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AUTHOR'S PREFACE 

AN attempt has been made in this book to bring together the 
fundamentals of radio receiver design. Difficulties were experienced 
in determining the order of treatment, and it was finally decided to 
follow introductory chapters on general considerations and valves 
by a detailed examination of the receiver, stage by stage, starting 
from the aerial. There are objections to this method from the 
teaching point of view ; for example, the chapter on aerials is better 
considered after that on R.F. amplifiers, whilst the chapter on 
I.F. amplifiers should be read before the latter half of that on R.F. 

amplifiers. To meet possible criticism a fairly detailed table of 
contents is given, so that the reader can develop his own plan of 
campaign. 

Owing to war conditions the book has had to be divided into two 
parts, the first ending at the detector stage, leaving Part II to deal 
with audio frequency amplifiers, power supplies, receiver measure
ments, television and frequency modulated receiver design, etc. 

The cosine expression, :E cos wt, for a voltage of sinusoidal wave 
shape is used in preference to the sine expression because it is 
considered that it leads to a simpler mathematical analysis. For 
the same reason the grid bias voltage is written as -Eb, i.e., Eb 
represents a numerical and not algebraical value of bias. The 
advantage of so doing is most evident in Chapter 8. 

Part I is practically self-contained, though there are one or two 
cross-references to sections in Part II. To facilitate cross-reference 
all sections, figures and expressions are prefixed by the chapter 
number. 

No claim is made to an exhaustive bibliography, and reference is 
made, at an appropriate point in the text, only to those articles 
which have proved helpful in its preparation. 

The author is indebted to his wife for help in reading the proofs, 
to Mr. R. M. Mitchell, B.Sc., for checking many of the calculations, 
to Mr. R. P. Shipway, B.A., for helpful discussion on parts of 
Chapter 8, and to Marconi's Wireless Telegraph Company for per
mission to publish material originally used by the author in lectures 
at the Marconi School of Wireless Communication. 

August 1942. 
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PART I 

CHAPTER l 

GENERAL CONSIDERATIONS 

1.1. Introduction. The direct transmission and reception of 
speech or music over long distances, though not impossible, is 
impracticable and propagation of audio frequencies is usually 
accomplished by using them to modulate an R.F. wave acting as 
a carrier, i.e., the audio frequencies are used to control one of the 
three characteristics, amplitude, frequency, or phase, of the carrier. 
The most common method is by modulation of the carrier ampli
tude, the rate at which the amplitude is changed being directly 
proportional to the frequency of the original sound and the mag
nitude of the amplitude change being directly proportional to the 
intensity (a low intensity producing a small change of amplitude). 
This is illustrated in Figs. I.Ia and I.lb for an unmodulated carrier 
amplitude of 1 volt peak. Fig. 1. la corresponds to a low-intensity 
sound, the carrier amplitude 
varying between 0·9 and l·l 
volts, whilst Fig. 1. lb corre
sponds to a high-intensity sound, 
the carrier being 100% modu
lated, its amplitude varying 
from Oto 2 volts. In frequency 
modulation, the carrier ampli
tude remains constant and its 
frequency is varied at a rate 
corresponding to the modula
tion frequency ( 50 times per 
second if f mod. = 50 c.p.s.), 
and the frequency deviation
rise and fall from the central 

- - -------:-T --:--·-·r I 

. ··-.B 
'. A 

... J.s !·O 1-1 

L .. L½a) 

.... ---·r 
' ' ' \ 

' 

Fm. 1.1.-An Amplitude Modulated 
unmodulated carrier frequency wave. 

-is controlled by the intensity 
of the audio frequency. For example, suppose a 1,000 c.p.s. note 
is being transmitted on a carrier frequency of unmodulated value 
1,000 kc/s, the variation of the carrier frequency takes place at the 
rate of 1,000 changes per second and the frequency limits may be 

I 



2 RADIO RECEIVER DESIGN [CHAPTER 1 

±100 c.p.s. (the carrier frequency changes between 1,000·1 and 
999·9 kc/s) for a low intensity to ±100,000 c.p.s. for a high intensity 
note. These two conditions are illustrated in Figs. 1.2a and 1.2b. 
The frequency change of carrier is exaggerated in the figures for 

10 'O·I 

1 
2000sec. 

IOOOkc/s 

+ 
999·9 
t 

(a) 

11 0 
B 

1 
2ooosec.-

1oookc/s 900 
tA C 

F10. 1.2.-A Frequency Modulated Wave. 

(I,) 

the purpose of illustration. With phase modulation the amplitude 
of the carrier remains constant and its phase angle with respect to 
its unmodulated condition is advanced and retarded at the frequency 
of the audio signal. The magnitude of the phase change is deter
mined by the intensity of the audio frequency. Phase modulation 
has an effect on the carrier akin to frequency modulation, and 
whilst the phase of the carrier is varying, its frequency also is 
varying. There is a difference, but this is discussed later in 
Section 1.4. 

Apart from the advantage of transmission over long distances 
the use of carriers enables many programmes to be transmitted 
simultaneously, any one of which may be selected by the listener 
with suitable receiving apparatus. This apparatus must abstract 
energy from the radiated electromagnetic carrier wave, separate 
desired from undesired signals, extract the audio frequency signal 
from the carrier, and amplify and reproduce the signal to any 
desired level. An aerial system is necessary to collect energy from 
the modulated carrier wave, the flux from which induces a voltage 
in the aerial as it passes. The function of the aerial is usually to 
act only as a collector, but it is sometimes employed as a dis
criminator against undesired signals, viz., in directional aerial 
systems. The separation of these signals is carried out by means 
of tuned circuits in the anode and grid circuits of the radio frequency 
valves, which amplify the desired modulated carrier. The audio 
frequency signal is extracted from the carrier by a suitable form of 
detector and is amplified to a level sufficient to operate the apparatus 
(telephones or loudspeaker) for converting electrical audio frequency 
energy into acoustical energy. 
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1.2. Amplitude Modulation. For understanding the function 
of any type of modulation a vector diagram is particularly useful, 
and amplitude modulation is quite simply illustrated if the envelope 
is sinusoidal as in Figs. I.la and I.lb. The modulated signal is 
represented by 

2 cos wAl +M cos pt) 1.1 

where 2 = the unmodulated carrier peak voltage. 
we = 2nfe, the carrier pulsance. 
p = 2nfm, the modulating frequency pulsance. 

M = modulation ratio, the maximum value of which is 1. 

The factor 1 inside the bracket in expression 1.1 is necessarily 
included because the carrier still exists when there is no modulation, 
i.e., when M = 0. The vector representing expression 1.1 rotates 
at a speed of le c.p.s. and varies in amplitude Im times per second 
between the limits E(l +M) and 2(1 - M) as shown in Fig. 1.3a . 

EO+M)+ 
I 
I 
I 

' I 

E/1-M)! 
(a,) 

.fc -
f'.,,., ~1; fm <bl 

A Su SL tA 
Su SL 

C C 
Fm. 1.3.-Alternative Vector Diagrams for an Amplitude Modulated Wave. 

Expression 1. 1 may be expanded as follows : 
RM RM 

C COB 2nlct+ 2 COB 2n(fc+fm)t+2 COS 2n(fc - fm)t . 1.2 

which consists of a carrier vector E rotating at le c.p.s. and two 

equal sideband vectors R~ rotating at (lc+lm) and Uc - Im) c.p.s. 

about the same point as the carrier vector. Since these two sideband 
vectors only influence the carrier amplitude, it is clear that their 
resultant must always be in line with the carrier, and this is shown 
in Fig. 1.3b, for successive instants of time corresponding to points 
A, Band Con Fig. I.lb The upper frequency sideband vector S., is 
rotating round the carrier vector in an anti-clockwise direction (the 
accepted positive direction of frequency) atlm c.p.s., whilst the lower 
frequency sideband vector SL rotates in a. clockwise direction round 
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the carrier vector at the same frequency. The carrier vector in 
Fig. l.3b is, for convenience, shown as stationary, though actually 
it moves round in an anti-clockwise direction at le c.p.s. 

Amplitude modulation of a carrier is ach:eved by controlling 
the ga,in of a carrier frequency amplifier in the transmitter by means 
of the A.F. signal. This can be realized by using the latter to 
vary the control grid or suppressor grid bias (of a pentode amplifier 
valve) or the anode voltage of a triode valve amplifier. Anode 
modulation requires a much larger A.F. signal than grid modula
tion, but the modulation envelope is much less distorted at high 
modulation percentages. To obtain the A.F. signal from the 
carrier, the amplitude variations must be detected at the receiver, 
i.e., a device is required to produce mean voltage variations in 
accordance with the carrier amplitude variatfons. This is achieved 
either by suppressing or- reducing one-half of the amplitude modu
lated carrier, for this disturbs. the symmetry of the wave shape 
(Fig. l.4) with regard to the centre line and so produces a changing 

Mean 
Voltage 

Fm. 1.4.-A Detected Amplitude Modulated Wave. 

mean voltage. A detector suppressing completely one-half of the 
modulated carrier and passing the other without changing its shape 
is known as a linear detector. 

