eminent scientsists who have 
been connected with it, including Marconi, Lodge and 
Fleming. Members of the Society were prominent among 
those radio amateurs who were the first to demonstrate 
that wavelengths below 100m could provide world-wide 
communication on low power. But the Society looks to the 
future, rather than the past, and concentrates its efforts on 
the effective organization of amateur activity in order to pro¬ 
vide the greatest opportunities for useful experimental work, 
and to encourage general interest in and enjoyment of the 
scientific hobby of amateur radio. 

WHY YOU SHOULD JOIN 

The following are just a few of the many reasons why, if 
you are really interested in amateur radio, you should join 
the RSGB immediately. 

You will receive every month a copy of the Society’s 
journal. Radio Conununication. First published in 1925. this 
magazine is noted internationally for the high standard of its 
technical and constructional articles, written by Britain’s 
leading radio amateurs, and for the wide scope of its news 
coverage. The needs of newcomers are not overlooked in the 
selection of technical articles. 

You will be eligible to take part in many interesting 
contests and field days—some of which are open to listeners 
as well as licensed members. Trophies or certificates are 
awarded to leading entrants. You may also be eligible for a 
number of certificates representing graded degrees of 

achievement in amateur radio operating (receiving as well 
as transmitting) which are issued by the Society. These include 
the DX Listeners' Century Award, the Worked The British 
Commonwealth Award, Four Metres and Down Certificates 
and the Commonwealth DX Certificate. The rules governing 
all awards are available from RSGB Headquarters. 

You will be able to use the world’s largest and most com¬ 
prehensive QSL Bureau, operated by the Society. Use of this 
efficient bureau will save the active amateur and listener a 
great deal of trouble. QSL cards are sent to and received from 
the bureau in batches, thus eliminating the need for stamping, 
addressing and posting individual cards. The bureau 
distributes the cards via other national societies’ bureaux to 
amateurs throughout the world. Full details of how the QSL 
Bureau operates are sent to every member on election. 

You will receive a certificate of membership and a lapel 
badge which identifies you as part of the amateur radio 
movement. Members who do not hold amateur transmitting 
licences are given special identification numbers for use in 
connection with the QSL Bureau, beginning BRS (British 
Receiving Station), ORS (Overseas Receiving Station) or 
A (Associate), followed by a number. 

You will be encouraged to contribute, according to your 
interests, to the advancement of amateur radio. Many mem¬ 
bers serve as local representatives, or on local or national 
committees, or pass on to other members, through Radio 
Conununication or by lectures, the results of their experiments 
and observations. The members in fact are the Society. 

WHAT THE SOCIETY DOES 

Some of the important activities of the Society have already 
been described, but there are many other ways in which the 
Society helps radio amateurs and all those interested in 
amateur radio. A few of these are outlined below. 

Organization 

The Society is administered by a Council elected by the 
Corporate membership, and a full-time staffed headquarters 
is maintained in London. There are also 20 elected Regional 
Representatives who, with the help of Area Representatives, 
arrange local meetings and other activities throughout the 
British Isles. 
The Society maintains special committees dealing with 

such subjects as technical matters and publications, liaison 
with the licensing administration and other external organiza¬ 
tions, contests, interference problems, propagation studies, 
vhf operation and exhibitions. 
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Meetings 

In addition to the local meetings mentioned above, the 
Society organizes lectures, conferences and exhibitions on a 
national basis. 
The Society also helps organize many special scientific 

studies and tests, some of which also involve regular meet¬ 
ings. Details of these and other forthcoming events are given 
in Radio Communication. 

Publications 

The main publishing activity of the Society is the monthly 
journal, Radio Communication. However, the Society also 
produces many books and other publications to help the 
radio amateur. Because the Society is anxious to disseminate 
sound technical information as widely as possible, many are 
issued at prices well below what a commercial publishing 
organization would have to charge. A notable example is 
this handbook. 

Some publications of the Society are specially written for 
newcomers to help them obtain transmitting licences; these 
include A Guide to Amateur Radio, The Radio Amateur's 
Examination Manual, RAE Revision Notes and The Morse 
Code for Radio Amateurs. 

The Society also provides facilities for obtaining a selection 
of the many amateur radio publications issued in the USA 
where there are over 250,000 radio amateurs. The most 
popular USA publications are generally available from 
Headquarters. 

Amateur Radio Licences 

The Society is recognized as the representative of the 
amateur service in all negotiations with the Home Office on 
matters affecting the issue of amateur transmitting licences, 
including the frequencies assigned to the amateur service. It 
sends official representatives to the important World 
Administrative Radio Conferences of the International 
Telecommunication Union and other conferences where 
decisions vital to the future of amateur radio are taken. The 
RSGB is a founder member of the International Amateur 
Radio Union, the world-wide organization of national 
amateur radio societies. 

The Society’s Intruder Watch reports to the administration 
and other organizations the existence of stations not entitled 
to operate in the exclusive amateur bands. 

News Bulletin Service 

Every Sunday morning special news bulletins for radio 
amateurs are transmitted under the callsign GB2RS, from 
stations throughout the British Isles, in the 3-6 and 144MHz 
bands. 

Slow Morse Transmissions 

The Society sponsors the transmission by amateurs 
throughout the country of morse practice lessons intended 

for beginners. Details appear periodically in Radio Com¬ 
munication. 

Beacon and Repeater Stations 

The Society is the licensee and co-ordinator of stations 
operating in the 28, 70, 144 and 432MHz bands, and also the 
1’3 and 10GHz bands. The beacon station transmissions are 
used extensively in propagation studies, while the repeater 
stations provide reliable communication for mobile and low-
power users. 

Radio Amateur Emergency Network 

The Society has set up the Radio Amateur Emergency 
Network (Raynet), in collaboration with the British Red 
Cross Society, the St John Ambulance Brigade, the Police and 
County Planning Officers to assist in providing communica¬ 
tions during disaster relief operations. 

HOW TO JOIN THE RSGB 

Joining the RSGB is simple, but there are of course 
certain formalities to be observed. As explained earlier, 
anyone with an active and genuine interest in amateur radio 
is warmly welcome to apply for membership. 

If you are over 18 years of age, or hold an amateur 
transmitting licence, you are eligible to become a Corporate 
Member of the Society. You do not have to be engaged 
professionally in radio but equally this would not debar you 
from joining. Many members do in fact work in the electronic 
field, but for very many others radio is purely a spare-time 
hobby. Those under 18 who do not hold an amateur 
transmitting licence may become Associates, who have many 
of the privileges of full membership but do not vote in the 
annual Council election or on matters affecting the manage¬ 
ment of the Society. Associates must apply for transfer to 
Corporate membership on reaching 18 years of age or 
immediately they obtain a transmitting licence if under this 
age. 

All applicants, for both Corporate and Associate member¬ 
ship, should be proposed by a Corporate Member of the 
Society to whom they are personally known. The member 
simply completes the proposal on the application form, and 
you will find that he or she will be glad to do this. Many 
newcomers to amateur radio (who are most welcome as 
members) may not know or be in touch with other members. 
In such cases a brief reference in writing should be submitted 
from a suitable person who can vouch for your interest in 
amateur radio. All applications are placed before the Council 
at its regular meetings. 

The Society supports and encourages all activities “For 
the Advancement of Amateur Radio”. It welcomes within 
its ranks all those who share this view. 
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CHAPTER 23 

GENERAL DATA 

Bias Resistor 

The value of the resistance to be connected in the cathode 
lead for developing the required bias is— 

Rc = -■ X 1000 ohms 
/c 

where Ec = bias voltage required (volts) 
Ic = total cathode current (mA). 

(ii) Coaxial line: 

-, 138 . u Z„ = ~K logic ohms 

where K = dielectric constant of insulation between the 
conductors (eg 2-3 for polythene, 10 for air) 

da = inside diameter of outer conductor (in) 
dt = diameter of inner conductor (in) 

Capacitance 

The capacitance of a parallel-plate capacitor is— 
0-224 KA . . . C = - picofarads 

d 
where K = dielectric constant (air = 1 0) 

A = area of dielectric (sq in) 
d = thickness of dielectric (in) 

If A is expressed in sq cm and d in cm, 
0 0885 KA . , 

C =-5- picofarads d 
For multi-plate capacitors, multiply by the number of 
dielectric thicknesses. 

Capacitance of a coaxial cylinder— 

°'242 ■ - , , C = ;-c-rr picofarads per cm length 
logio (D/d) 

where D = inside dia of outer 
d = outside dia of inner. 

Capacitors in Series or Parallel 

The effective capacitance of a number of capacitors in 
series is— 

1 
C = -111 

77 + 77 +77 + etc Lj Cj ^3 
The effective capacitance of a number of capacitors in 

parallel is— 
C = Ci + Ci + C3 + etc 

Characteristic Impedance 

The characteristic impedance Z„ of a feeder or transmission 
line depends on its cross-sectional dimensions. 

(i) Open-wire line: 
2 D 

Zo = 276 log10 -J- ohms 

where D = centre-to-centre spacing of wires (in) 
d = wire diameter (in) 

Decibel 

The decibel is the unit commonly used for expressing the 
relationship between two power levels (or between two 
voltages or two currents). A decibel (dB) is one-tenth of a bel 
(B). The number of decibels TV representing the ratio of two 
power levels P, and P2 is 10 times the common logarithm of 
the power ratio, thus— 

Pi the ratio TV = 10 Iog10 — decibels 

If it is required to express voltage (or current) ratios in this 
way, they must relate to similar impedance values; ie the 
two different voltages must appear across equal impedances 
(or the two different currents must flow through equal 
impedances). Under such conditions the power ratio is 
proportional to the square of the voltage (or the current) 
ratio, and hence— 

V, ¡2 
TV = 20 login p- decibels TV = 20 log 10 y decibels 

Dynamic Resistance 

In a parallel-tuned circuit at resonance the dynamic 
resistance is— 

¿ Q 
Ra = -pc = Qu>L = — ohms Cr wC 

where L = inductance (henrys) 
C = capacitance (farads) 
r = effective series resistance (ohms) 
Q = 0-value of coil 
<u = 2tt X frequency (hertz) 

Frequency—Wavelength—Velocity 

The velocity of propagation of a wave is— 
V = fX centimetres per second 

where f = frequency (hertz) 
A = wavelength (centimetres) 

For electromagnetic waves in free space the velocity of 
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propagation v is approximately 3 x 1010 cm/s, and if f is 
expressed in kilohertz and X in metres— 

f 300,000 ... , (J =- kilohertz 
X 

f X 492 fFree space - = -- feet 
2 MHz 

c X 246 . Free space - =- feet 
4 MHz 

Impedance 

The impedance of a circuit comprising inductance, 
capacitance and resistance in series is— 

where R = resistance (ohms) 
«i = 2x X frequency (hertz) 
L = inductance (henrys) 
C = capacitance (farads) 

Inductance of a Single-Layer Coil 

For coils of ordinary proportions, the inductance is given 
approximately by— 

a2 n2 r2 n2
L = 5 (3a + 9b) microhenrys = ^T70Z 

where a = diameter of coil (in) r = radius of coil 
n = number of turns Z = length of coil 
b = length of coil (in) 

By rearranging the formula—■ 

n = ¿ V 5 L(3a + 9b) 

Slug Tuning. The variation in inductance obtainable with 
adjustable slugs depends on the winding length and the size 
and composition of the core and no universal correction 
factor can be given. For coils wound on Aladdin type F804 
formers and having a winding length of 0-3-0 8in a dust-
iron core will increase the inductance to about twice the 
air-core value: a brass core will reduce the inductance to a 
minimum of about 0-8 times the air-core value. 