1.3. Frequency Modulation. 1 , 4 , 9• The problem of represent
ing frequency modulation by a single vector is complicated by the 
fact that the frequency of the carrier is varying in accordance with 
the amplitude of the modulating frequency, and this means that 
the carrier vector rotates at varying speeds. Taking the example 
given above, for a frequency deviation of ± 100,000 c.p.s. the 
carrier varies from 1,100 kc/s to 900 kc/s, and if we, acting as 
observers of the carrier vector, were to rotate at a frequency 
le c.p.s. (the carrier unmodulated value) in the same direction as 
the carrier vector, the latter would appear to oscillate backwards 
and forwards like a metronome, at the frequency of the modulating 
wave, i.e., 1,000 times per second. This condition is illustrated 
in Fig. 1.5a; like the metronome, the vector is stationary at the 
extremes, positions X' and X", of its stroke so that the carrier 
frequency is instantaneously at its unmodulated value le (this is 
point A in Fig. 1.2b), whilst it is moving at its fastest, backwards 
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or forwards at the centre X of its swing. Movement of the vector 
in an anti-clockwise direction means that the frequency is greater 
than fc and in a clockwise direction the reverse. Hence point X 
when the vector moves anti-clockwise corresponds to Bin Fig. 1.2b, 
but when the vector is travelling clockwise 
X corresponds to C. In frequency modula
tion th.:i carrier deviation is fixed for a given 
amplitude of modulating input, so that the 
speed of the vector as it passes through X is 
constant and independent of the frequency 
of oscillation backwards and forwards (that 
of the modulating input). Treating the pro
blem as a mechanical one, the initial velocity 
at X' or X" is zero, and the final velocity v at 
Xis constant, so that the distance travelled 
from X' or X" to X is proportional to 
velocity x time, but time is proportional Fm. l.5a.-Vector Dia
inversely to the modulating frequency so gram for a Frequency 

Modulated Wave. 
that 

X'X = X"X = Kvt = K 1t = Ks ex:_!:_ 
Im Im 

Hence the angle swept out by the carrier vector is large for low 
modulating frequencies and small for high modulating frequencies ; 
dotted positions X' and X" correspond to a lower modulating 
frequency than the full line positions. This again is analogous to 
the metronome, which increases its angle of sweep as the frequency 
decreases. The mathematical expression for a frequency modulated 
wave is 

2 cos [ 2n!J+ ~:c· sin 2nfmt] 1.3 

where M = deviation frequency 
carrier frequency 

and the angle swept out by the vectoris ~,:c radians or 57 ·3 Mfclf m 

degrees, which is seen to be inversely proportional to Im• In the 
same way that expression 1. I for amplitude modulation can be 
turned into a carrier and sidebands, so can expression 1.3 be treated, 
but instead of only two sidebands per fundamental modulating 
frequency it is found that there is a large number 1 , 2 of sidebands 
spaced from the carrier by frequencies of ±fm, ±2/m, ±3/m, etc. 

The expansion of expression 1.3 gives a carrier and infinite 
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series of sidebands having amplitudes corresponding to Bessel 
functions of ascending order, i.e., 

e cos [2nJJ+ ~!c sin 2nf mt] 

= e{Jo(~:c) cos wJ 

- J 1( ~:c)[cos (we - p)t - cos (wc+P)t] 

+J1(~!c)[cos (we - 2p)t - cos (wc+2p)t] 

- Ja(~:c)[cos (we - 3p)t - cos (wc+3p)t] 

+ ... etc.} 1.4 

where we = 2nfc and p = 2nf m· 
Ml, deviation frequency . , 
~ c = d 

1 
. fr , sometimes designated as the modula-

J m mo u atmg equency 
tion index, 2 may have any value from 1 upwards. For example, 
if the deviation frequency is ±75 kc/sand the modulating frequency 

10 kc/s, ~!c = 7·5. The amplitude of the carrier and sidebands 

can be obtained from tables of Bessel functions. 10 , 11 

A C B 

X'WX" 
Sz, 

0 
Su 
~ 

-Im 
FIG. 1.5b. - Addi• 
tion of Two Side
bands to Carrier 
to give Frequency 

Modulation. 

The theoretically infinite number of sidebands 
is for all practical purposes fortunately limited, as 
the amplitudes of the sidebands more distant 
from the carrier normally decrease very rapidly. 
It is not only in the number of sidebands that. 
frequency modulation differs from amplitude, but 
also in their position with respect to the carrier. 
All odd-numbered sideband vectors ±/"" ±3/,no 
etc., from the carrier are so placed that their re
sultant falls on a line at right angles to the carrier 3 

vector and all even-numbered sidebands have a re
sultant in line with the carrier vector. The addition 

of a carrier and two sideband vectors (spaced ±Im from the carrier), 
having a resultant 90° displaced from the carrier vector, is shown 
in Fig. 1.5b. These two sideband vectors rotate round the carrier 
vector point O at fm c.p.s., and their resultant adds to the carrier 
to cause the latter to oscillate backwards and forwards along the 
line AB. In fact, it is the same as Fig. 1.5a, apart from the ampli-
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tude variation of the vector, and by adding suitable amplitudes of 
wider-spaced sidebands we can neutralize the amplitude variation, 
causing the point of the vector to describe an arc X'X" giving only 
frequency modulation. Another important point to note with 
regard to frequency modulation sidebands is that the individual 
amplitudes are not directly proportional to the amplitude of the 
original modulating frequency as in amplitude modulation, but 
actually vary widely (sometimes becoming zero) as the angle swept 
out by the carrier vector changes. When this angle is small 
(Im high) all sidebands except those nearest to the carrier are so 
small in amplitude that they can be neglected, but for a large angle 
of oscillation Um low) there are many sidebands of appreciable 
amplitude. For example, if Im = 50 c.p.s. and its amplitude such 
as to give a carrier frequency change of ± 1,000 c.p.s., the angle 
swept out by the vector moving from X' to Xis .!_ff.Q. = 20 radians 
(1,146°), and there are 23 sidebands of importance with ampli
tudes exceeding 1 % of the fundamental sideband. If, however, 
fm = 1,000 c.p.s., and the carrier frequency change is as before, the 
angle swept out by the vector is 1 radian (57·3°) and there are now 
only three sidebands of importance. It should be noted that the 
carrier vector may make a number of revolutions for low modulating 
frequencies. 

Frequency modulation of a transmitter may be accomplished by 
varying the equivalent inductance or capacitance of the tuned circuit 
of the oscillator producing the carrier frequency (or a submultiple 
of this frequency). Since greater frequency stability is obtained at 
low frequencies it is quite common for the " master " oscillator 
driving the transmitter to generate a submultiple of the output 
carrier frequency, the submultiple being stepped up to the required 
output frequency by passing it through a series of multiplier stages, 
producing 2nd and 3rd harmonics of the input frequency. When 
the required frequency deviation of carrier is small compared with 
the carrier frequency-probable values are ±75 kc/s at a carrier 
frequency of 45 Mc /s, representing a frequency deviation of 
±0·001666/c-the required change of tuning inductance or capaci
tance is linearly proportional to the frequency deviation. Hence a 
linear relationship between the amplitude of the A.F. signal and the 
change of inductance or capacitance results in frequency modulation 
having a deviation frequency linearly proportional to the amplitude 
of the A.F. signal. The variable reactance 8 valve (see Chapter 13 
in Part II), as used in automatic frequency correction circuits, 1s 
particularly suitable for converting the A.F. amplitude into a change 



8 RADIO RECEIVER DESIGN [CHAPTER l 

of inductance or capacitance, since it acts as a reactance to any 
voltage source connected between its anode and cathode, the value 
of the reactance depending on the grid bias of the valve. If the 
relationship between the grid bias of the valve and its mutual 
conductance is linear, change of the former produces a linearly 
proportional change of reactance. Thus if the A.F. modulating 
voltage is applied to the grid circuit of the reactance valve it controls 
the mutual conductance in such a way as to produce a change of 
equivalent inductance or capacitance between the anode and cathode, 
which is linearly proportional to the A.F. voltage amplitude. 

1.4. Phase Modulation. The vector representation of phase 
modulation is similar to that of frequency modulation with one 
important difference ; the angle swept out by the vector is constant 
for all modulating frequencies and is dependent only on the amplitude 

A.F. 
Ampli
fier 

A.F. 
Ampl/
l"ier 

Fro. 1.6. 

Fre'luency 
Modulated 
Output 

Phase 
Modulated 
Output 

(a) Frequency Modulation from a Phase Modulator. 
(b) Phase Modulation from a Frequency Modulator. 

of the latter. This essentially means that the velocity of the 
vector at the centre X (Fig. 1.5a) increases as the speed of oscillation 
increases, i.e., the rise and fall in carrier frequency (frequency 
deviation) is directly proportional to the modulating frequency. It 
is possible to turn phase into frequency modulation by inserting in 
the modulation frequency amplifier a network having an amplifica
tion characteristic inversely proportional to frequency, giving a 
low frequency a large amplitude and a high frequency a small 
amplitude, i.e., the phase angle is no longer constant but increases 
as the modulation frequency falls. The reverse is also true ; 
frequency modulation can be converted to phase modulation by 
inserting in the modulation amplifier a network having an amplifica
tion characteristic directly proportional to frequency giving a low 
frequency a small and a high frequency a large amplitude. This is 
shown in Figs. 1.6a and 1.6b; the first figure has a resistance
capacitance network in the modulation amplifier, thus producing 
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frequency modulation at the output of the phase modulator. In 
the second figure a resistance-inductance network produces phase 
modulation from a frequency modulator. 

The modulated carrier expression is 

B cos [2nf/+<{,M cos 2nfmt] 1.5 

and the phase angle swept out is equal to <{,M where ef, is a constant 
and M is proportional to the amplitude of f m but independent of 
its frequency. Phase modulation has an infinite number of side
bands spaced ±fm, ±2fm, etc., from the carrier, but since the phase 
angle change is constant (unlike frequency modulation) the wider 
spaced sidebands for low as well as high modulating frequencies can 
usually be neglected. The resultants of all odd-numbered sidebands 
are 90° out of line with the carrier and those of the even-numbered 
ones are in line with the carrier vector. The amplitudes of the 
carrier and sidebands are Bessel Coefficients similar to those for 
frequency modulation, but the amplitude of the sidebands is 
dependent only on the amplitude of the modulating frequency. 
Thus 

B cos [2nfet+<{,M cos 2nf mt] 
= £{J0(<{,M) cos w/ 

- J 1(ef,M)[cos (we - p)t - cos (we+p)t] 
+J 2(<{,M)[cos (we - 2p)t - cos (we+2p)t] 

- Ja(ef,M)[cos (we - 3p)t - cos (we+3p)t] 
+ ... etc.} 1.6 

where <{,M is measured in radians. 
The clearest distinction between 

frequency and phase modulation is in
dicated by considering a square-shaped 
modulating wave 7 as in Fig. 1. 7. With 
frequency modulation the carrier fre
quency varies above and below its 
unmodulated value in accordance with 
the amplitude of the modulation. 
Phase modulation, however, shows 
that apart from the sudden instan
taneous changes of phase when the 
carrier frequency becomes + oo or - oo 
the latter is constant at its unmodu
lated value. 

Phase modulation 5 can be achieved 
by separating the two sidebands of 

Modulating Wave Shape 

f'requencg Modulation 

Phase Modulation 
Fm. 1.7.-Illustration of the 
Difference between Frequency 

and Phase Modulation. 
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an amplitude modulated carrier from the carrier and passing 
them through a phase adjusting network, which places their 
resultant at 90° to the carrier vector, as shown in Fig. 1.5b, and 
then recombines them with the carrier. Fig. 1.5b shows that 
amplitude modulation is also produced, but it can be suppressed 
by passing the phase modulated wave through a limiter (an ampli
tude distorting device giving almost constant carrier output for 
large changes of input). Phase change is not exactly proportional 
to the modulating voltage amplitude, but if its maximum value is 
limited to ±25° deviation, distortion of the modulation does not 
exceed 33/o.6 Such a small phase change as ±25° would represent 
a low modulation percentage, but if the original carrier is a sub
multiple of the required output frequency the phase angle is 
multiplied at the same time as the carrier in the frequency multiplier 
stages of the transmitter. For example, if the original carrier is 
one-tenth of the required, the phase angle is increased to ±25° x 10 
= ± 250° after passing through the multiplier stages. The extra 
sidebands essential to the larger phase angle are produced in the 
multiplier stages. 

As far as the receiver is concerned, the main features of design 
are unaffected by the type of modulation. The frequency or phase 
modulation receiver requires two extra stages over its amplitude 
modulation counterpart ; these are the amplitude limiter and 
frequency-amplitude converter. The latter is essential because the 
character of the original A.F. voltage modulating the carrier is that 
of amplitude variation, and it converts the frequency change of 
carrier into an amplitude change, which is then detected in the 
normal way by a diode or similar device. The converter does not 
remove the frequency variation, but this does not matter because 
the diode is sensitive only to amplitude change. The limiter stage 
is necessary to suppress amplitude change (due to transmission 
variations or noise) of the carrier before the converter, since the 
detector will respond to these undesired changes. Apart from these 
two modifications there is no vital difference between a frequency 
or phase modulation and an amplitude modulation receiver operating 
over the same range of carrier frequencies. In the chapter51 which 
follow, the amplitude modulation receiver is treated in detail, 
whilst the modifications necessary for reception of frequency or 
phase modulation are discussed in Chapter 15 of Part II. 

1.5. Types of Amplitude Modulation Receivers. The 
simplest type of receiver is that consisting of a tuned circuit, con
nected to an aerial, and a detector, operating telephones. Selectivity 
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and output are low, though the latter may be increased to a value 
sufficient to operate a loud speaker by adding an audio frequency 
amplifier. Selectivity can be increased, but at the expense of 
output, by interposing more tuned circuits between the aerial and 
detector. With certain types of valve detectors selectivity and 
output may be increased by applying reaction, i.e., feeding radio 
frequency modulated carrier energy back from the anode to the grid 
circuit. The disadvantage of this method is that it produces a 
sharply peaked resonance curve, which discriminates against the 
higher audio frequencies modulating the carrier. 

For adequate selectivity and low detector distortion, radio 
frequency amplification is essential. The selective property of a 
tuned circuit cannot be fully utilized if it is coupled to another 
tuned circuit, for each tends to damp the other. By separating 
tuned circuits with valves, maximum selectivity is achieved and the 
signal is also amplified. Most detectors are only linear over a 
limited range and above a given value of input signal, and R.F. 

amplification is necessary to raise the modulated carrier to this 
level. 

A possible type of receiver is therefore one having R.F. and 
A.F. amplification. Owing to the difficulty of maintaining stability 
and the mechanical limitations imposed by the ganged variable 
capacitor, two stages of R.F. amplification are seldom exceeded for 
medium- and long-wave band operation. The amplification of an 

R.F. stage is proportional to fR' where L, C and Rare the constants 

of the tuned circuit and, since L is constant and C decreases as 
frequency increases, amplification is not constant over the wave 
band but tends to increase with increasing frequency (in spite of 
the rise in R). Selectivity tends to fall as the frequency is increased. 
The tuning range of the capacitor is usually the same for each 
wave band, so that L is reduced as higher frequency wave ranges 
are selected. The value of L is so small on the short wave range 
that amplification is very low, and receivers for short wave 
operation are practically never dependent on the R.F. stages for 
amplification. 

The difficulties of obtaining adequate carrier frequency amplifica
tion and constant selectivity over a given tuning range can largely 
be overcome by using the superheterodyne principle and converting 
all incoming R.F. carriers to a constant (generally) low R.F. frequency, 
at which high amplification and good selectivit.y can be obtained; 
the modulation sidebands are, of course, transferred to the new 
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fixed frequency carrier, which is called the intermediate frequency. 
The frequency conversion is carried out in a frequency changer 
valve by mixing the incoming modulated carrier with a local 
oscillation of frequency equal to the sum of the carrier and inter
mediate frequencies. The superheterodyne receiver is the most 
usual form of receiver for operation over all ranges from long to 
short waves. It tends to reduce the amplification and selectivity 
variations over the wave ranges by concentrating most of the 
amplification and selectivity in the intermediate frequency stage. 
There are disadvantages as well as advantages to the use of the 
superheterodyne principle, but they can be overcome by careful 
design. The local oscillator output may reach the aerial and be 
reradiated, causing interference in nearby receivers, and whistles 
may be produced by interaction between undesired carriers and the 
local oscillator and its harmonics. R-eradiation can be reduced by 

Fro. 1.8.-Schematic Diagram for a Typical Superheterodyne Receiver. 

reducing the stray coupling in the frequency changer between the 
local oscillator and the aerial circuit. The inclusion of an R.F. 

amplifier valve between the aerial and signal circuit of the frequency 
changer almost entirely eliminates reradiation and has two other 
important advantages; it increases the signal-to-noise ratio when 
the noise is mostly produced in the first valve of the receiver, and 
it increases R.F. selectivity, so reducing undesired signals and whistle 
interference. The latter interference can be reduced by careful 
design of the frequency changer anode current-oscillator grid 
voltage characteristic. 

A schematic diagram of a typical general purpose broadcast 
receiver is shown in Fig. 1.8. The aerial is coupled to the R.F. 

amplifier stage (usually a single valve, but in some communication 
type receivers two). This is followed by a frequency changer with 
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local oscillator, the output from which is fed to the intermediate 
frequency amplifier, consisting of one or two stages of amplification. 
A three-valve I.F. amplifier is usually necessary on receivers for 
television and frequency modulation. A diode detector is normally 
employed because of its linear detection characteristic with large 
signals ; carrier voltages exceeding 2 volts peak and modulated to 
90% can be detected by the diode with very little distortion of the 
audio voltage output. An audio frequency amplifier usually 
precedes the power output stage. The amplification of the receiver 
should be such as to make it capable of reproducing with adequate 
output all signals above the noise level. Any increase in amplifica
tion beyond this is of little value except in so far as it improves 
automatic volume control action. 

Most receivers incorporate accessory circuits aimed at making 
control less complicated, and two important ones are those providing 
automatic volume control, more correctly termed automatic gain 
control, and automatic frequency correction. Transmission of an 
electromagnetic wave through space is accomplished by direct and 
"sky reflected" waves, and beyond the service or local area much 
of the transmission is carried by the indirect ray refleeted from the 
ionosphere surrounding the earth. The strength of the reflected 
ray is subject to slow or rapid fluctuations due to changes in the 
condition of the ionosphere, and the received input signal variations 
cause a corresponding change in audio output unless special measures 
are taken to vary the receiver gain in an inverse relationship to the 
signal strength. The gain of a receiver may be automatically 
controlled by using the D.C. component, produced by detection of 
the carrier, to vary the bias on the radio frequency, frequency 
changer (not always) and intermediate frequency stages, reducing 
the gain of these stages when the input signal increases, and vice 
versa. This is the principle involved in automatic gain control. 
A further advantage of A.G.c. is that it prevents " blasting " of the 
loudspeaker in tuning from a weak to a strong signal. Sometimes 
incorporated in an A.o.c. system is a device for silencing the receiver 
when the input signal is below a predetermined level-generally one 
governed by the noise level. Such a device, termed quiet automatic 
gain control or interstation noise suppression, removes one of 
the disadvantages of tuning with A.G.C., viz., that in the absence of 
a signal the gain of the receiver is maximum, thus amplifying 
receiver noise to an objectionable level. 

Automatic frequency correction of the local oscillator in a super
heterodyne receiver can be used to compensate for inaccuracy in 
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tuning, or drift of the oscillator, due to temperature changes, from 
its originally correct setting. It is particularly useful in remotely 
controlled and push-button operated receivers. 

Push-button tuning is incorporated in order to facilitate rapid 
selection of, or changeover from, one station to another. The 
push-button switches may operate to switch in separate circuits 
tuned to the selected station or to control mechanically by cams, or 
electrically by a motor, the travel of the main tuning capacitor. 
Electrical motor control is readily adaptable to remote control. 

In most receivers provision is made for the reproduction of 
gramophone records by switching the volume control of the receiver 
to the pick-up from the gramophone. 