When there is mutual coupling M, the total effective value 
of two inductances connected in series is— 

L = Li + Lz + 2 M (windings aiding) 
or L = L, + L2 — 2 M (windings opposing) 

Neon Stabilizer Dropper Resistance 

The resistance to be connected in series with a neon 
stabilizer tube is— 

_ £ 
R =--—- X 1000 ohms 

where Es = unregulated ht supply voltage (volts) 
Er = regulated ht supply voltage (volts) 
/ = maximum permissible current in regulator tube 

(milliamperes) 

Ohm’s Law 

For a unidirectional current of constant magnitude flowing 
in a metallic conductor— 
E E 

'"r E = IR R = 7 
where I = current (amperes) 

E = voltage (volts) 
R = resistance (ohms). 

Power 

In a de circuit the power developed is given by— 
E2

W = E L — — — I2 R watts K 
where E = voltage (volts) 

I = current (amperes) 
R = resistance (ohms) 

Q 

The ß-value of an inductance is given by— 

where <u = 2tt x frequency (hertz) 
L = inductance (henrys) 
R = effective resistance (ohms) 

Inductances in Series or Parallel 

The total effective value of a number of inductances 
connected in series (assuming that there is no mutual 
coupling) is given by— 

L —Li 4- ¿2 + f-s T- etc 
If they are connected in parallel, the total effective value 

Lt + Lt + L3 + etc 

Reactance 

The reactance of an inductance and a capacitance re¬ 
spectively is given by— 

Xl = u>L ohms Xe = — ohms 
cuC 

where œ = 2?r x frequency (hertz) 
L = inductance (henrys) 
C = capacitance (farads) 

The total reactance of an inductance and a capacitance in 
series is Xi — Xo. 
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Resistances in Series or Parallel 
The effective value of several resistances connected in 

series is— 
7? = Ri d- R¿ Ra 4~ etc 

When several resistances are connected in parallel the 
effective total resistance is—• 

Ri 4~ Ri 4- R3 4" etc 

Resonance 
The resonant frequency of a tuned circuit is given by— 

where L = inductance (henrys) 
C = capacitance (farads) 

If L is in microhenrys (/xH) and C is in picofarads (pF) this 
formula becomes— 

102
/ =-= kilohertz 

2-n^LC 

The basic formula can be rearranged thus: 

i — 7 -Lz- henrys C = ■. A., farads 

Since 2tt/ is commonly represented by <0, these expressions 
can be written as— 

L = -77. henrys C = —~ farads 

Time Constant 
For a combination of inductance and resistance in series 

the time constant (ie the time required for the current to 
reach 1 /e or 63 per cent of its final value) is given by— 

t = — seconds 

where L = inductance (henrys) 
R = resistance (ohms) 

For a combination of capacitance and resistance in series 
the time constant (ie the time required for the voltage across 
the capacitance to reach 1/« or 63 per cent of its final value) 
is given by— 

t = C R seconds 

where C = capacitance (farads) 
R = resistance (ohms) 

Transformer Ratios 
The ratio of a transformer refers to the ratio of the 

number of turns in one winding to the number of turns in 
the other winding. To avoid confusion it is always desirable 
to state in which sense the ratio is being expressed: eg the 
“ primary-to-sccondary ” ratio nP!n,. The turns ratio is 
related to the impedance ratio thus— 

"p 
//, 

where np = number of primary turns 
ns = number of secondary turns 
Zp = impedance of primary circuit (ohms) 
Zs = impedance of secondary circuit (ohms) 

BASIC SI UNITS 

Quantity Name of unit Unit symbol 

Electric current 
Length 
Luminous intensity 
Mass 
Thermodynamic temperature 
Time 

ampere 
metre 
candela 
kilogramme 
degree Kelvin 
second 

A 
m 
cd 
kg 
°K 
s 

DERIVED SI UNITS 

Physical quantity SI unit Unit symbol 

Electric capacitance 
Electric charge 
Electrical potential 
Electric resistance 
Force 
Frequency 
Illumination 
Inductance 
Luminous flux 
Magnetic flux 
Magnetic flux density 
Power 
Work, energy, quantity of 

heat 

farad 
coulomb 
volt 
ohm 
newton 
hertz* 
lux 
henry 
lumen 
weber 
teslaf 
watt 

¡ocle h
 
h
 
h
 
h

 i
l 

h 
h 
h 
h 

11 
h 
h 
h 

3
 
f
 

• Hertz is equivalent to cycle per second. 
f Tesla is equivalent to weber per square metre. 

CONVERSION FACTORS 

To convert into Multiply by Conversely 

Amp hours 
Atmospheres 
Centigrade 
Cubic inches 
Cubic inches 
Degrees 

(angular) 
Dynes 
Ergs 
Feet 
Foot pounds 
Gausses 
Grams 
Grams per cm 
Horse power 
Inches 
Kilograms 
Kilometres 
Kilometres 
Kilometres 
Kilowatt hours 
Kilowatt hours 
Knots 
Lamberts 

Lamberts 

Lumens per sq 
ft 

Lux 
Metres 
Metres 
Miles per hour 
Nepers 
Tons 
Watts 

Coulombs 
Lb/sq in 
Kelvin 
Cubic feet 
Cubic metres 

Radians 
Pounds 
Foot pounds 
Centimetres 
Kilowatt hours 
Lines per sq in 
Dynes 
Pounds per in 
Kilowatts 
Centimetres 
Pounds (lb) 
Feet 
Nautical miles 
Statute miles 
Joules 
HP hours 
Miles per hour 
Candles per sq 
cm 

Candles per sq 
in 

Foot candles 
Foot candles 
Feet 
Yards 
Feet per second 
Decibels 
Pounds 
Ergs per second 

3600 
14 70 
°C4 273 = °K 
5 787 X 10“ 
1 639 X 10“ 

1 745 X 10 « 
2 248 X 10“ 
7 376 X 10“ 
30 48 
3 766 X 10“ 
6 452 
980 7 
5 6 X 10“ 
0 746 
254 
2205 
3281 
0 540 
0621 
3 6 X 10« 
1 341 
1 1508 

0 3183 

2054 

1 
0 0929 
3 28 
1 094 
1 467 
8 686 
2240 
10’ 

2 778 X 10“ 
0068 
°K - 273= °C 
1728 
6 102 X 10« 

57 3 
4 448 X 10» 
1 356 X 10’ 
3 281 X 10“ 
2 655 X 10‘ 
0 155 
1 02 X 10“ 
178 6 
1 341 
0 3937 
0 454 
3 048 X 10“ 
1 853 
1 609 
2 778 X 10“ 
0 7457 
0 869 

3 142 

0 4869 

1 
10 764 
0 3048 
0 9144 
0-68182 
01151 
4 464 X 10“ 
10“ 
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WINDING COILS ON STANDARD FORMERS 

Coil formers of the Aladdin type are widely used in modern 
radio equipment. There is, however, always the problem of 
calculating the number of turns required. For this reason 
two charts have been prepared by J. Greenwell (G3AEZ) 
to enable the amateur to calculate quickly and easily the 
necessary winding data. 

Use of Chart 23.2 

The use of Chart 23.2 is best illustrated by describing a 
typical calculation. 

Example: It is required to wind a coil on an Aladdin type 
F804 former which will resonate at 7MHz with a 50pF 
capacitor. 

The method is as follows: 
1. Draw a straight line through 50pF (axis A) and 7MHz 

(axis B). 
2. Project the line to cut axis C and read off the required 

inductance, which in this case is 10 3^H. 
3. Draw a horizontal line through 10 3mH on axis D and a 

vertical line through a reasonable winding length (say 0-5in) 
and determine the most suitable wire gauge to use, ie 32 
swg. 
4. From the 32swg curve determine the exact winding 

length to give an inductance of 10-3/xH, ie 0-48in. 
The coil required will therefore be close wound with 32 

swg enamelled copper wire and 0-48in long. 
If desired, the number of turns may be calculated using 

wire tables (such as Table 23.1) from which it will be found 
that the turns per inch for 32swg enamelled copper wire is 
83. Hence, a winding 048in long will consist of (83 x 0-48) 
= 40 turns. 

TABLE 23.1 

The following table, prepared from information provided by the 
London Electric Wire Company, shows the minimum turns per inch 
for enamelled copper wire of the gauges most commonly used by 
amateurs. 

SWG Turns/in SWG Turns/in 

20 26 
22 33 
24 41 5 
26 503 
28 61 
30 725 

32 82 6 
34 962 
36 1163 
38 144 9 
40 178 6 
42 212 

For coils of low inductance, ie less than 1/xH, it is advisable 
to space wind rather than close wind with a heavy gauge 
wire. Curves are, therefore, given in Chart 23.2 for pitches 
of 10, 15 and 20 turns per inch using 26swg enamelled 
copper wire. Other gauges may be used, however, without 
introducing significant errors. 

The values shown in Chart 23.2 have been calculated for 
Aladdin F804 formers without cores. The variation in 
inductance obtainable with dust-iron or brass cores depends 
on the winding length and composition of the core material 
and therefore no simple correction factor may be quoted. 
However, experiments show that for coils between 0-3 and 
0-8in long a dust-iron core will give a maximum possible 
inductance of about twice the “core-less” inductance and a 

brass core a minimum possible inductance of about 0-8 times 
the “ core-less ” inductance. These factors should be borne 
in mind when designing variable inductances from the charts. 

Chart for 0 3in Diameter Formers 

The inductance required is found from Chart 23.2 in the 
same way as for Aladdin F804 formers and the winding 
details determined from Chart 23.1. 

Measurements show that the effect of a screening can on 
the average coil wound on 0-3in diameter formers is to reduce 
the inductance by about 5 per cent. 

When designing very low inductance coils, an allowance of 
approximately 015;xH should be made for the leads. 

Chart 23.1. Winding data for 0-3in diameter coil forms. 
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Chart 23.2 The calculation of inductance required and winding data for Aladdin type F804 coil formers. The broken lines refer to the worked 
example on page 23.4. 
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20 REACTANCE and resonance chart 
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Reactance 

A straight-edge placed across the X, f and 
C scales shows the reactance of a capaci¬ 
tance C at a frequency f. 

Similarly, the reactance of an inductance 
L at a frequency f can be obtained by setting 
the straight-edge at the appropriate points 
on the L and f scales. 

Resonance 
A straight-edge placed across the L, C and 
f scales shows the respective values of 
inductance and capacitance which will 
resonate at a specific frequency. 
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20 REACTANCE and RESONANCE CHART 
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Reactance 
A straight-edge placed across’the X, fand 

C scales shows the reactance of a capaci¬ 
tance C at a frequency f. 

Similarly, the reactance of an inductance 
L at a frequency f can be obtained by setting 
the straight-edge at the appropriate points 
on the L and f scales. 