A third type is the superregenerative receiver, which may be used 
for ultra short wave communication purposes when quality of repro
duction is unimportant and high sensitivity is required from simple 
apparatus. The receiver usually consists of a quenching valve, and 
an A.F. amplifier preceded by a detector, in which regeneration has 
been carried to the point of oscillation. The smallest signal is 
capable of initiating oscillation of the detector, and in the absence of 
control the oscillation will build up to a value determined by the 
valve characteristics. The rate of rise of oscillation amplitude, 
which is exponential, is proportional to the amplitude of the initiat
ing signal and inversely to the inductance of the circuit tuning the 
signal. To make the valve useful as a detector it is necessary to stop 
periodically the oscillation and reset it to the sensitive condition. 
The interrupting frequency is supplied from a separate oscillator (in 
the simplest case the detector may be made self-setting by allowing 
it to develop a squegger oscillation) in series with the anode or grid 
circuit of the detector, so that with each negative half-cycle the latter 
is taken to cut-off and oscillation ceases. It is then ready for 
" triggering " by the signal once again. Since the rate of rise of 
oscillation is determined by the amplitude of the initiating signal, the 
average current taken by the valve follows approximately the 
modulation envelope of the signal. Owing to the very sensitive 
condition of the detector the smallest signal is capable of initiating 
oscillation and the noise level of the receiver is consequently high. 
In addition selectivity is low due to damping from the detector valve 
and it cannot be increased by including additional stages of R.F. 

amplification because positive feedback from the detector causes 
damped oscillations to occur in the added tuned circuits, thus mask
ing the desired signal. For high sensitivity the ratio of initiating 
signal to quench frequency (about 40 kc/s) must be high; this and 
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low selectivity confines the use of the superregenerative receiver to 
the ultra short wave band. Distortion of the modulation envelope of 
the received signal and high noise level make the receiver suitable 
only for communication for which reasor:.able intelligibility and 
not quality is the criterion. 

1.6. Design Considerations Based on the Power Supply. 
The power supply has an important influence upon the receiver. 
For example, the H.T. battery in a battery receiver has a maximum 
voltage of 120 and a " life " capacity of approximately 0·2 kw. hrs., 
hence the power output of the receiver must be limited, the per
missible distortion limit raised, and current consumption reduced to 
the lowest possible value. Since the output stage absorbs most of 
the current, economical working must be achieved by the use of 
special types of overbiased push-pull circuits, such as Class B and 
quiescent push-pull, which adjust their current consumption to the 
volume of the transmitted programme. Valves in the other stages 
of the receiver must be designed for maximum gain with minimum 
current and this can only be achieved in the R.F., frequency changer 
and I.F. stages at the expense of the variable-mu characteristic, the 
curvature of which must be greater, leading to higher distortion and 
cross-modulation effects than occur with their counterparts in the 
mains receiver. 

In a mains-driven receiver for A.c./n.c. operation the H.T. voltage 
is limited by the mains connection, but large power can be obtained 
by high current consumption, and the output stage must be designed 
for low voltage and high current. The heaters of the valves are 
connected in series for economical operation. 

A receiver for A.O. mains operation imposes practically no design 
limitations since with a suitable transformer the power source can 
be made to supply any desired current or voltage. 

Cost also dictates the design of the receiver. High valve cost 
limits the number of stages and demands the highest amplification 
per stage. It also leads to the use of a pentode or beam tetrode 
valve in the output stage because of its high power sensitivity. 

In the following chapters is described design procedure for each 
stage of the receiver, beginning at the aerial and progressing to the 
output. Part I ends with detectors and Part II, which begins with 
audio frequency amplifiers, includes chapters on television and 
frequency modulation receiver design. 
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CHAPTER 2 

VALVES 

2.1. lntroduction. 9 , 10 The all-important role played by the 
valve in receiver circuit design necessitates some knowledge of its 
constructional details and the principles, chief of which is thermionic 
emission, involved in its operation. An understanding of thermionic 
emission is helped by reference to the solar system hypothesis of 
the ba.;;ic construction of matter. According to this theory, which, 
though superseded by later theories giving a more adequate explana
tion of certain phenomena, is very satisfactory in interpreting some 
of the simple actions, the atoms of all elements have a more-or-less 
compact central positively charged nucleus surrounded by electrons 
revolving in orbits rather like planets round the sun. The nucleus 
carries most of the mass of the atom and has a gross positive charge 
equal to the atomic weight of the element being considered ; part 
of this charge is neutralized by electrons in the nucleus itself and a. 
net positive charge numerically equal to the atomic number is left. 
The atom is rendered electrically neutral by the orbital electrons, 
which equal in number the net positive charge on the nucleus. 
The maximum number of electrons, which can be maintained in each 
orbit, is limited, the first to 2 (2 v 12), the second and third to 
8 (2 x 22), the third and fourth to 18 (2 x 32), and so on. The 
number of outer orbit electrons largely determines the activity of 
the element, inert elements like Helium, Argon, etc., having com
plete outer orbits and the most 
chemically active, the alkaline group 
(Lithium, Sodium, Potassium, etc.) 
headed by Hydrogen, having only 
one electron. The Potassium atom, 
fourth in the alkaline group, is illus
trated in Fig. 2.1. Its atomic weight 
(total positive charge on the nucleus) 
is 39 and its atomic number (electrons 
in outer orbits) is 19, leaving 20 
electrons in the nucleus. There is 
no evidence to fix the actual shapes 
of the orbits, which for convenience 
a.re shown as circular. 

17 

Fm. 2.1.-A Representation of 
the Potassium Atom. 

(Atomic Weight 39, Atomic 
Number 19.) 
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In solid substances the atomic structure may allow the detach
ment of electrons from the atoms and the movement of these 
"free " electrons and the resultant positively charged atoms within 
the substance. Other solid media may, on the other hand, not 
allow the formation of these free electrons. Metals generally have 
many free electrons, and their motion is random except under the 
action of a driving potential, which causes them to move in one 
direction, so constituting a conduction current through the medium. 
The number of free electrons is indicative of the conductivity of the 
medium, a large number implying a good conductor. Insulating 
substances have practically no free electrons and an applied 
potential causes displacement of the orbits but no general drift of 
electrons. Electrical energy can be transferred across- an insulator, 
if an alternating potential is applied, much in the same way that 
mechanical energy can be transferred through an elastic coupling. 

In the metallic atom the velocity of the free electrons is largely 
determined by the temperature. At normal room temperatures the 
velocity is insufficient to carry the free electron beyond the boundary 
of the metallic surface, but as the temperature is raised its velocity 
increases and may reach a high enough value to allow it to break 
through and escape. This characteristic of liberating electrons under 
the action of heat is known as thermionic emission. A positive 
electrode placed near the metal will collect the electrons and show 
a small current. The number of electrons collected by this electrode 
depends on 

(I) the metallic material forming the boundary of the emitting 
surface; 

(2) the temperature of the emitter; 
(3) the attractive power of the collector electrode, i.e., the 

positive voltage difference between it and the electron 
emitting surface ; 

(4) the nature and density of the gaseous medium between the 
metal and electrode. When the density of the gas is high, 
the number of atoms per unit volume is large and the 
electrons collide with them, losing velocity so rapidly that 
many fail to reach the collector. If the gas density is 
very low, electron collisions are much less frequent and 
many more reach the collector anode. 

This is the principle underlying the operation of the thermionic 
valve, which in its simplest form, a diode, consists of a metal filament 
or cathode heated to a high temperature, and a collector anode at a 
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suitable positive voltage. Earliest receiving valves used Tungsten 
for the heated filament since this could be raised to a high tempera
ture without serious evaporation of the metal occurring. It was 
found, however, that the ease with which an electron escaped from 
its metallic barrier plane varied with different metals, and certain 
ones, notably the alkaline earth metals like Barium and Strontium, 
emitted electrons more readily and at a much lower temperature 
than Tungsten. Barium and Strontium oxides form the coating 
for the high efficiency low temperature valve, and during manu
facture a thin film of the metals is distilled through to the surface 
of the cathode to act as an emitter, giving a copious fl.ow of electrons. 

We will now briefly touch upon the characteristics of the different 
types of valves, starting with the simplest, the diode. 

2.2. The Diode. The diode consists of an electron-emitting 
hot cathode and a collector anode. For electrons to be collected, 
the anode generally must have a positive voltage applied between 
it and the cathode, though, owing to the initial velocity of the 
electrons, some may be collected at low negative anode voltages 
(between - 1 and O volt). The form of the anode current-anode 
voltage curves is shown in Fig. 2.2. Owing to the negative charge 
from the cloud of liberated electrons 
surrounding the cathode, maximum Ia 
anode current does not fl.ow immedi
ately the anode becomes slightly 
positive. At low positive anode vol
tages this electronic negative space 
charge neutralizes the positive attrac
tive field from the anode, and the 
anode current builds up to such a value 
that the number of electrons in transit 0 

Heater tloltage 
lncreas,n 

Produces a negative charge, just 
Fm. 2.2.-Diode l 0 E 0 Curves 

neutralizing the positive field from the for Increasing Heater Voltage. 

anode. Increase of Ea requires a 
higher negative space charge for equilibrium, and so more elec
trons are drawn across to the anode to establish this equilibrium. 
The process continues as Ea is increased until all available 
electrons are being drawn off from the cathode; for higher 
values of Ea anode current remains constant. The maximum or 
saturation value of anode current is determined by the tempera
ture of the cathode, i.e., the heater voltage, and increasing heater 
voltage raises the saturation current as shown in Fig. 2.2, though 
it has little effect on the current in the non-saturated region, since 
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it is equivalent to increasing the reservoir of electrons without 
increasing the propulsive force from cathode to anode. 

It can be 11hown that for concentric cathode and anode surfaces 
the anode current is 

Ia = KEBa:l 2.1 
ra 

where K = constant depending on the emitting surface 

l = length of cathode 
r a = radius of anode 

B = a function of r a 
rk 

rk = radius of cathode. 