Resonance 
A straight-edge placed across the L, C and 

f scales shows the respective values of 
inductance and capacitance which will 
resonate at a specific frequency. 
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COMPARISON OF CENTIGRADE AND 
FAHRENHEIT THERMOMETER SCALES 

Centigrade Fahrenheit Centigrade Fahrenheit 

- 50 
- 45 
- 40 
- 35 
- 30 
- 25 
- 20 
- 15 
- 10 
- 5 

0 
4- 5 
4- 10 
4- 15 
4- 20 
4- 25 
4- 30 
4- 35 
4- 40 
4- 45 
4- 50 
4- 55 
4- 60 
4- 65 
4- 70 
4- 75 

- 58 
- 49 
- 40 
- 31 
- 22 
- 13 
- 4 
4- 5 
4- 14 
4- 23 
4- 32 
4- 41 
4- 50 
4- 59 
4- 68 
4- 77 
4- 86 
4- 95 
4- 104 
4- 113 
4- 122 
4- 131 
4- 140 
4- 149 
4- 158 
4- 167 

4- 80 
4- 85 
4- 90 
4- 95 
4- 100 
4- 105 
4- 110 
4- 115 
4- 120 
4- 125 
4- 130 
4- 135 
4- 140 
4- 145 
4- 150 
4- 155 
4- 160 
4- 165 
4- 170 
4- 175 
4- 180 
4- 185 
4- 190 
4- 195 
4- 200 

4- 176 
4- 185 
4- 194 
4- 203 
4- 212 
4- 221 
4- 230 
4- 239 
4- 248 
4- 257 
4- 266 
4- 275 
4- 284 
4- 293 
4- 302 
4- 311 
4- 320 
4- 329 
4- 338 
4- 347 
4- 356 
4- 365 
4- 374 
4- 383 
4- 392 

GREEK ALPHABET 

Capital Small Greek English 
letters letters name equivalent 

A a Alpha a 
B ß Beta b 

y Gamma g 
A 8 Delta d 

€ Epsilon e 
Z £ Zeta z 
H Eta é 
® 0 Theta th 
1 1 lota i 
K X Kappa k 
A A Lambda 1 
M p. Mu m 
N V Nu n 
s £ Xi x 
O o Omicron o 
n k Pi p 

P p Rho r 
° Sigma s 

T t Tau t 
ï V Upsilon u 

Phi ph 
X X Chi ch 
T 0 Psi ps 
ß co Omega 5 

COLOUR CODING FOR GLASS FUSES 

Note that this coding does not apply to the ceramic-bodied fuse commonly 
ou nd in 13A plugs etc. 

Colour Rating (mA) Colour Rating (A) 

Green/yellow 10 
Red/turquoise 15 
Eau-de-Nil 25 
Salmon pink 50 
Black 60 
Grey 100 
Red 150 
Brown 250 
Yellow 500 

Green 0 75 
Blue 10 
Light blue 1-5 
Purple 20 
Yellow and purple 2 5 
White 3 0 
Black and white 5 0 
Orange 100 

USEFUL TWIST DRILL SIZES 

Twist Drill No. 
ün 
0-250 

in 

1 
0-228 

in 

9 
0-196 

in 

17 
0-173 

in 

24 
0-152 

in 

32 
0116 

in 

43 
0089 

in 

50 
0-070 

in 

Clearance for wood¬ 
screw No. 

Clearance for BA 
Tapping size for BA 

14 
0 

12 
1 

10 
2 
0 

8 
3 
1 

6 
4 
2 

4 
6 
4 

2 
8 
6 

0 
10 
8 

STANDARD WIRE TABLE 

Note (*) Current loading may be used up to 2000A/in.’ 
(t) Some small variations depending on makers. 

SWG Diameter 
(inches) 

Current* 
at 

lOOOA/in* 
Fusing 
current 

Resistance 
ohmsf 
1000yd 

TURNS PER INCH 
Nearest 
American 
wire gauge 

Weight 
yd/lb 

Single 
cotton 

Double 
cotton 

Single 
silk 

Double 
silk 

Enamel 

12 
14 
16 
18 
20 
22 
24 
26 
28 
30 
32 
34 
36 
38 
40 
42 
44 
46 

0-104 
0-08 
0-064 
0 048 
0-036 
0-028 
0-022 
0-018 
0-0148 
00124 
0-0108 
00092 
00076 
0 006 
0-0048 
0 004 
00032 
0-0024 

8-5 
5-03 
3-217 
1-81 
1-02 
0-61 
0-38 
0-254 
0-17 
0-12 
0-09 
0-07 
0-05 
0-03 
0 018 
0-0126 
0-008 
0-0045 

166 
107 
69-9 
48 
33-4 
24-7 
18-4 
14-1 
11-5 

6-79 

3-41 

2-83 
4-78 
7-46 

13-27 
23-6 
39 
63-2 
94-3 

139-5 
199-0 
262 
361 
529 
849 

1326 
1910 
2985 
5307 

14-1 
18 3 
24-1 
29-8 
37 
43-5 
50-5 
57-5 
63-5 
70-5 
86-2 
100 
112-5 

8-48 
10-7 
13-3 
17-3 
21-7 
26-3 
31-3 
35-7 
40-2 
44-7 
50-5 
54-9 
64-1 
71-4 
78-1 

15 
20 
26-3 
33-3 
42 1 
50-6 
60-4 
72 
81-3 
93-4 
110 
133 
159 
192 
227 
278 

14-7 
19-6 
25-3 
31-8 
40 
47-6 
56-2 
67-1 
75-2 
85-5 

102 
121 
142 
161 
185 
217 

9-26 
12-1 
14-8 
19-7 
26-1 
33-3 
41-1 
50-6 
61-4 
73-3 
83 
98 

116 
143 
180 
217 
270 
357 

10 
12 
14 
16 
19 
21 
23 
25 
27 
28 
29 
31 
32 
34 
36 
38 
40 

I 

10 
17 
27 
48 
85 
140 
227 
340 
503 
716 
944 
1300 
1905 
3060 
4775 
6880 

10,750 

23.8 



GENERAL DATA 

USA RG SERIES COAXIAL CABLES 

♦ Formerly RG8A/U t Formerly RG17A/U } Formerly RG19A/U 

Cable 
no. 

Nominal 
impedance 
Z (ohms) 

Cable 
outside 
diameter 

(in) 

Velocity 
factor 

Approximate attenuation (dB per 100ft) Capacitance 
(pF/ft) 

Maximum 
operating 
voltage 
rms 1MHz 10MHz 100MHz 1,000MHz 3,000MHz 

RG-5/U 

RG-5B/U 

RG-6A/U 

RG-8A/U 

RG-9/U 

RG-9B/U 

RG-10A/U 

RG-11A/U 

RG-12A/U 

RG-13A/U 

RG-14A/U 

RG-16/U 

RG-17A/U 

RG-18A/U 

RG-19A/U 

RG-20A/U 

RG-21A/U 

RG-29/U 

RG-34A/U 

RG-34B/U 

RG-35A/U 

RG-54A/U 

RG-55B/U 

RG-5SA/U 

RG-58/U 

RG-58C/U 

RG-59A/U 

RG-59B/U 

RG-62A/U 

RG-74A/U 

RG-83/U 

•RG-213/U 

tRG-218/U 

:rg-22o/u 

525 

500 

75 0 

500 

51 0 

500 

500 

750 

75 0 

75 0 

500 

520 

500 

500 

500 

500 

500 

53 5 

75 0 

75 

750 

580 

53 5 

500 

53 5 

500 

75 0 

75 

93 0 

500 

350 

50 

50 

50 

0 332 

0 332 

0 332 

0 405 

0420 

0425 

0 475 

0 405 

0475 

0425 

0 545 

0 630 

0870 

0945 

1 120 

1 195 

0 332 

0184 

0 630 

0 630 

0945 

0250 

0206 

0 216 

0 195 

0 195 

0242 

0242 

0 242 

0 615 

0 405 

0 405 

0 870 

1 120 

0659 

0659 

0659 

0 659 

0 659 

0659 

0659 

0 66 

0659 

0 659 

0 659 

0 670 

0659 

0659 

0659 

0659 

0 659 

0 659 

0659 

0 66 

0659 

0 659 

0 659 

0659 

0659 

0659 

0659 

066 

084 

0659 

0 66 

066 

066 

0 66 

0 21 0 77 2 9 11 5 22 0 

016 066 24 88 167 

0 21 0 78 2 9 11 2 21 0 

016 055 20 80 165 

016 057 20 73 15 5 

0175 061 21 90 180 

016 055 20 80 165 

018 07 23 7 8 165 

018 0 66 2 3 8 0 16 5 

018 066 23 80 165 

012 0 41 1 4 5 5 12 0 

01 0 4 1-2 6 7 16 0 

0066 0225 080 3-4 85 

0066 0225 080 3 4 8 5 

004 017 068 3 5 77 

004 0 17 0 68 3 5 77 

1 4 4 4 13 0 43 0 85 0 

0 33 1 2 4 4 16 0 30 0 

0 065 0 29 1 3 6 0 1 2 5 

03 14 58 

007 0235 085 3 5 8 60 

0 18 074 31 11 5 21 5 

0 36 1 3 4 8 17 0 32 0 

0 36 1 3 4 8 17 0 32 0 

0 33 1 25 4 65 17 5 37 5 

0 42 1 4 4 9 24 0 45 0 

0 34 1-10 3 40 12 0 26 0 

11 3-4 12 

0 25 0 85 2 70 8 6 18 5 

010 0 38 1 5 6 0 11 5 

023 0 80 28 9 6 240 

016 0 6 1 9 8 0 

0 066 0 2 1 0 4 4 

004 02 07 3 6 

285 

29 5 

200 

30 5 

300 

30 5 

305 

20 5 

205 

20 5 

300 

29 5 

300 

305 

305 

305 

300 

285 

205 

21 5 

205 

265 

285 

29 5 

285 

300 

20 5 

21 

13 5 

300 

440 

29 5 

29 5 

I 29 5 

3,000 

3,000 

2,700 

4,000 

4,000 

4,000 

4,000 

5,000 

4,000 

4,000 

5,500 

6,000 

11,000 

11,000 

14,000 

14,000 

2,700 

1,900 

5,200 

6,500 

10,000 

3,000 

1,900 

1,900 

1,900 

1,900 

2,300 

2,300 

700 

5,500 

2,000 

5,000 

11,000 

14,000 
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CONSTANT-K FILTERS 

HIGH PASS FILTERS 

IT SECTION 

T SECTION 

T SECTION 

r __1 
■nfe' “ rfRQ

4-nf,R<, 

„ _ (f.-fò 
’ 4*RfJt

C 1

M-DERIVED FILTERS 

LOW PASS FILTERS 

SHUNT DERIVED 

IT SECTION 

HIGH PASS FILTERS 

SERIES DERIVED 

T SECTION 

ENO HALF SECTIONS 

(USEm.0-6) 
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GENERAL DATA 

COMPONENT COLOUR CODES 

RESISTORS 

TC 1st 2nd M T 

Tip 

1st 2nd M T 

CERAMIC CAPACITORS 

TANTALUM CAPACITORS 

1st 
2nd 
M 
T 
V 

o 

POLYESTER CAPACITORS 

Colour Significant 
figure (1st, 2nd) 

Decimal 
multiplier (M) 

Tolerance 
(T)(per cent) 

Temp coeff (TC) 
(parts/10*/°C) 

Voltage (V) 
(tantalum cap) 

Voltage (V) 
(polyester cap) 

Black 
Brown 
Red 
Orange 
Yellow 
Green 
Blue 
Violet 
Grey 
White 
Gold 
Silver 
Pink 
No colour 

0 
1 
2 
3 
4 
5 
6 
7 
8 
9 

1 
10 
100 

1,000 
10,000 

100,000 
1,000,000 

10,000,000 
100,000,000 

1,000,000,000 

±20 
±1 
±2 
±3 
±100, -0 
±5 
±6 

±10 
±5 
±10 

±20 

0 
-30 
-80 
-150 
-220 
-330 
-470 
-750 
+ 30 
+ 100 to -750 

10 

6 3 
16 
20 

25 
3 

35 

100 
250 

400 

Units used are ohms for resistors, picofarads for ceramic and polyester capacitors, and microfarads for tantalum capacitors. 