Curve I in Fig. 2.3 shows an IaEa Qurve for expression 2.1. 
This expression neglects the effect of the initial velocity of the 

electrons, which produces more initial curvature of the IaEa 
characteristic than that indi-

la, cated by the t power relation
ship and causes anode current 
to flow even for negative values 
of Ea (curve 2 in Fig. 2.3). 
Another factor controlling the 
IaEa curve is contact potential; 
this is due to the materials 
forming the cathode and anode, 

0 Ea.+ and it causes a shift of the 
Fm. 2.3.-Effect of Initial Velocity and curve in a positive anode vol

C<?ntact Potential on the I.E. Curves of a tage direction (curve 3 in Fig. 
Diode. 2.3). The use to which the 

(Curve I: ]0 = kE4 J. Curve 2: Curve I with l • d · h 
Initial Velocity Effect. Curve 3: Curve 2 with Va Ve 18 put eterm1nes t e 
Contact Potential Effect.) relative importance of these 

effects. A diode valve is em
ployed either for rectification or for detection. As a rectifier it 
is required to convert A.C. to D.C. power, and for high efficiency 
it must allow large currents to flow for small positive voltage 
differences between anode and cathode. The current should be zero 
for negative a.node voltages, and special precautions to prevent 
emission from the anode must be taken during manufacture. It is 
clear that a rectifier diode needs a high saturation current, i.e., the 
cathode should be long, for the temperature of an oxide-coated 
cathode, unlike that of the tungsten filament valve, must be main
tained within fairly narrow limits if a long life is desired. Too high 
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a temperature causes evaporation of the coating and loss of emission, 
and too low a value causes " poisoning " due to absorption of gas. 
The rate of rise of la with increasing Ea must be as steep as possible 
since this reduces the power loss in the valve and raises rectification 
efficiency. Hence from expression 2.1 we require a valve with a 
long cathode of large diameter, and minimum cathode-anode 
clearance. A small effective anode-cathode clears-nee is often 
obtained by including a grid (joined to the anode) close to the 
cathode. Since the A.c. peak voltages to be rectified are large, 
start of anode current at a small negative anode voltage and initial 
curvature of the laEa characteristic at low anode voltages are not 
so important. 

For detection purposes, linearity of laEa characteristic is very 
necessary, and as the applied A.c. peak voltage will generally be 
small, the starting-point for anode current becomes important 
(Sections 8.2.6 and 7). On the other hand, detection current is 
small and a high saturation value is not essential. 

2.3. The Triode. A triode valve has three electrodes, a grid 
being included between cathode and anode to control the flow of 
electrons. Its particular advantage is that small changes of grid 
voltage can produce large changes of anode current with negligible 

Fm. 2.4.-I.E. Curves for a Triode Valve. 

expenditure of power in the grid circuit. The flow of electrons is 
now a result of the combination (at the cathode) of the electric 
fields from the grid and anode. Typical curves showing the effect 
of grid voltage variation on anode current are given in Fig. 2.4 for 
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different anode voltages. If the grid is made sufficiently negative 
it can completely neutralize the attractive power of the anode and 
stop the flow of electrons. As the negative grid voltage is reduced, 
Ia begins and increases until it finally reaches saturation at some 
positive value of grid voltage. When the grid voltage becomes 
positive (in mains valves with equipotential cathodes it may occur 
at a slightly negative value) electrons are collected by this electrode 
and grid current flows. The condition is rarely allowed to occur 
in practice because, as soon as grid current flows, power is taken 
from the driving source and this may cause distortion of the applied 
controlling voltage. Increase of Ea causes the IuEu curve to move 
to the left, but it does not appreciably affect the saturation current 
value. 

The relationship between Ia, E
0 

and Ea can be more usefully 
expressed in the form of IaEa curves for different values of Eu, as 
shown in Fig. 2.1 la. These curves are particularly helpful for indicat
ing the performance of a valve in relation to its external anode circuit, 
and they also give three very important valve parameters, amplifica
tion factor(µ), mutual conductance (gm), and internal resistance (Ra)• 

Amplification factor µ 

_ change of anode voltage _ 
change of grid voltage to preserve constant anode current 

= LJE~(Ia = constant) 2.2. 
LJEu 

Thus if the grid voltage lines in Fig. 2.lla are separated by 
1 volt intervals, amplification factor at a particular value of Ia is 
given by the horizontal distance between the intercepts of a 
horizontal line through this Ia value with the particular grid voltage 
lines. Hence the amplification factor for Ia= 3 mA and E0 from 
- 3 to - 4 volts is 

XX' 
µ =- = 30. 

1 
Mutual conductance {/m 

change of anode current 
change of grid voltage for constant anode voltage 

=~:;(Ea = constant) expressed in mA/volt . 2.3. 
g 

Mutual conductance is obtained in Fig. 2.lla by drawing a vertical 
line through a given Ea and measuring the vertical distance (in 
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milliamps) between any given Ea intercepts. Thus gm at Ea = 200, 
Eu from - 3 to - 4 is 

YY' 
(/m = -

1
- = 3 mA/volt. 

Internal or Slope Resistance Ra 

change of anode voltage 
change of anode current for a constant grid voltage 

= Ll~a(Eu = constant) 2.4. 
Lila 

This is measured by the inverse slope of the tangent to a given 
Eu curve at a particular value of Ea or Ia; Ra at Ea = 200, 
E

0 
= - 3 is the cotangent of the angle that the tangent to the 

Eu= - 3 volt curve at Y makes with the Ea axis, 

i.e., Ra = 10,000.Q. 

By combining expressions 2.2, 3 and 4 we note that 

LIEa AEa Ala R 
µ = AE = Lil x AE = a•(/m 

fJ a fJ 

A point worth observing is thatµ is a good guide to the grid base, 
i.e., the negative voltage required to stop anode current for 

E Eg(cut-off) ~ ~. 
µ 

Actually Ea (cut-off) tends to be slightly greater than this because 
of the initial curvature of the IaEa characteristics. 

The electrode construction of the valve determines the values 
of the three parameters. From Fig. 2. lla we see that decrease of 
the slope (increase of Ra) of the I aE a lines for the same perpendicular 
separation must increase XX' and hence increase µ. This can be 
achieved by reducing the effect of Ea on Ia, that is, by increasing 
the shielding power of the grid. Increase of the turns per inch, 
the thickness of the wire, or the distance between the grid and anode 
all increase µ. 

Mutual conductance is raised by increasing the emitting surface 
and the control action of the grid. The former is realized by having 
a long cathode, and the latter by reducing the grid-cathode clearance. 
Increasing the turns per inch of the grid wire also tends to raise gm. 

The chief characteristics of a triode valve are that over the 
normal working ranges of Ia, Ea and Eu, µ, gm and Ra are almost 
constant and only change as cut-off grid bias is approached, when 
µ and gm fall and R0 rises. 
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2.4. The Tetrode. Between the control grid and anode, the 
tetrode valve has an additional grid positively biased with respect 
to the cathode. Two advantages are obtained ; the anode-grid 
capacitance is very much reduced - 0·005 µµF in an R.F. tetrode 
as compared with about 3 µµF for a triode-so that coupling 
between anode and grid circuits is decreased, and the internal slope 
resistance becomes very high (not less than 0·5 M.Q). Both these 
effects are to be expected because the additional electrode screens 
the anode from the grid and the cathode, and very much reduces 
the influence of changes of anode voltage on the anode current. 

The purpose for which the tetrode is to be used determines the 
details of its electrode construction. In an A.F. output stage, a 
low anode-grid capacitance and high resistance are not so essential 
and a coarse mesh screen allowing high gm is desirable. For detec
tion and amplification, particularly at radio frequencies, low anode
grid capacitance and high Ra are essential because the frequency 
response of an amplifier with tuned anode and grid circuits can be 
appreciably modified by regeneration and degeneration produced by 
the undesired anode-grid coupling. Furthermore, a low Ra reduces 
the selectivity of the anode tuned circuit. Metal skirts are often 
included at the top and bottom of the screen in order to reduce the 
stray capacitance between grid and anode. 

Ra and gm are the all-important parameters in a tetrode valve. 
The former is determined by the mesh of the screen wires ( a close 
mesh screening the anode from the electron reservoir round the 
cathode), and the clearance between anode and screen (a large 
clearance producing a high Ra). Secondary emission from the 
screen to anode reduces Ra. A compromise is essential as screen 
current usually increases as the mesh becomes finer because a 
greater area of the electron stream is covered by the screen wires, 
and a large screen-anode clearance necessitates a large glass 
envelope. Mutual conductance is governed largely by the dimen
sions of the cathode, grid and screen and the anode has little effect. 

The IaEo characteristics of a tetrode are similar to those of 
Fig. 2.4, except that E 8 takes the place of Ea. The IaEa character
istics of the earliest form of tetrode, a screened grid, are illustrated 
in Fig. 2.5. Change of grid voltage alters the magnitude but not 
the general shape of the curves, and increase of screen voltage 
increases screen and anode current and also moves the point of 
minimum Ia to a higher Ea. Taking a particular curve, we see 
that for small increasing positive values of Ea, Ia rises quite steeply 
until at about + 10 volts the velocity of the electrons striking the 
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anode is sufficient to detach electrons from the anode material. 
These low velocity secondary electrons are attracted to, and 
collected by, the screen because of its higher positive voltage. 
The secondary emission from the anode causes the anode current 

la 

Eg Decreasing 
~----t---

,, __________ - Is (Screen) 

0 10 
Ea 

200Volts+ 

Fm. 2.5.-I.E. Curves for a Screened Grid Valve. 

to fall and screen current to rise. Under suitable conditions the 
secondary electrons may exceed the primaries and la become 
negative. In the secondary emission region of falling J a with 
increasing Ea, the anode presents a negative resistance to any 
external circuit and the valve can be made to act as an oscillator 
(known as a dynatron oscillator). When Ea approaches Es, the 
attractive power of the screen lessens and the negative charge due 
to the electrons in the anode-screen space acts as a repulsive force 
driving the secondary electrons back to the anode. la therefore 
rises and Is falls. As Ea is increased above Es, secondary emission 
from the anode ceases and the anode collects all the primary electrons 
not intercepted by the screen wires. Thereafter I a remains prac
tically constant except for a small rise due to slight penetration of 
the anode field to the cathode, and to secondary emission from the 
screen to the anode. This secondary emission from the screen is 
much less effective than that from the anode since the secondaries 
are produced on the side away from the anode. The amount of 
secondary emission is dependent on the condition of the anode and 
screen surfaces, and if Barium and Strontium, volatilized from the 
cathode, are deposited on these the number of secondary electrons 
may be large. The emission from the anode can be greatly reduced 
by carbonising the surface. 