23.11 





INDEX 
A 

Absorption, atmospheric . 11.8 
AC (alternating current) . 1.14 

mains supply . 16.1 
Acceptor circuit . 1.21 
Access, repeater . 14.31 
Acoustics . 9.9 
Aerials, general . 12.1.13.1 
Aperture . 13.2 
Array factor . 12.13 
Baluns . 12.41 
Bandwidth . 13.2 
Beam arrays . 12.8 
Beamwidth . 12.9. 13.2 
Brewster effect . 12.15 
Capture area . 13.2 
Clemens match . 12.37 
Close-spaced arrays . 12.11 
Current fed . 12.5 
Delta match . 12.36 
Dipole . 12.3 
Directive arrays . 12.8 
Directivity . 12.3. 13.2 
Dummy . 15.7 
Efficiency . 12.54 
Feeders . 12.17 
Fields . 12.3 
Folded dipole . 12.33 
Front-to-back ratio . 12.7,13.1 
Gain . 12.3,13.1 
Gamma match . 12.36 
Ground effects . 12.15 
Half-power points . 13.1 
Height . 11.10,12.13 
Impedance . 12.4 

Matching . 12.33 
Mutual . 12.6 

Isotropic . 12.4, 13.1 
Lightning protection . 12.89 
Line transformers . 12.37 
Loading coil . 12.6 
Lobes . 12.10 
Location, optimum . 17.10 
Monopole . 12.3 
Network transformers . 12.40 
Nulls . 12.10 
Parasiticarrays . 12.11 
Pointsources . 12.8,12.12 
Polar diagrams . 12.8,13.1 
Polarization . 12.9, 13.3 
Quadrature arrangement . 12.10 
Radiation . 12.3 

Patterns .. 
Resistance 

12.8, 12.13 
. 12.4 

13.3 
12.35 
12.17 
12.10 
12.3 

12.13 
12.5 

12.51 
14.13 
14.22 
12.59 
12.63 
12.66 
12.63 
14.11 
12.46 
12.96 
12.64 
12.90 
12.56 
12.48 
12.76 
12.79 

Reciprocity theorem . 
Transformers . 
Transmission lines . 
Unidirectional patterns ... 
Unipole . 
Unit pattern . 
Voltage fed . 

Aerials, hf . 
Adjustment . 
All-band portable . 
Asymmetrical twin feed .. 
Beam arrays . 
Bi-square . 
Broadside arrays . 
Capacitance hat . 
Centre-fed horizontal wire 
Choice . 
Collinear arrays . 
Construction . 
Counterpoise . 
Couplers . 
Cubical quad . 
Delta loop . 

Double Windom . 12.59 
Driven arrays . 12.69 
Earthing systems . 12.44,12.53 
End feeding . 12.43 
End-fire arrays . 12.67 
Extended double Zcpp . 12.62 
Extended ground plane . 12.82 
F7FE all-band dipole . 12.62 
Ferrite rod . 1.14,14.25 
Flat lines . 12.47 
Rat top . 12.69 
G5RV 102ft dipole . 12.85 
G8PO . 12.71 
Gain measurement . 12.95 
Groundplane . 12.81,12.84.14.22 
Halyards . 12.91 
High frequency . 12.57 
Horizontal dipoles 12.55. 12.57. 12.84 
Impedance 

Matching . 12.33.14.13 
Measurement . 12.94 

Interference . 12.97 
Inverted-V dipole . 12.58.14.22 
Lazy-H . 12.65 
Loaded vertical .... 12.82.14.10.14.22 
Long-wire beam arrays . 12.67 
Long-wire horizontal . 12.59 
Low frequency . 12.52 
Masts . 12.92 
9M2CPZ-beam . 12.80 
Marconi . 12.52 
Measurements . 12.93 
Mobile . 12.82,14.10 
Multiband . 12.84 
Multiple arrays . 12.79 
Network transformer . 14.14 
Parasiticarrays . 12.72,12.87 
Phased arrays . 12.70 
Phasing lines . 12.66,12.71 
Planning consent . 12.93 
Polar diagram measurement . 12.94 
Portable . 14.22 
PO splice . 12.91 
Power indicators . 12.50 
Receiving . 12.97 
Rhombic . 12.68. 15.14 
Ribbon . 12.62 
Rigging . 12.92 
Sense . 14.25 
Simple wire . 12.57 
Sterba curtain . 12.66 
Swiss quad . 12.77 
Switchable arrays . 12.79 
Trapped . 12.84 
Triband beam arrays . 12.87 
Tuned line feeders . 12.45 
Tuning units . 
V-beam . 
Vertical . 
VS1AA 
W3EDP end-fed .... 
W8JK end-fed array 
Windom . 
X-mcthod of phasing 
Yagi arrays . 
Z-beam.9M2CP .... 
Zeppelin (Zcpp) .... 
ZL Special . 

Aerials, vhf and uhf . 
Baluns . 
Bill-board arrays .... 
Bi-square . 
Broadside arrays .... 
Construction . 
Corner reflector . 
Crossed dipoles . 
Cubical quad . 

4.36, 12.48, 17.9 
. 12.67 
.... 12.52,12.81 
. 12.58 
. 12.56 
. 12.11,12.69 
. 12.58 
. 12.71 
. 12.72 
. 12.80 
. 12.61 
. 12.71 
. 13.1 
. 13.5 
. 13.14 
. 13.16 
. 13.14 
. 13.22 
. 13.17 
. 20.11 
. 13.15 

Delta match . 13.10 
Feeders . 13.3 
Full-wave dipole . 13.14 
Ground plane . 14.14 
HB9CV array . 14.24 
Height . 13.3 
Helical 

Axial mode . 13.20 
Normal mode . 14.24 

Impedance matching . 13.6 
z/4 whip . 14.14 
5A/8whip . 14.16 
Long helix . 13.21 
Long Yagi . 13.13 
Mini-halo . 14.17 
Mobile . 14.14 
Multibcam . 13.13 
Parabeam . 13.13 
Parabolic reflector . 13.19 
Parasiticarrays . 13.10 
Polar diagrams . 13.1,14.14 
Polarization . 13.3 
Portable . 14.22, 14.24 
Radiation pattern . 13.3 
Reflex . 13.18 
Repeater . 14.30 
Skeleton slot arrays . 13.12,13.15, 

13.23, 13.25 
Stacked dipole arrays . 13.14 
Transmission lines . 13.3 
Trapezoidal tooth log periodic ... 13.20 
Trough reflector . 13.18 
Tuning adjustments . 13.22,14.15 
Turnstile . 20.11 
Yagi arrays . 13.10,13.23 

AFI (audio frequency 
interference) . 17.16 

AFSK (audio frequency shift 
keying) . 10.9 

AGC (automatic gain control) . 1.42, 
4.1.4.8.4.31 

Alphabet 
Greek . 23.8 
Phonetic . 19.3 

Alternators . 1.14 
Ammeters . 1.9.1.11,18.1 
Ampere . 1.10 
Amplification . 1.20,1.29 

Factor, valve . 2.6 
Linear, theory . 6.89 

Amplifiers . 1.29 
AF . 9.12 
Designs . 9.30 
Power . 9.18 
Receiver . 4.33 
Voltage . 9.12 

Buffer . 6.11 
Classes . 1.33,2.9,6.89.6.104,9.18 
Efficiency . 1.32,6.47 
I.F... 4.29,5.5,5.21 
Operational . 1.8 
Parametric . 1.6,5.17,15.2 
Push-pull . 6.28,9.16 
RF power . 2.11,6.26,6.89.7.8 

Adjustment . 6.41,6.99 
A.M. 2.14,7.15,9.2 
Designs .. 6.122,6.130,7.28,7.44 
Linear . 2.15,6.89 
Ratings . 2.11,6.47,6.98 

RF receiver . 4.20,5.15 
Speech . 9.12 

ANL (automatic noise limiter) ... 1.42,4.32 
Anode, valve . 1.19,2.2 
Follower . 9.14 

Anomalies, ionospheric propagation 11.15 
Anticyclones . 11.20 
Anti-nodes, current and voltage . 12.2 

xiii 
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Atmosphere, earth’s . 11.1 
“Atmospherics” . 11.15 
Atoms . 3.2 
Attenuation . 1.20 

Free space . 11.5,20.5 
Ground wave . 11.9 
Ionospheric . 11.7 
Transmission line . 12.28 
Tropospheric . 11.8 

Attenuators, rf . 3.14,4.21,17.21 
ATU (aerial tuning unit) . 12.48 
Auroral-E . 11.18 
Auto-transformer . 1.25 
Auto-transmitter . 10.8 
Avalanche 
Breakdown . 3.6 
Diode . 1.6 

Awards, operating . 19.4,22.2 

B 
Baluns . 12.41,13.5,17.10,17.26 
Bands 
Amateur . 1.28 
Classification . 11.4 
Conduction . 3.2 
Plans . 19.5 
Stop . 1.25 

Bandspread . 1.3 
Bandwidth . 1.23 
Excessive . 17.5 
Keying . 8.1 
Receiver . 4.5,5.4 

Base, transistor . 3.18 
Batteries . 1.10,16.1,16.15 
Lead-acid . 14.2 

Baud . 10.2 
Baying aerials . 12.79,13.11 
Beacons . 11.24,22.2 
Bead, ferrite . 1.17 
Bel . 23.1 
BFO (beat frequency oscillator) 1.41,4.30 
Bias . 1.30 
Resistor . 23.1 
Transistor . 3.20,3.22,6.44 
Valve . 2.4,6.30 

Birdies . 4.11 
Blanking, noise . 14.1 
Blocking . 4.1,4.7 
Blankers, noise . 4.32 
Braid-breakers . 17.23 
Break, high-Q . 5.14 
Breakdown, semiconductor . 3.6 
Break-in . 1.40,8.11 
Brewster effect . 12.15 
Bridges 
Impedance . 18.10 
LCR . 18.8 
Noise . 18.23 

C 

Cable, coaxial . 12.17,12.30,13.4,23.9 
Calibrator, crystal . 1.36,4.36,18.14 
Callsigns, international . 19.7 
Cameras, sstv . 21.2,21.4 
Capacitance . 1.14,23.1 
Hat . 14.11 

Capacitors . 1.3,1.15 
Bypass . 6.48 
Compression . 1.15 
Disc . 7.13 
Neutralizing . 6.30 
Padding . 1.3,4.35 
Ratings . 6.48 
Self-resonance frequencies . 6.49 
Temperature compensating . 6.10 
Trimming . 1.3,4.35 

Carburization . 2.1 
Cardioid pattern . 12.10 
Cards, QSL . 19.4 
Carrier 
Current . 3.4 
RF . 1.36 

Suppression . 6.68 
Cathode, valve . 1.19,2.1 
Bias . 2.4,6.30 
Follower . 9.13 

Cavity, coaxial . 5.6 
Cell . 1.10 
Centigradc/Fahrepheit conversion . 23.8 
Central meridian passage . 11.14 
Chad . 10.8 
Chapman layer . 11.15 
Channels 
Repeater . 14.29 
Simplex . 14.1 
Television . 17.11 

Characteristics 
Coaxial cable . 12.30,13.4,23.9 
Diode, semiconductor . 3.6 
Rectifier . 16.3 
Transistor . 3.19,3.22 
Valve . 2.6 
Wire . 23.8 

Charge 
Electrostatic . 
Space . 
Storage . 

Charging system, vehicle 
Chirp . 
Chokes . 

RF power . 
Swinging . 

Chromosphere . 
Circuits . 

Acceptor . 
Integrated . 
Rejector . 
Tank . 
Tuned . 

Circulator . 

. 1.9 

. 2.1 

. 3.7 
. 14.2 

. 8.2,17.5 

. 1.5,1.17 

. 6.23,6.41 

. 16.6 

. 11.13 

. 1.10 

. 1.21 

. 1.8,3.24,4.10 

. 1.21 
1.23,6.34.6.96.7.10 
. 2.10,5.6,7.8 
. 14.30 

Class A, B.C, etc . 1.33,2.9,6.89.6.104, 
9.18 

Clicks, key . 8.2, 17.5 
Clipping, speech . 1.38,9.21 
CMP (central meridian passage) . 11.14 
Coaxial cavity . 5.6,7.11 
Codes 
Colour . 1.1 
Morse . 1.37,8.1.19.4 

Slow transmissions . 22.2 
Q . 19.3 
R- . 1.1 
RST . 19.3 
Sinpo . 19.3 
Telegraph . 10.1 

Coefficient, temperature . 1.3 
Coils . 1.14,1.16,1.20 

Aerial loading . 1.26,12.6,12.82, 
14.10 

Field . 1.13 
HF . 4.40 
Inductance . 23.2 
VHF . 5.6 
Winding data . 23.4 

Cols . 11.20 
Collector, transistor . 3.18 
Compadrón . 1.9 
Compression, speech . 1.38,9.21 
Conductance, valve 
Conversion . 2.8 
Mutual . 2.6 
Transit time . 2.7 

Conduction . 1.9 
Band . 3.2 

Conductors . 1.1,1.9 
Constant, time . 1.15 
Converters . 4.37. 5.4 
DC-DC . 14.18 
Designs . 4.46,5.22 
Parametric . 4.26 

Cooling 
Transistors . 6.45 
Valves . 2.2 

Cores . 1.4,1.13,1.18 

Toroid . 4.41 
Corona . 11.13 
Couplers, aerial . 12.48 
Coupling . 1.25 
Capacitor . 1.29 
Interstage . 6.20,6.24 
Output . 1.36,6.38,7.10 
Pi-network . 6.23,6.39 
Resistance-capacitance . 1.32,9.12 

Cross-modulation . 1.41,4.1,5.1,17.3, 
17.4, 17.12 

Crotchet . 11.19 
Crystal, piezoelectric . 1.20,6.2 

Calibrator . 1.36,4.36 
Current . 6.3 
Cuts . 6.2 
Etching . 6.77 
Filters . 4.14,6.74 
Frequency variation . 6.6 
Grinding . 6.74 
Ordering . 6.81 
Oscillators . 1.35,5.8,6.1,7.2 
Oven . 6.2 
Plating . 6.74 
Set . 1.40 

Current 
Alternating . 1.14 
Direct . 1.10 
Magnetizing . 1.13 
Measurement . 1.11 

CW (continuous wave) . 1.36,8.1,19.1 
Cycle, wave . 12.1 
Cyclones . 11.20 

D 

Data, general . 23.1 
Decibel . 1.31,11.3,23.1 
Decoupling in transmitters . 17.8 
Deflection, full scale (fsd) . 18.1 
Demodulation . 1.37,4.29,5.19 
Depletion layer . 3.4 
Depressions . 11.20 
Detectors . 1.40,4.2,4.29 
Deviation . 9.8 
Meter . 5.21 

DF (direction finding) . 14.25 
Diac . 3.17 
Dielectric . 1.3 
Diffraction . 11.8 

Knife-edge . 11.11 
Digital techniques . 4.35 
Diodes 
Avalanche . 1.6 
Back . 3.11 
Double base . 3.16 
Gold bonded . 1.6,3.8 
Gunn . 3.15 
Hot carrier . 1.6, 3.8 
Impatt . 3.14 
Junction . 1.6,1.18,3.6 
Noise . 2.16 
P-I-N . 3.13 
Point contact . 1.5,3.8 
Rectifier . 16.1 
Reference . 1.6 
Semiconductor . 1.5,1.18,3.6 
Shockley . 1.6 
Tunnel . 3.10,5.18,15.12 
Valve . 1.19,2.3 
Varactor . 1.6,3.12,7.17,9.27 
Zener . 1.6,1.20,3.9,16.9 

Dipole . 1.29,12.3 
Direction-finding equipment . 14.25 
Discriminators, fm . 5.19 
Dissassociation . 11.15 
Dissipation 
Transistor . 6.45 
Valve . 2.6 

Distortion . 1.35 
Ionospheric phase . 11.12 
Phase . 1.28 
Sideband . 6.92 

xiv 



INDEX 

Telegraph 
Transmitter 

. 10.3 
17.1,17.12 

11.19 
11.13 
. 3.16 
. 1.18 
.. 11.9 
.. 3.21 
. 11.2 
.. 23.8 
. 1.30 
. 6.33 
. 6.30 
.. 6.65 
.. 6.51 
.. 11.8 
11.15 

. 19.2 

... 4.1 

. 1.13 
14.18 

Disturbances, sudden 
ionospheric . 

Diversity reception . 
Domains, running . 
Doping . 
Doppler effect . 
Drain, fet . 
D-region . 
Drills, useful sizes . 
Drive . 
Grid . 
Bias . 

DSB (double sideband) . 
Transmitter design . 

Duct, atmospheric . 
Dumping, particle .. 
DX (long-aistance contact) working 
Dynamic range, receivers . 
Dynamo . 
Dynamotors . 

E 
Earphone . 1.13 
Earth 
Atmosphere . 11.1 
Magnetic field . 11.4,11.8 
Maps . 11.21 

Earthing 
Aerial systems . 12.44,12.53 
Lightning conductors . 12.89 
Station equipment . 19.9,19.11 

Echoes 
Long-distance . 11.12 
Precipitation radar . 11.8 

Efficiency, amplifier . 1.32,6.47 
E-layer . 11.2 
Electricity . 1.9 
Electrocution . 19.9 
Electromagnets . 1.13 
Electrons . 1.9,2.1.3.1 
Free . 11.16 

Emission 
Spurious . 17.5 
Tnermometcr . 2.1,2.3, 2.8 

Emitters 
Bright and dull . 2.1 
Transistor . 3.18 

Erwrgy 
Gap . 3.2 
Levels . 3.1 

Envelope shape . 1.37,6.98,6.103, 
8.1,9.36 

E-plane .. 12.9 

F 
21.8 Facsimile 

Factors 
Amplification . 2.6 
Array . 12.13 
Charging . 16.17 
Conversion . 23.3 
Effective earth radius . 11.7 
Form . 14.12 
Height gain . 11.10 
Magnification . 1.4,1.22 
MUF . 11.17 
Multiplication, vhf/uhf . 7.2 
Noise . 1.32,4.5,5.1 
Power . 1.3 
Q . 1.4,1.22 
Shape . 4.22 
Stabilization . 16.11 
Transmission-line velocity 12.19, 

13.4 
Fade-outs, Dellinger . 11.19 
Fading, hf signal . 1.28,11.12,11.13 
Fahrenheit/Ccntrigradc conversion .... 23.8 
Farad . 1.15 
Fax . 21.8 

Feedback 
Negative . 1.35,9.17 
Positive . 1.33 

Feeders . see “Lines, transmission" 
Ferrite . 14 
FET (field-effect transistor) . 3.21 
Field 

Electric . 11.2,12.1 
Geomagnetic . 11.4,11.18 
Magnetic . 1.13,11.2,12.1 
Strength . 11.2,20.5 

Filtering . 1.20 
Filters . 1.24,4.13,6.74,9.24 

Acoustic wave . 
Active . 
AF . 
Capacitor input . 
Ceramic . 
Choke input . 
Cohn . 
Constant-k . 
Crystal . 
Key click . 
LC . 
Low-pass T . 
M-derivcd . 
Mechanical . 
Passband measurement 
Pi-network . 
RC . 

. 4.18 
. 4.34,9.26 
. 4.34,9.26 
. 16.3 
. 4.17 
. 16.6 
. 4.21 
. 9.24 
1.25,4.14,6.74 
. 8.2 
. 16.7 
. 1.25 
. 9.25,23.10 
. 4.18,6.78 
. 6.77 
1.25,6.23.6.39 
. 16.7 

Roofing . 4.9 
RTTY .  10.15 
SSB system . 6.74 
Time domain . 4.18 
Transmitting . 17.10,17.13,17.21 
Vehicle interference . 14.5 
VHF/UHF . 7.49 

Rares, solar . 11.14 
F-layers . 11.2 
Rutter 
Aircraft . 119 
Mobile . 14.30 

Fold-over, current . 16.12 
Followers 
Anode . 9.14 
Cathode . 9.13 
Emitter . 3.20 

Formulae, general . 23.1 
“Four-thirds earth" . 11.8 
Frequency . 1.14,1.27,12.2 
Audio . 119 
Control, automatic . 3.13 
Conversion . 1.41,4.23,5.18,6.83 
Critical . 11.6,11.16 
Intermediate . 1.24,1.40,4.13,4.29, 

5.5 
Keying . 10.9 
Lowest usable . 11 17 
Marker . 1.36,4.36 
Maximum usable . 11.6,11.17 
Measurement . 18.11 
Meter . 6.13 
Modulation . 9.5 
Multipliers . 3.13,5.13,6.25,7.7 
Optimum working . 11.17 
Quench . 4.3 
Radio . 1.28 
Resonant . 1.20 
Response . 1.20 
Satellite Doppler shift . 11.9,20.3 
Standard . 18.1 
Synthesis . 4.18 
Variation of crystal . 6.6 
Wavelength conversion . 12.2,23.1 

Fronts, weather . 11.20 
Front-ends . 1.32,4.20,5.1 
FSD (full scale deflection) . 18.1 
FSK (frequency shift keying) . 10.9 

. 1.31 
12.3,13.1 

Gain . 
Aerial 

Control, automatic . 1.42,4.1,4.8, 
4.31 

3.21 

1.7,3.19 
.... 4.12 
2.6,9.12 
. 3.15 
. 1.3 

. 18.15 

. 1.13 

. 14.15 
.. 18.24,18.29 
.... 14.18,16.1 
. 18.24 
. 21.3 
. 11.20 
. 11.22,20.6 
. 2.2 
1.30,2.4,6.30 
. 2.4 
. 2.6 
2.10,6.33,6.90 
. 2.10,6.97 
. 1.28 

Transistor . 
Receiver . 
Valve . 