Anode secondary emission is an undesirable characteristic in 
the tetrode because it limits the minimum working anode voltage 
to a little more than the screen voltage, i.e., it limits the maximum 
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output voltage from the valve. Its suppression can be achieved 
in a number of ways, all of which depend on the production of a 
voltage minimum in the anode and screen space, as shown in the 
curve of voltage distribution between the cathode and anode 

Cathode Gr/d Screen 
i 
' ' 

Anode 

FIG. 2. 6.-Voltage Distribution in a Tetrode Valve showing Suppression of Secondary 
Emission by a Voltage Minimum between Anode and Screen. 

(Fig. 2.6). The secondary electrons are unable to pass this barrier 
(A in the figure) and so return to the anode. One of the simplest 
methods is to include an open-mesh grid (connected to the cathode) 
between the anode and screen. The pentode valve so formed has 
the IaEa characteristics of Fig. 2.7; the limitation of output 
voltage is now removed and an output voltage approaching 80% 
to 90% of the H.T. voltage can be obtained. The mesh of this grid 

., .,, , 
---

EgDecreasing 

Ea+ 
Fro. 2.7.-I.E. Curves for a Pentode Valve. 

must be such as only just to suppress secondary emission, because 
if the mesh is made closer the flow of primary electrons to the anode 
at low Ea voltages is reduced, producing the dotted IaEa character
istic, which is demonstrably less efficient. 
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The potential minimum can be realized by fins 5 on the anode 
at right angles to the surface facing the screen, and also by increasing 
the anode-screen clearance. 4 In the latter instance the primary 
electrons in the anode-screen space provide the potential minimum 
by reason of their negative space charge. In a tetrode most of the 
anode secondary emission occurs in the region round the screen 
support wires where the primary electronic density is low. Plates, 
connected to the cathode and placed between the screen supports 
and the anode, return the secondary electrons to the anode and also 
tend to concentrate the primary electron stream into a beam, so 
producing the required potential minimum by the negative charge 
of the concentrated electrons, and preventing the return of 
secondaries in the main electron stream. This is the principle of 
secondary emission suppression employed in the beam tetrode, 
which often has the screen and control grids aligned so that the 
latter shades the former and reduces the pick-up of primary electrons 
by the screen. 

In tetrodes required for R.F. amplification some form of gain 
control by variation of the n.c. electrode voltages is essential, and 
this is normally obtained by varying the grid bias of the control 
grid. This control would, 
without special grid con
struction, be much too 
rapid (curve 1 in Fig. 2.8) 
and would introduce serious 
distortion ; it is necessary 
to obtain a steady change 
of mutual conductance with 
grid bias as shown by curve 
2 in Fig. 2.8. Curve 1 shows 
the variation of Ym against 
Efl for a normal grid con
struction of constant mesh. 
The curved characteristic 2 
can be achieved by wind
ing a grid of constantly 
variable pitch. The valve 
so produced is equivalent 

0 

Fro. 2.8.-g...E, Curves for a Tetrode or 
Pentode Valve. 

(Curve l: Non-Variable mu Characteristic. 
Curve 2: Variable mu Characteriet,c.) 

to a number of valves connected in parallel, each one having a 
different gmEfJ characteristic, the close mesh part of the grid 
contributing mainly to the high Ym section (curve 3) and having 
a low negative cut-off voltage, and the open mesh giving a 
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low gmEo curve {curve 4) with a high negative cut-off voltage. 
Generally, the mesh is fine at the ends of the grid electrode and 
coarse in the middle. Some distortion of the input voltage wave is 
inevitable with the variable mu (as it is called) valve, and it is a 

la 

0 

maximum at the point A (curve 2) 
of greatest curvature. A sudden 
change of mesh produces a sharp 
bend at this point, whilst a graded 
change of mesh produces a much 
smoother change. 

This variable mu or, more cor
rectly, variable gm effect can occur 
unintentionally in a non-variable 
mu valve if the grid electrode is 
out of line with the cathode or is 
conical in shape. 

Fm. 2.9a.-I.E, Curves of a Pentode 
Valve for Different Suppressor Grid 

Bias Voltages. 

2.5. The Multi - electrode 
Valve. The multi-electrode valve, 
such as the pentagrid or heptode, 

octode, and hexode, is mainly used as a frequency changer. For 
an understanding of its action it is helpful to study the effect of 
negative bias on the suppressor grid of a pentode. Typical laE,, 
curves showing the effect of negative bias on this grid are illustrated 
in Fig. 2.9a. As the bias increases, the electrons are repelled and 
the slope, gm> of the characteristic decreases, and therefore the 
gain of the valve falls. Applying positive bias to the suppressor 

0 Ea 

grid has little effect since the 
screen limits the flow of elec- Ia 
trons from the cathode. As 
variation of suppressor grid 
negative bias controls gain, the 
valve may be used either as a 
modulator with the carrier ap
plied to the control grid and 
modulation to the suppressor 
grid, or as a frequency changer 
with the signal applied to the 
control grid and the local oscil

Fm. 2.9b.-I,.EG Curves for a Pentode 
Valve with Different Suppressor Grid 

Bias Voltages. 

lator output to the suppressor grid. There is, however, a disad
vantage to the method and it can be seen from Fig. 2.9b. Increas
ing suppressor grid bias lowers Ra and eventually turns the laEa 
characteristic into that of a triode. This is due to the formation 
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of a reservoir of electrons between the screen and suppressor grid ; 
the field from the anode can draw upon this virtual cathode and 
influence considerably the anode current. The reduction in Ra 
is a serious defect, particularly in a frequency changer, because it 
damps any highly selective anode circuit. 

The difficulty can be overcome by converting the triode, formed 
by the virtual cathode, suppressor grid and anode, into a screened 
grid by interposing a positively biased grid between the suppressor 
grid and anode. Thus we have the hexode frequency changer of 
Fig. 2.10. The IaEgi characteristics for this valve are similar to 
those of Fig. 2.9a and the IaEga characteristics for different values 
of Egi are shown in Fig. 2.10. There is little increase in Ia for 

G3 (Oscillator) 
G1 (Signal) 

0 

Fm. 2.10.-J.E, 3 Curves for a Hexode Valve with Different Signal Grid Bias 
Voltages. 

positive values of E03 since the first screen shields grid 3 from the 
cathode electron reservoir, and all available electrons between grids 2 
and 4 have been collected by the anode. The IaEa characteristics 
are similar to those for a screened grid valve though the secondary 
emission " kink " is generally much less pronounced than that of 
Fig. 2.5. 

The position of the signal and local oscillator grids may be 
interchanged, that is, the oscillator may be next to the cathode, 
and this occurs in pentagrid, heptode, and octode valve. In the 
heptode and octode valve another positively biased electrode is 
inserted between the oscillator grid and first screen to serve as an 
oscillator anode, and the valve acts as a combined oscillator and 
frequency changer. The octode has an extra suppressor grid 
between the anode and second screen to produce pentode IaEa 
characteristics. Details of these special valves are given in 
Section 5.3. 
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2.6. Representation of the External Anode Load Imped
ance on the IaEa Characteristic Curves. To illustrate the 
method of representing the external anode circuit on the IaEa curves 
we will consider a triode valve having the IaEa characteristic curves 
of Fig. 2.lla, with an external resistance R 0 of 10,000 ohms and 
an H.T. voltage Eb = 200 volts. This resistance is represented by 
a straight line AB passing through the points Ia = 0, Ea = 200 

12 

6 

Anode Voltage £a 
Fm. 2.lla.-Load Lines and Curves on the I.E. Characteristics. 

(the anode voltage must equal Eb when Ia = 0 because no voltage 
drop occurs across R 0 ) and Ia = 2 mA, Ea = 200 - laRo = 180 
volts. The resistance load line is straight because its equation is 
represented by 

Eb -E I = ~--~(), 
a Ro ' 

which shows that Ia is linearly proportional to Ea. We can use 
this line to determine the D.C. anode voltage and A.C. output voltage 
for any given D.c. grid bias and A.c. grid voltage. If the grid bias 
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is - 3 volts and a sinusoidal A.O. voltage of peak value 1 volt is 
applied to the valve, the n.c. anode voltage is given by the inter
cept O of the R 0 line and the Ea = - 3 volts curve measured on 
the Ea axis, i.e., it equals 150 volts. The A.O. anode peak voltage 
is 15, half the horizontal distance between the intercepts B and A 
of the R" line and the E

0 
= - 2 and - 4 volts curves. When a 

valve with a resistance load is used as a voltage amplifier the 
output from its anode circuit is coupled to the grid of the next 
valve through a capacitance Cc so as to isolate the D.o. voltage 
and allow only the A.O. component to be passed on. A grid leak 
R0 completes the D.C. path back to the cathode. The value of Cc 
is chosen so that at the lowest frequency its reactance is very 
much less than R0 • The effect of R

0 
is therefore to make the load 

resistance to A.O. of the first valve less than the n.o., i.e., the slope of 

the load line is :gRR, and it is shown on Fig. 2.lla as the line OD, 
u+ o 

which passes through the point O on the D.O. line. The A.c. voltage 
amplification is therefore reduced from 

RgRo 
µRo t µR

0
+R0 

Ra+Ro O RgRo , 
Ra+Ru+Ro 

but this is of much less importance than the fact that the bottom 
end of the A.O. line enters the cramped part of the IaEa curves 
and distortion is produced with large outputs. R

0 
should therefore 

be chosen to have as high a value as possible so long as it does not 
produce softness in the succeeding valve. An interesting point to 
note is that the A.C. load line moves its position for large output 
voltages because rectification, and hence increased n.o. current, 
results from distortion. The line CD tends to move to a point 0' 
corresponding to lower D.O. anode voltage in a manner similar to 
that described in Section 8.4.1. for anode bend detection. 