Gallium arsenide . 
Ganging . 
Gate, 
FET . 
Thyristor . 

Gauze, standard wire . 
GDOs (grid dip oscillators) . 
Generators . 

Interference suppression 
Noise . 
Power . 
Signal . 
SSTV . 

Geodesy . 
Great-circles . 
Grids, valve . 
Bias . 
Current . 
Dissipation . 
Drive . 
Passive . 

Ground-wave . 

H 
Hairpin . 5.6 
Halyards, aerial . 12.91 
Harmonics . 1.36 
Generation . 17.3 
Transmitter . 17.7,17.12,17.19 
Trap . 17.10 

Hash noise . 15.6 
Hat, capacitance aerial . 14.11 
Headphone . 113 
Heat 

Dissipation, transistor . 6.45 
Dissipation, valve . 2.2 
Sink . 1.7,6.45 

Heater . 2.2 
Height 

Aerial . 11.10,12.13,13.3 
Satellite slant . 20.3 
Virtual . 11.16 

Henry . 116 
Hertz . 1.14 
Heterodyne . 1.40 
Hole, semiconductor . 1.18,3.3 
Storage . 3.7 

Horizon, radio and optical . 11.7 
H-plane . 12.9 
Hum . 1-27 
Receiver . 4.1 
Valve . 2.8 

Hydrometer . 14.3 

I 
IGFET (insulated-gate fet) . 1.8,3.22 
Image 
Aerial . 12.13 
Communication . 21.1 
“Ghost" . H 9 
Interference . 17.4 
Signals . 1.42,4.7,4.11 

Impedance . 23.2 
Aerial . 12.94 
Cathode interface . 2.8 
Load . 1.26 
Matching . 12.33, 13.6, 14.13 
Measurement . 12.94,18.10 
Mutual aerial . 12.6 
Transmission line .... 12.17,12.24,23.1 
Valve . 2.6 

Impurity element . 3.2 
Incidence . H.6 
Incremental tuning, receiver . 4.10 
Index 
K- . 11.18 
Planetary magnetic (Kp) . 11.18 
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Refractive . 
Inductance . 
Critical . 
Measurement . 

Induction . 
Inductors . 
Instruments, test . 
Insulators . 
Insurance . 
Integrated circuits . 
Interference . 

Audio equipment (afi) . 
Broadcast receivers (bei) 
Causes 

. 11.7 

. 23.2 

. 16.6 

. 1.5 

. 1.13 

. 1.4 

. 18.1 

. 1.9 

. 14.2,19.10 

. 1.8,3.24,4.10 

. 17.1 

. 17.4,17.16 
) . 17.16 

Domestic equipment . 17.18 
External . 17.14 
Receiver . 17.3 
Transmitter . 17.4 

Harmonic . 17.7,17.12,17.19 
I.F. breakthrough . 17.4 
I.F. harmonic . 17.3 
Image . 17.4 
Keying . 8.1 
Noise . 14.3,15.6,17.5 
Oscillator harmonic . 17.3 
Signals . 4.7,4.11 
Suppression . 10.8 
Television . 17.11 
Vehicle electrical . 14.3 

Intermodulation . 1.37,4.1,4.7,5.1, 
17.2, 17.4 

Inverters . 14.18 
Ionization 
Irregular . 11.17 
Normal . 11.15 

Ionogram . 11.16 
Ionosonde . 11.16 
Ionosphere ... 1.28,11.2,11.6,11.12,11.15 
Ions . 11.15 

J 
Junction, P-N 1.18,3.4 

K 
Key 

Clicks . 
Morse . 

Keyboards, rtty ... 
Keyer valve . 
Keying . 

Bandwidth ... 
Characteristics 
Clicks . 
Methods . 
Monitors . 
Relays . 
Shift . 
Tone . 

K-index . 
Klystron . 

. 17.5 

. 8.8, 19.8 
.... 10.1,10.4 
. 8.6 
1.36,8.1, 10.9 
. 8.1 
. 8.1 
. 8.2 
. 8.3 
. 8.8 
. 8.6 
. 10.9 
. 8.10 
. 11.18 
. 1.9 

Law 
L 

Manley-Rowe . 4.26 
Ohm . 1.10,23.2 

Layers, ionospheric . 11.1,11.15 
Layout, station . 17.9,19.7 
Latitude 

Heliocentric . 11.14 
Sub-satellite . 20.6 

Lightning protection . 12.89,19.9 
Limbs, solar . 11.14 
Limiters, noise . 1.37,1.42,4.32,5.19. 

14.1 
Linearity 

Receiver . 4.1, 17.1, 17.2 
Transmitter . 6.91 

Lines, Lecher . 18.13 
Lincs, transmission . 12.17,13.3 

Characteristic impedance . 12.17 
Coaxial cable data . 13.4, 23.9 
Hat . 12.47, 13.7 

Input impedance . 12.24 
Loss . 12.28,13.4 
Matching to aerial . 12.33 
Power handling . 12.29 
Practical types . 12.30 
Radiation . 12.31,12.49, 13.4,17.10 
Standing waves . 12.20 
Stub . 12.26,12.37,13.5 
Surface-wave . 13.5 
Transformers . 12.25,12.37,12.42, 

13.9 
Tuned . 12.45 
Velocity factor . 12.19,13.4 
Waveguide . 13.4 

Line-of-sight distance . 11.7 
Lissajous’ figures . 18.25 
Load 

Dummy . 6.42,7.24,18.21 
Impedance . 1.26 

Log keeping . 19.5 
Longitude 

Heliocentric . 11.14 
Increment, satellite . 20.4 
Sub-satellite . 20.6 

Loop 
Current and voltage . 12.2 
Local . 10.7 
Phase-locked . 4.18,6.17 
Wadley . 4.19 
Loss. see “Attenuation" 
Loudspeaker . 1.13 
LUF (lowest usable frequency) . 11.17 

M 
Magnets . 1.13 
Teleprinter . 10.5 

Magnetism . 1.13 
Magnetograms . 11.18 
Magnetometers . 11.18 
Magnetosheath . 11.15 
Magnetosphere . 11.14 
Magnetron . 2.21 
Mains, ac . 16.1 
Maps . 11.21 
Marconi effect . 12.33, 12.49 
Mark pulse . 10.2 
Matching, impedance . 12.33 
Measurements . 18.1 
AC . 18.2 
Aerial . 12.93, 18.22 
Bridge . 18.8 
DC . 18.1 
Diode . 
Feeder .... 
Frequency 
Impedance 
LCR . 

. 18.34 

. 18.22 

. 18.11 
. 12.94,18.10 
. 18.8 

Noise factor . 18.29 
Oscilloscope . 18.31 
Power output . 18.21 
Resistance . 18.3 
Transistor . 18.34 

Mesopause . 11.2 
Mesosphere . 11.2 
Meteorology . 11.20 
Meteor scatter . 11.18 
Meters . 1.9,1.11 
Deviation . 5.21 
Field strength . 18.23 
Frequency . 6.13,18.14 
Moving coil . 18.1 
Protection . 18.3 
S . 4.1.4.32 
Switching . 18.3 

Microammeter . 18.1 
Microphones . 9.9 

Condenser . 1.15,9.11 
Crystal . 1.20,9.12 
Halter . 14.18 
Ribbon . 1.13,9.11 

Microphony . 2.7 
Micropulsations . 11.18 

Microstrip . 5.6 
Milliammeter . 1.11,18.1 
Mixers . 1.41,4.23,6.83 

Hybrid ring . 5.39 
VXO . 6.6 

Mixing, reciprocal . 4.1,4.28 
Mobile equipment . 14.1 

Aerials . 14.10,14.14 
DC-DC converters . 14.18 
Installation . 14.1,14.4,14.14 
Noise suppression . 14.3 
Power supplies . 14.2 
Repeaters . 14.29 
Transceivers . 14.1 

Modulation . 1.36,9.1 
Amplitude (a.m.) . 7.15,9.1 
A.M. methods . 9.2 
Cross- . 1.41,4.1,5.1 
Depth . 9.1,9.35 
Frequency (fm) . 5.19,7.16,9.8 
Index . 9.8 
Monitor . 9.34 
Phase (pm) . 7.17,9.9 
Single sideband (ssb) . 6.68 
Transformer . 9.21 

Modulators 
Amplitude . 7.15,9.1 
Designs . 9.30 

Balanced . 6.68 
Frequency . 7.17,9.27 
Phase . 7.17,9.27 
Powersupplies . 9.21 
Ring diode . 6.69 

Monitors 
A.M. 9.36 
Keying . 8.8 
Modulation . 18.31 
Phase-shift (rtty tuning) . 10.15 
SSB . 6.101,6.103 
SSTV . 21.2,21.5 

Morse code . 8.1 
MOSFET (metal-oxidc-silicon fet) . 1.8, 

3.22 
Motor, electric . 1.13 
Movemeter, meter . 1.11 
MUF (maximum usable frequency) ... 11.6, 

11.17 
Multimeters . 1.12,18.4 
Multiplication factors, vhf/uhf . 7.2 
Multipliers 

Frequency . 1.33,2.16,5.13,6.25, 
7.7 

Meter . 18.1 
O . 1.33,4.14 
Voltage . 16.3 

Multivibrator . 1.35 
Muting receivers . 8.13 

N 
Netting . 1.42 
Neutralization . 1.35,2.10.5.15,6.28, 

7.14 
Anode . 2.10,6.28 
Capacitors . 6.30 
Grid . 6.29 
Procedure . 6.27,6.42 
Transistor . 6.45 

Nodes 
Ascending and descending . 20.2 
Current and voltage . 12.2 

Noise . 1.32,15.1 
Aerial . 15.6,15.13 
Atmospheric . 5.1,15.7 
Bandwidth . 4.6 
Bipolartransistor . 15.11 
Blankers . 4.32,14.1 
Bridge . 18.23 
Circuit . 5.3 
Cosmic . 5.1,15.7 
Diodes . 2.16 
Discrimination, aural . 15.3,15.13 
External . 15.6,15.13 
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INDEX 

Factor . 1.32,4.5,5.1,15.8,18.29 
Field-effect transistor . 15.2 
Flicker . 15.5 
Frequency characteristics . 15.2 
Generators . 18.29 
Ignition . 14.3 
Induced grid . 15.5 
Internal receiver . 15.4 
Limiting . 1.37,1.42,4.32,5.19, 

14.1 
Man-made . 
Matching . 
Mixer . 
Oscillator . 
Partition . 
Performance . 
Practical aspects . 
Receiver . 
Resistance, equivalent 

Satellite link .. 
Second stage .. 
Semiconductor 
Shot, valve .... 
Temperature . 
Thermal . 
Transmitter .. 
Valve . 
Vehicle . 
Waveform .... 
White . 

Non-linearity, rf .. 
Nuvistor . 