To explain the construction of the locus load line for any form 
of load the simplest procedure is to start with the resistance case, 
dissociating the resistance loctts load line from the IaEa curves and 
drawing it as in Fig. 2.llb with reference to A.O. output voltage 
and current. To allow reference back to Fig. 2.lla, we will make 
the positive direction of output voltage to the left, because increasing 
positive load voltage means decreasing anode voltage Ea. The 
point O on the line AB in Fig. 2.lla becomes the origin for the line 
in Fig. 2.llb. Instantaneous values of E 0 and / 0 can be obtained 
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by projecting horizontally and vertically on to the two axes, for 
the voltage and current are in phase. Thus the A.C. cycle commences 
at O; 30° later E 0 and I 0 have values corresponding to OC and OD, 
which are half the maximum values of E 0 and I 0 , OH and OP (at 
the 90° position of the cycle), for sin 30° = 0·5. 

Now let us imagine that an inductive reactance of 15,000 ohms 
is connected in place of R0 and that the peak voltage is arbitrarily 

l+l0 (m.A) 

r+2 
B - - - ------- • ? 
: JE_du~tan'i! 
I F•+T 

_, - . -, 
Capacra11ce --------' A 

r-2 
Fm. 2.llb.-Representation of the Locus Load Line for R 0, L 0 , and 0 0 Anode Loads. 

chosen as 15, viz. OH, the same as that across R 0• Since the 
anode load is an inductive reactance, E O and I O are out of phase 
by 90°, I 0 lagging behind E 0 • When E 0 is zero, / 0 has its maximum 

-E -15 
negative value of -x O = --- = - 1 mA ; hence G is a point 

0 15,000 

on the locus. 30° later E 0 has a value 15 sin 30° = 7·5, and 
I 0 = - 1 cos 30° = - 0·866 mA. Therefore L is a point on the 
locus. Similarly after 60° of the cycle E 0 = 13 and I 0 = - 0·5, and 
point Mis found. When E 0 = 15, its maximum value, I 0 = 0. If 
this procedure is repeated over the cycle the ellipse GHF K is drawn 
out and this is the locus load line for an inductance L 0 • The 
direction of progressive time instants is clockwise round the ellipse. 
A similar ellipse can be obtained for a capacitance C0, but the 
point corresponding to progressive time instants now travels in an 
anti-clockwise direction because 10 leads on E 0 • The length of the 
I O axis of the ellipse is inversely proportional to the reactance X 0, 

being short for a large value of X 0 • 

In drawing out the reactive ellipse we assumed, for convenience, 
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that the output voltage was E 0, the same as that across R 0, but in 
actual fact the output voltage is dependent on the valve slope 
resistance Ra and on X 0 • The shape of the locus curve is not 
affected, however, by the value of E 0 since I 0 is proportional to E 0 , 

and a change of the former only means an increase or decrease in 
the size of the ellipse. In transferring the reactive ellipse to the 
IaEa curves we must adjust E 0 so that the ellipse is just tangential 
to the limit grid volt1.1ge curves, in this case Eu = - 2 and - 4 volts. 
Thus, if we have an H.T. voltage of 200 volts, a bias of - 3 volts, 
an A.c. peak grid voltage of 1, and an inductance L 0 of reactance 
15,000.Q and no n.c. resistance, the load curve is the ellipse GHFK 
drawn on Fig. 2.lla with its centre O at the point Ia =-- IO mA, 
Ea = 200 volts. 

The size of the ellipse is adjusted to make it tangential to the 
Eu= - 2 and - 4 volt lines, and we find that E 0 has been increased 
to approximately 26 volts as compared with 15 volts arbitrarily 
chosen for constructing the ellipse in Fig. 2.llb. The major axis 
of the ellipse is vertical in Fig. 2.1 la instead of horizontal as in 
Fig. 2.llb, because the scale relationship of Ia to Ea is changed. 

Let us now consider the practical condition of a combined 
resistive and reactive load. Taking first a series circuit of resistance 
R 0 (10,000.0) and reactance wL0 (15,000.0), let us assume some 
arbitrary value of maximum current such as 1 mA, OF in Fig. 2.llc. 
We begin with current because a series circuit is being considered. 
The maximum voltage E 1 across R 0 is IR0 = 10 volts (F B in 
Fig. 2.llc) and the maximum E 2 across L 0 is IX0 = 15 volts 
(OH in the figure). By following the procedure outlined above we 
can draw the resistance line AB and the reactance ellipse GHFK. 
Since R 0 and L 0 are in series, their instantaneous voltages must 
be added for the combined locus load line. Thus for maximum 
I 0 = OF, the voltages E 1 and E 2 across R 0 and L 0 are F B and zero, 
and B is therefore a point on the combined locus. Similarly for 
I 0 = 0, the voltages across R 0 and L0 are zero and OH respectively, 
and H is another point. For I O rising posipively from zero, at a 
value I 0 = OM we have E 1 = MN and E 2 = MP respectively, 
giving point Q. When / 0 is decreasing towards zero, for I 0 = OM 
we have the total voltage = MP - MN and point R is found. 
Continuing this process produces the locus curve HQBKA similar 
in shape to a sheared ellipse, the direction of progressive time 
instants being clockwise. This curve must now be magnified or 
reduced for transferring to the IaEa curve in Fig. 2.lla. The 
resistance R0, which will be assumed to have a D.C. resistance of 
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10,000.Q, and Eb (200 volts) determines the position of the centre 
point O of the " sheared " ellipse, and its overall size is adjusted 
until it is tangential to the grid voltage lines Eu = - 2 and - 4 volts 
as shown in Fig. 2.11.a A similar combined locus curve is obtained 

~ 
F10. 2.llc.-Locus Load Curves for Series or Parallel Circuits of Resistance a.nd 

Rea.eta.nee. 

for a series combination of R 0 and 0 0 , but the direction of vector 
rotation is anti-clockwise. We cannot transfer the series R 00 0 circuit 
load curve directly to Fig. 2.lla because it has no n.c. path for 
the anode current. If, however, we assume the D.c. component to 
be carried by a choke of very high inductive reactance and zero D.C 

resistance, the combined locus is centred immediately above Eb 
(200 volts) at the intersection of Eb = 200 volts and Eu = - 3 volts. 

When the anode load is a parallel circuit of R 0 and L 0 , we must 
take some arbitrary value of voltage E 0, OH in Fig. 2.llc, and draw 
the straight line for R 0 and ellipse for L 0 • The maximum value of 

current 11 through R 0 is ; 0
, OL in the figure, and the maximum 

0 

value of current l 2 through L 0 is ~ 0
, OF in the figure. Since the 

0 

circuit is a parallel one we must add currents. When E 0 is zero, 
11 = zero and 1 2 = OG, so that G is a point on the combined locus; 
for E 0 = OH (its maximum positive value) 11 = OL but 1 2 = zero, 
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hence J is a point on the combined locus. When E 0 is negative, 
equal to OX and decreasing to zero, 11 = XY, 1 2 = XZ and V is 
a point on the combined locus where XV = XY +xz. Continuing 
the process gives the " sheared" elliptical shape, JFVG, and this 
is increased or decreased in size, so that when transferred to Fig. 2.1 la 
it becomes tangential to the E

0 
= - 2 and - 4 volt lines. The 

load curve for R 0 and 0 0 in parallel is similar, with the direction of 
vector rotation in an anti-clockwise direction. The n.c. resistance 
component decides the position of the load curve above the Ea axis 
on Fig. 2.lla. The parallel RoL0 load curve is centred above the 
H.T. voltage Eb if L 0 has a negligible n.c. resistance, and the 
R0C0 curve about the intersection of the R 0 line with the 
E0 = - 3 volt line if the n.c. resistance of R 0 is the same as its 
A.c. resistance. 

2.7. Equivalent Circuits for a Valve. A valve may be 
represented by a constant voltage or a constant current generator 1 ; 

the former representation is most suitable for a triode valve, which 
has a comparatively low resistance, whilst the latter is more useful 
in analysing the action of a tetrode or high resistance valve. The 
two circuits are shown in Figs. 2.12a and 12b; coupling between 
the anode and grid circuits has been assumed to be negligible. 

Ra T 
-1 

I 
µEgK Zo e Ra 2~1 0 

_j Ia-r-----, 
L-~-J 

Fm. 2.12a.-The Valve as a Constant 
Voltage Generator. 

Fm. 2.12b.-The Valve as a Con
stant Current Generator. 

The voltage developed across the external load Z0 in Fig. 2.12a is 

E
0 

= µEgZo . 2.5a 
Ra+Z0 

whilst in Fig. 2.12b. 

Eo = lRaZo _ rJmEgRaZo _ µEgZo 2.5b. 
Ra+Z0 Ra+Zo Ra+Z0 

The two circuits are therefore identical. Fig. 2.12b is very 
helpful when Z 0 is a tuned circuit, for it shows the desirability of 
having Ra as large as possible in order that the overall gain may be 
high and the maximum selectivity of Z 0 realized. 
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Sometimes an impedance is connected in the cathode-earth lead 
of a valve, notably for providing negative feedback ; the circuit of 
Fig. 2.12a is modified by the inclusion of the dotted impedance Zk, 
and the effective grid input voltage becomes that between grid and 
cathode, Euk· The output voltage is 

where 

but 

Eo = µEg~o 
Ra+Zo + zk 

Egk = Eg -Ek 
µEgkZk 

Ek=----
Ra+Zo+Zk 

E = E - µEgkZk 
Ut g Ra+Zo+Zk 

_ Eo(Ra+Zo+Zk) 
- Ra+Z0 +(µ+I}Zk 

Eo = µEgZo 
Ra+Z0 +(µ+I}Zk · 

. 2.5c. 

Hence the inclusion of the cathode impedance has had the effect 
of increasing the equivalent valve impedance by (µ+I)Zk. For 
high slope resistance valves, such as screened-grids or pentodes, 
gm is the important parameter and expression 2.5c is modified as 
follows: 

Eo = _g!"RaEuZo - = R gm(EuZo I ) ~ gmEe_~ . 2.5d 
Ra+Ro+(µ+I}Zk I o Z I+gmZk 

+Ra+ gm+Ra k 

when Ra• Z 0 • Thus the equivalent mutual conductance of the 

valve is reduced in the ratio 
1 

. Expression 2.5d assumes 
I+gmZk 

that the screen is decoupled to cathode by a large capacitance and 
that there are no voltage changes across Zk due to change of screen 
current. When the screen is decoupled to earth, a voltage is 
developed across Zk due to screen current changes, and the following 
current voltage equations result. 