. 15.6 

. 5.2 

. 15.10 

. 4.28 

.. 2.7, 15.5, 15.10 
15.7,15.9.15.13 
. 15.12 
4.1.4.6,4.28,5.1 
. 1.32,2.7. 

4.12,5.2, 15.4 
. 20.8.20.10 
. 15.11 
. 15.5 
. 2.7,15.4 
. 15.4,15.7 
. 2.7,15.4 
. 17.5 
2.7,4.12,5.2,15.9 
. 14.3 
. 15.1 
. 15.2 
. 17.1,17.12 
.... 1.9.2.18,5.22 

O 
Ohm . 110 
Ohmmeters . 1.12,18.3 
Operating technique . 19.1 
Repeater . 14.34 
Satellite . 20.11 
SSTV . 21.5 

Orbits, satellite . 20.1 
Geosynchronous and geostationary $ 

Oscillations, parasitic . 6.36,17.6 
Oscillators . 1.33 
AFSK . 10.10 
Alignment . 4.34 
Anode-cathode . 5.12 
Beat frequency . 1.41.4.30 
Bridge . 6.19 
Buffer amplifiers . 6.11 
Butler . 5.12,6.5,7.3 
Carrier insertion . 1.41.4.30 
Cathode coupled . 6.8 
Clapp-Gouriet . 1.35.6.14 
Colpitts 1.34, 5.10, 6.5, 6.8, 6.19, 7.3 
Crystal . 1.34,5.11,6.1,7.2 
FET . 6.19 
Franklin . 6.8.6.16 
Frequency measurement . 6.13 
FSK .  10.10 
Grid dip . 1.5,18.15 
Gunn diode . 3.15 
“Harmonic” . 1.35,6.5. 6.7, 7.3 
Hartley . 1.34.5.11,6.8,6.14,6.18 
Kalitron . 5.10 
Keying . 6.6,8.2. 10.10 
Loading . 6.10 
Local . 1.41,4.27,5.8 
Miller . 6.2 
Mixer . 4.18,6.16 
Multivibrator . 1.35 
Noise . 4.28 
Overtone . 5.11.6.5,7.3 
PA0TP . 5.13 
Phase-locked loop . 4.18.6.17 
Pierce . 6.3,7.3 
Power supply . 6.11 
Read . 3.14 
Relaxation . 1.15 
Robert Dollar . 5.12,6.5 

Signal . 18.24 
Squier . 1.35,5.27,6.5,7.3 

“Synthetic rock” . 6.19 
Testing . 6.12 
Toneburst . 14.30 
Tracking . 4.34 
Tritet . 6.4 
Tuned anode-tuned grid . 6.8 
Two-tone . 18.27 
Vackar . 1.35,6.15 
Variable frequency 

Receiver . 4.19,4.27,5.10 
Transmitter .... 6.7,6.12,6.89,7.4 
VHF . 7.2 
VXO . 7.4 

Oscilloscope . 18.31 
A.M. monitor . 9.36 
Phase-shift monitor . 10.15 
Tube . 2.19 
SSB monitor . 6.101,6.103 

Overmodulation . 1.37,6.91,9.35 
Overtones . 1 -25 

P 
PA (rf power amplifier) 2.11,6.26,6.89. 

7.8 
Padders . 1.3,4.35 
Passive grid operation . 6.97 
Perforator . 10.8 
Period 

Satellite orbital . 20.2 
Solar rotation . 11.13 

Phase 
Detector . 
Locked loop ... 
Modulation .... 
Shift monitor .. 
Shift networks . 
Splitters . 

Phasing 
Control . 
SSB system . 

Phosphors, screen .. 
Photosphere . 
Pickup, gramophone 
Piezoelectric effect . 
Pi-networks . 

9.15 

4.14 
6.71 

4.18,6.17 
4.18,6.17 
7.17,9.9 

.... 10.15 

. 2.20 

. 11.13 

. 1.20 

. 1.20 
1.25,6.23,6.39, 17.8 

Pings . 11.18 
Pitch . 119 
Plugs, wiring mains . 19.9 
Point, sub-satellite . 20.2 
Polarization . 1.29.11.2,12.9,13.3 
Portable equipment . 14.18 
Aerials . 14.22 
Direction finding . 14.25 

Potential, contact . 2.9 
Potentiometers . 1.2 
Power . 112 

Amplifiers ... 2.11,6.26,6.89.7.8.9.18 
Control, scr . 3.18 
Factor . 1.3 
Measurement . 12.50,18.21 
Peak envelope . 1.40,6.64 
Supplies . 1.19,4.34.9.21,14.2, 

14.18. 16.1 
Talk . 6.66 
Transmission . 1.38.6.47.6.98.19.5 
Transmission line . 12.29 

Pre-amplifiers . 4.36,5.16 
Preferred values . 1.1 
Prefixes, unit . 110 
Pressure, air . 11.20 
Processing, speech . 17.5 
Profiles, vhf/uhf path . 11.24 
Propagation . 1.28,11.1,12.1 

Free space . 11.2,11.4 
Ground wave . 1L8 
Ionospheric . 11.6.11.12,11.15 
Modes . 11.4 
Multiple path . 11.9 
Tropospheric . 11.7,11.20 

Prominences . 11.13 
Protection 
Meter . 18.3 
Receiver . 4.20 

Pulses, start and stop . 10.1 
Push-pull operation 1.33,6.26,6.28,7.10, 

Q 
Q 

Break, high- . 5.14 
Factor . 1.22,6.9,23.2 
Multiplier . 1.33,4.37 

“Q5-er” receiver . 4.37 
QTH locator . IL23 
Quadrac . 1.7 
Quartz crystal . 1.20,6.2 

R 
Radar, weather . 11.8 
Radiation . 1.27,11.2,12.3 

Resistance . 12.4,15.6 
Transmission line ... 12.31,12.49,13.4, 

17.10 
Radio Amateur Emergency Network . 

22.2 
Radio Society of Great Britain . 22.1 
Range, satellite . 20.3 
Ratios 

Front-to-back . 12.7,13.1 
Signal-to-noisc . 4.5 
Standing wave . 12.22 
Transformer turns . 1.18,23.3 

Raynet (Radio Amateur Emergency 
Network) . 22.2 
Reactance . 1.16,23.2 
Charts . 23.6,23.7 

Reaction . 1.33 
Receivers, general . 1.40 

Independent tuning . 1.42 
Muting . 8.13 

Receivers, hf . 4.1 
Active devices . 4.10 
Alignment . 4.34 
AGC . 4.1,4.8,4.31 
Bandwidth . 4.5 
BFO . 4.30 
Blocking . 
Circuitry . 
Coils . 
Communication . 
Construction . 
Cross-modulation . 
Demodulation . 
Designs . 
Design trends . 
Digital techniques . 
Direct conversion . 
Direction finding . 
Filters . 
Frequency synthesis .... 
Gain . 
1 lomodyne . 
I.F. 
Improvement . 
Incremental tuning (rit) 
Intermodulation . 
Local oscillator . 
Mixers . 
Noise . 

. 4.1,4.7 

. 4.20 

. 4.40 

. 4.1 

. 4.39 

. 4.1,4.7 

. 4.29 

. 4.39 

. 4.8 

. 4.35 

. 4.2 

. 14.26 

. 4.13 

. 4.18 

. 4.12 

. 4.2 

.. 4.13,4.29 

. 4.36 

. 4.10 
. 4.1,4.7 
. 4.27 
. 4.23 
. 4.5 

Phasing control . 4.14 
Powersupplies . 4.34 
Protection . 4.20 
Q-multipliers . 1.37,4.37 
Regenerative . 4.2 
RF amplifiers . 4.20 
S-mcter . 4.1,4.32 
Satellite link . 20.8 
Selectivity . 4.1,4.5 
Sensitivity . 4.1,4.5 
Signal-to-noise ratio . 4.1,4.5 
Specification . 4.4 
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5.4 
5.4 
5.4 

5.22 

. 1.20 
4.11. 17.4, 17.16 
. 5.6 
. 11.20 
. 4.15 

. 22.1 

. 10.1 

. 10.1 

. 10.8 

. 10.10 
10.4, 10.17 

10 1A 

. 8.2 
1.19, 16.1 

.... 5.43 

. 5.19 

. 5.13 

. 5.1 

. 5.14 

. 5.5 

. 5.8 

.... 5.18 

. 5.1 

.... 5.16 
5.1,5.15 
. 5.6 
... 11.13 
. 13.3 
.... 1.18 
. 3.7 
1.6, 16.1 
. 3.7 
.... 3.17 

. 12.2 

. 12.22 
12.94. 18.22 
. 11.7 

. 4.1,4.7 
4.1,4.6.4.8,4.18 
. 4.2 
. 4.3 
. 4.3 
. 4.30 
. 4.3 
. 4.34 
. 4.2 
. 4.8,4.32 

Spurious responses .... 
Stability . 
Straight . 
Superhet . 
Super-regenerative .... 
Synchrodync . 
Third method . 
Tracking . 
TRF . 
Tuning . 

Receivers, vhf and uhf . 
Bandwidth . 
Configuration . 
Converters . 

Designs . 
Cross-modulation . 
Design . 
Frequency modulation 
Frequency multipliers 
Front-ends . 
High-Q break . 
I. F. 
Local oscillators . 
Mixers . 
Noise factor . 
Pre-amplifiers . 
RF amplifiers . 
Tuned circuits . 

Reception, diversity . 
Reciprocity theorem . 
Rectification . 

Efficiency . 
Rectifiers . 
Diode . 
Silicon-controlled . 
Tunnel . 

Reflection . 
Coefficient . 

Reflectometers . 
Refraction . 
Refractivity . 
Regeneration . 
Regulation, power supply . 
Rejector circuit . 
Relays . 

Change-over . 
Keying . 
Telegraph . 

Repeaters . 
Reperforators . 
Resistance . 
Bias . 
Dynamic . 
Equivalent noise . 
Measurement . 
Output . 
Radiation . 
Source . 
Spreading . 
Stabilizer . 

Resistors . 
Grid-leak . 

Resonance . 
Atmospheric molecular 
Charts ..................... 

Response 
Frequency . 
Spurious receiver . 

Rhumbatron . 
Ridges . 
“Ringing” . 
Ripple 

.. 1.33.4.2 
16.1, 16.9 
. 1.21 
.. 1.5,1.13 
.. 8.7,8.11 
. 8.6 
10.4,10.17 
14.29,22.2 
. 10.9 
1.10, 1.12 
. 23.1 
1.21,23.1 
. 1.32 
. 18.3 
. 16.11 
12.4. 15.6 
. 1.26 
. 15.5 
. 23.2 
. 1.1,1.10 
. 1.30,2.4 
1.20,23.3 
. 11.8 
23.6,23.7 

Envelope . 
Supply voltage . 

RSGB (Radio Society of Great 
Britain) . 
RTTY . 

Bandpass filters . 
Interference . 
Oscillators . 
Relays . 
Station .. 

Telegraph codes . 10.1 
Teleprinters . 10.4,10.16 
Terminal units . 10.9,10.11 
Transmission types . 10.9 
Tuning indicators . 10.15 

S 

Safety . 19.8,19.11 
Mobile . 14.17 

Screens . 1.27 
Faraday . 1.4,1.27 

Satellites, amateur . 20.1 
Doppler shift . 20.3 
Frequency allocations . 20.11 
Geosynchronous and geostationary ... 

20.5, 20.10 
History . 20.9 
Orbital geometry . 20.1 
Tracking predictions . 20.5,20.12 
Station requirements . 20.8, 20.11 
Visibility . 20.4 

Scanner, flying-spot . 21.4 
Scatter 

Ionospheric . 11.18 
Meteor . 11.18 
Tropospheric . 11.8 

Scintillations . 11.8,11.13 
Screening, transmitter . 17.8 
Selectivity . 4.1.4.5,6.85 
Semiconductors . 1.18,3.1 
Sensitivity 
Meter . 18.2 
Receiver . 4.1,4.5 

Shift, Doppler . 20.3 
Shocks, electric . 19.9 
Shunts, meter . 18.1 
Sideband . 1.37,6.65 

Attenuation . 6.71 
Double . see“ DS B“ 
Single . see“SSB” 

Signal . 1.19 
Fading . 11.12 
Noise ratio . 41.4.5,5.4 
Strength . 11.3 
Weighted . 8.1 

Signalling, line . 10.4 
Silicon . 1.18,3.1 
Simplex operation . 14.29 
Site, station . 17.10,19.7 
Skin effect . u 
Skip . 1.28,11.6 
Sky-wave . 1.28 
Slope, valve . 1.31,2.6 
Slugs, ferrite . 1.5,1.18 
Smoothing . 1.19,16.3 
Sound . 1.19,9.9 
Source, fet . 3.21 
Space 
Charge . 2.1 
Pulse . 10.2 

Spectrum, electromagnetic . 1.27,11.4 
Speech . 1.19,9.10 
Amplifiers . 9.12 
Clipping . 1.38,9.21 

Speed, rtty . 10.2 
Splatter . 1.37,6.91,7.20,17.5 
Sporadic-E . 11.17 
Spurii . 1.37 

Receiver . 4.1,4.7,4.11 
Transmitter . 6.86,6.91,7.20,17.4 

Squelch . 1.42.14.2 
SSB (single sideband) . 1.37,6.63 
Advantages . 6.67 
Automatic gain control . 4.31 
Balanced modulators . 6.68 
Filter system . 4.14,6.74 
Formulae . 6.84 
Frequency conversion . 6.83 
Linear amplifiers . 6.89 
Operation . 19.5 
Phasing system . 6.71 
Power measurements . 6.102 

Product detectors . 4.29 
Third method system . 4.3,6.82 
Transmitters . 6.63,7.18 
Two-tone test . 6.91,6.99 

SSTV (slow-scan television) . 21.1 
Stability 

Receiver . 4.1.4.6,4.18 
Transmitter . 6.9,6.88 

Stabilization, voltage . 1.36,2.17.4.34 
Stacking aerials . 12.79,13.11 
Start pulse . 10.1 
Static 

Atmospheric . 11.15,15.7 
Vehicle body . 14.9 

Station layout . 17.9,19.7 
Mobile . 14.4.14.14 
Satellite link . 20.11 

Stenode reception . 4.14.4.36 
Stop pulse . 10.1 
Stratopause . 11.2 
Stratosphere . 11.2,11.7 
Strip-line . 5.6 
Stubs . 5.6, 12.26. 13.5, 17.20 
Pawscy . 13.6 

Subsidence, air . 11.20 
Sun . 11.13 
Sunspots . 11.13 
Superheterodyne receivers . 1.40,4.3 
Suppression 

Interference . see “Interference’’ 
Voltage spike . 1.17 

SWG (standard wire gauge) table . 23.8 
Switches . 1.10 

Diode . 3.13,4.31,8.12 
Meter . 18.3 
Transmit/receivc 1.40, 3.13, 8.7, 8.12, 

19.8 
SWR (standing wave ratio) . 12.22 

Bridge . 17.10,18.22 
Synthesis, frequency . 4.18 

T 

Tail-ending . 14.31,19.3 
Talk-gate . 14.31 
Tank circuits . 1.23,17.7 
Anode . 6.35 
Grid . 6.34 
Pi-network . 6.39,6.96 
VHF and UHF . 7.10 

Tapping . 1.25 
Telegraphy 

Continuous wave (cw) . 1.36,8.1 
Radio teleprinter (rtty) . 10.1 

Telephony . 1.37 
Amplitude modulated (a m.) 6.63,9.1 
Double sideband (dsb) . 6.65 
Frequency modulated (fm) . 9.8 
Phase modulated (pm) . 9.8 
Single sideband (ssb) . 6.64 

Teleprinter . 10.1,10.4 
Teletype . 10.1 
Television, slow-scan . 21.1 
Temperature coefficient . 1.3 
Terminals 
Battery . 1.10 
RTTY . 10.9 

Test equipment . 18.1 
Tester, diode/transistor . 18.34 
Thermal excitation . 3.2 
Thermistor . 1.2 
Thermocouple . 18.2 
Thermosphere . 11.2 
"Third method" . 4.3,6.82 
Thyratron . 1.9 
Thyristor . 1.7,3.17 
Time 

Constant . 1.15,23.3 
Recovery . 3.8 

Time-out . 14.31 
Indicator . 14.33 

Toneburst . 14.30 
Circuits . 14.31 
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Toroid, ferrite . 1.5.4.41 Designs . 7.28,7.44 Transmitter . 6.7,6.12.6.89.7.4 
Tracking . 1.4.4.34 Satellite link . 20.8,20.11 Vibrators . 14.18 
Transceivers . 1.42 Transverters . 7.18 Visibility, satellite . 20.3,20.4 
Mobile . 14.1 Design . 7.33 Volt . ¡10 
Portable . 14.18 Tuned circuits . 7.8 Voltage . 110 
Satellite link . 20.8.20.11 Transverters, vhf . 7.18.7.33 Emitter reverse . 1.7 

Transfilters . 1.25.4.17 Traps . 12.84,17.10,17.19 Multipliers . 1 19. 63 
Transformers Triac . 1.7,3.18 Peak inverse . 119 

Aerial . 12.35,13.6 Trimmers . 1.3,1.15,4.35 Pinch-off . 3.22 
Auto- . 1.25 Tropopause . 11.2,11.7 Quenching . 4.3 
Balun . 12.42,13.5 Troposphere . 11.2,11.7,11.20 Reference . 3.10 
Double tuned . 1.25.6.21 Troughs . 11.20 Regulators . ¡6 9 
Modulation . 9.21 Trough-line . 5.6 Reverse breakdown . 1.14 
Network . 12.40,14.14 Tubes, electronic . 2.19 Root mean square (rms) . 1.14 
Transmission line . 6.131.12.25, Tuned circuits . 1.20 Spike . 1.16 

12.37,13.9 VHF/UHF . 5.6,7.8 Striking . 1.9 
Turnsratio . 1.18.12.25,23.3 Tuning . 1.21 Turnover . 3.7,3.9 

Transistors . 1.7,1.30,3.18 Receiver . 4.8.4.42 Voltmeters . 1.9,1.11.18.1.18.5 
Bias 1 30 3 20 3 22 6 44 RTTY . 10.15 VOX (voice operated switching) 1.40,19.5 
Bipolar '.    1.7’3.18 Unit(atu) . 12.48 VXOs (variable crystal oscillators) 6.6,7.4 
Circuit design . 3.20 Tunnelling . 3.10 
Construction . 1.7,3.18 TVI (television interference) . 17.11 W 
Field-effect . 1.8,3.21 Wadley loop . 4. ¡9 
Heatsinks . 6.45 U Watt . E12 
Parameters . 3.19,3.23,6.45 Units Waves 
Receiver types . 4.10,5.14 Prefixes . 1.10 Back . 8.3 

Transmission lines . see "Lines, SI . 23.3 Critical angle . . ......... 11.6 
transmission" Electromagnetic . 1.27,11.1,12.1 

Transmitters, defects . 17.4,17.12 V Frec-space . • • •• 
Transmitters, general . 1.36 Valence Ground .. 11.4,11.8,11.10 
Transmitters, hf . 6.1 Band . 3.2 Ionospheric . 11.4,11.6,11.12 

Adjustment . 6.41,6.46,6.99,6.101 Electrons . 3.1 Sound ...................................... 9 9 
Carrier suppression . 6.68 Values, preferred . 1.1 Space . 11.10 
Communication efficiency . 6.65 Valves . 1.9,1.29,2.1 Spacer ......... 8.3 
Crystal oscillators . 6.1 Amplifiers . 2.9 Standing . 12.2,12.20 
Design notes . 6.51,6.94 Beam tetrode . 1.9,2.5 Surface . 11.9 
Designs . 6.51,6.106.6.126 Bias .   1.30,2.4,6.30 Travelling . 12.2 
Frequency conversion . 6.25,6.83 Characteristics . 2.6 Tropospheric . 11.4,11.7 
Grid biasing . 6.30 Clamp . 6.31,8.5 Waveforms 
Interstage coupling . 6.20 Compactron . 1.9 AC current and voltage . 1.16 
Metering . 6.50 Deflection beam . 2.18 Audio . 1.21 
Neutralization . 6.28,6.45 Diodes . 1.19,2.3 Sawtooth . 1.15 
Output coupling . 6.38,6.43 Disc-seal . 2.19 Transmitter output . 6.101,6.103, 
Parasitic oscillation . 6.36 Double tetrode . 2.11,7.8,7.14 9.36 
Power amplifiers . 6.26,6.43,6.89, Keyer . 8.6 Wavefronts . 11.2,12.1 

6.104 Kinkless tetrode . 2.5 Waveguide . 13.4 
Designs . 6.122,6.130 Klystron . 1.9,2.20 Wavelength . 1.27,12.1,23.1 

Power rating . 6.47,6.98,6.102 Magnetron . 2.21 Wavemeters 
Sideband attenuation . 6.71 Modulator . 9.20 Absorption . 18.11 
SSB . 6.63 Multigrid . 1.41 Heterodyne . 18. 4 
Tank circuits . 6.34,6.96 Noise . 2.7,4.12 “Whistlers . 11.15 
Two-tone test . 6.91,6.99 Noise diode . 2.16 Wind . 11.20 
VFOs . 6.7 Nuvistor . 1.9,2.18 Resistance . 12.93 
VXOs . 6.6 Pentode . 2.5 Solar . 11.14 

Transmitters, vhf and uhf . 7.1 Receiving . 4.10,4.12,5.14,5.16 Wire . 11 
Designs . 7.21,7.36,7.41 Tetrode . 2.4 Data ..  23.8 
Frequency choice . 7.1 Thyratron . 1.9 Wiring, station . 19.8,19.9 
Frequency multipliers . 7.7 Transmitting . 6.93,6.104,7.8 Wobbulators . 18.26 
Designs . 7.41,7.47 Triode . 2.3 

Filters . 7.49 Voltage stabilizer . 1.9,2.17 Z 
Modulation systems . 7.15 Van Allen belts . 11.15 Z-match . 12.50 
Neutralization . 7.14 Varactor diodes . 1.6,3.12 Zones 
Oscillators . 7.2 VFOs (variable frequency oscillators) Auroral . 11.15 
Power amplifiers . 7.8 Receiver . 4.19,4.27,5.10 Fresnel . 11.12 
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