Ek= (la+la}Zk 

I - µEgk -"-,. E 
a - Ra+Zo+Zk :tm gk 

la= µsEgk 
Rs+Zo+Zk 
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where 

Generally 

where 

But 

VALVES 

!, = ,1~~(1 constant) 
s .t1E s • 

g 

R8 = slope resistance of the l 8E8 curves. 
R8 • Zk and 
18 = fJsE01. 

,1/s (E t t) 'Js = LJE 8 cons ,an . 
g 

Ek = (gm +'Js)ZkEg1.' 

E 0 = E01. +Ek= [I+('Jm+'J8 )Zk]E01.. 
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E - E - 'Jm Eu 2 5 
o - fJm 01. - [I+(fJm+fJs)Zk] • . e. 

- 'JmEo 
- (I+gkZk)° 

Usually 'Jm ex: Ia and fJ8 ex: 18 so that 

'Jk = 'Jm( 1 + ~:)-

In non-aligned grid tetrode valves J8 is about 0·25 and in aligned 
a 

grid valves it is about O· l. 

2.8. The Grid Input Admittance of a Valve.8 

2.8.1. Introduction. The grid input circuit of a valve can 
usually be represented by a resistance and capacitance in parallel. 
The magnitude of both components depends on the construction of 
the valve, the potentials applied to the electrodes, and the im
pedances in the external circuits connected to the electrodes. 

The input resistance can be due to four causes: 
(I) Leakage current between the grid and other electrodes. 

This can be measured wlien the valve heater or filament is cold, 
but it may change when it is hot. 

(2) Electronic and positive ion current. The first may be 
produced by grid collection or emission of electrons. Collection of 
electrons by the grid may generally be prevented by applying 
sufficient negative bias. Emission from the grid is usually due to 
the volatilization of active material from the cathode and its 
condensation on the cooler grid. It can be reduced by preventing 
cathode temperatures in excess of that rc:,quired for satisfactory 
operation, and by maintaining the temperature of grid and anode 
at as low a value as possible. A high temperature for the grid 
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electrode encourages emission from any material which has con
densed upon it. Cooling fins are often connected to the top of the 
grid support wires ofh gh current valves, and the anode is carbonized. 
Grid emission causes current m the opposite direction to that from 
electron collection, and produces across a grid leak resistance a 
positive bias on the grid. Positive ion current has this same effect 
and is due to the collection of positive ions-positively charged 
atoms of residual gas, which have been robbed of electrons by 
collisions with the primary electrons-by the negatively biased 
grid. Grid emission and positive ion current are more likely to 
occur in high current output valves, and the effect may be cumula
tive if a high grid leak resistance is employed. The positive bias 
caused by this grid current increases the anode current, thus raising 
the temperature of the anode, causing it to release absorbed gases; 
at the same time the grid temperature increases because of greater 
radiation from the anode, and grid emission current increases. 
A high grid leak may therefore quickly produce destruction of the 
vacuum and " softening " of the valve, and it is the probability of 
" softness " which limits the grid leak in output valves and most 
types of voltage amplifier valves to maxima of 0·5 and 2 M.Q 

respectively. 
(3) Coupling between the grid and any other electrode containing 

an impedance to the input frequency. Anode-grid capacitance is 
the more usual source of this defect, but capacitance between the 
grid and cathode or screen can also contribute. The equivalent 
input resistance from this cause may be positive or negative, 
resulting in degeneration or regeneration of the input voltage, the 
sign depending on the sign of the particular electrode circuit 
reactance. The magnitude of this resistance is inversely pro
portional to the gain of the valve and directly proportional to the 
ratio of resistance to reactance in the given electrode circuit, zero 
reactance giving infinite resistance. 

( 4) Transit time of the electrons between the cathode and grid. 
When the time of flight of the electrons between grid and cathode 
becomes comparable with the reciprocal of the input frequency, 
electrons may be accelerated away from the grid in the direction 
of the cathode as well as in the direction of the screen of the R.F. 

amplifier valve. The negatively charged cloud of electrons moving 
away from both sides of the grid constitutes an A.O. current having 
a resistive and a capacitive component. The effect is dependent on 
the total electron flow and is greatest for high space currents, 
i.e., low grid biases. 
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The input capacitance is also dependent on four factors : 
(I) The grid size and proximity to other earthed electrodes such 

as the cathode and screen. This capacitance can be measured 
when the valve is cold. 

(2) Space charge. The negative charge due to the electrons 
clustered round the cathode is equivalent to a reduced distance 
between the cathode and grid, and the capacitance between the 
two electrodes is therefore increased upon that of the cold value. 
The increase is dependent on the grid bias and has a maximum of 
about 2 µµF at the minimum negative grid bias. It causes mis
tuning of the signal circuit when the gain of the valve is varied 
by changing the signal grid bias . 

...._ _____ ....,_ _____ -0H.T.-

F10. 2.13.-A Circuit showing Coupling to the Grid by Interelectrode Capacitance. 

(3) Coupling between the grid :.-, vl any other electrode, having 
an impedance to the operating frequency. This reflected reactance 
is always capacitive irrespective of the sign of the reactance in 
the other electrode, and the equivalent capacitance is a maximum 
for zero external circuit reactance and minimum grid bias, i.e., 
maximum valve gain. 

(4) Transit time of the electrons as set out above. 
We will now consider the resistance and capacitance reflected 

into the grid circuit due to coupling between it and other electrodes. 
A circuit showing coupling between the grid and other electrodes 
is given in Fig. 2.13. 

2.8.2. Grid Input Admittance and Anode-Grid Capaci
tance Coupling. Assuming that Zk = Z 1 = C

01 
= C

0
, = 0), the 

equivalent circuit for a valve having anode-grid capacitance coup
ling is shown in Fig. 2.14. Using the constant current generator 
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circuit and replacing the resistances and reactances by their equi
valent conductances and susceptances, viz. 

; by Ga,~ by Y0 =G0 +jB0 and XI by Bu, 
a o c,

0 
• 

the voltage and current relationships may be written as follows : 

la = YmEu = E 0 .[Ga+Go+jB0 ]+[E0 +E0 ].jB00 2.6. 

Fm. 2.14.-The Equivalent Constant Current (J~ = gmE,) Generator Circuit for 
Anode-Grid Capacitance Coupling. 

Note.-E0 and Eu are in the same direction as regards Cu. and 
therefore additive. 

lu = (Eo +E.,,)jBu • . 2.7. 

From 2. 7 the admittance of the grid circuit is 

Yu= ~u = [1+!:JjBu. 
and from 2.6 

2.8 

Rationalizing 
Y =jB0JGa+Go+Ym+jB0 ][Ga+G0 - j(B0 +Bu)] 

u (Ga+Go)2+(Bo+Bu)3 

Bu.-UGa+Go+Ym][Bo+B11.] - Bo[Ga+Go]] 
+jB0J(Ga+G0 +Ym)(Ga+G0 ) +B0 (B0 +Bu)] 

(Ga+G0 )
2 +(B0 +Bu)' 

=G0 +jB(J 

I (Ga+Go) 2 +(B0 +B )2 

:. Rg = - U• 

Gu Bu.[Ym·Bo+Bu.(Ga+Go+Ym)] 
2.9a 

and C = !!_11_ = Cu.[(Ga+Go+YmHGa+Go)+B0(B0 +.~u_)]_ 
u ro (Ga+Go)'+(Bo+Bu) 2 

2.9b. 
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These expressions show that when B 0 is positive or negative 
and infinite, Ru is infinite and Cg = Cu.· This is to be expected 
since B0 = oo means zero anode reactance and the anode is virtually 
connected to earth, leaving only the anode-grid capacitance across 
the grid input circuit. Ru is also infinite when B 0 = - Bu. 

(Ga+Go+Um)_ For values of B > - B (Ga+Go+Um) R is 
Ym O 

Ua Um ' g 

positive and for B 0 < -- B
0 

(Ga+Go+Um), Ru is negative. Thus 
" Um 

anode-grid capacitive coupling with an inductive anode load can, 
and usually does, provide regeneration, whereas with a capacitive 
anode load, degeneration always occurs. There are two minima 
for Rg, one positive and the other negative, and they are found by 
differentiating 2.9a, with respect to B0 and equating to 0. The 
resulting equation is 

(B0 +Bu)2Um +2Bu.(B0 +Bu)(Ga+G0 ) - Um(Ga+G0 )
2 = 0. 

Hence B0 ' = - Bu.±(Ga+a0 {Bu•±J1+(Bu.)
2

] • 2.10a 
Um Um 

The maximum value of Cu can be found in a similar manner from 
2.9b and the resulting equation is 

Bu.(B0 +Bu)2 - 2(B0 +Bu)(Ga+G0 )um - Bu.(Ga+G0 )
2 = 0 

B,, = - B ±[Um±vum2+Bu.2J(G +G ) 
o u. B a o 

u. 

the maximum condition is given from 

Bo"= ~ Bg. +C'm - v;,,,2

+Bu.2}aa+Go) . 2.lla. 
u. 

Generally, Bu. <{ Um and (Ga+G0 ) so that 2.10a and 2.lla 
reduce to 

and 
Bo' = ± (Ga+Go) . 
Bo"= - Bu.· 

2.10b 
2.llb. 

Combining 2.10b and 2.9a and neglecting Bu. in comparison with 
the other factors 

2.12. 
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Combining 2.llb and 2.9b and again neglecting Bu. 

C (max.)= C [Ga+Go+gm] 
u u. Ga+Go 

= Cu.[ 1 + Ga~GJ 

= C [i +gmRaRo]. 
u. Ra+Ro 

I 
I 
I I 
: I ----------------r~-

' ' : 
---.... __ -:¾.---.,.,._ ---------

2.13a 

. 2.13b. 

Cga Bo=-(Ga+Go) : : 
I 

RI_ +2(Ga+Go) 
9,- 9m +Bo 

(Inductive) ., _ -2(Ga+G0 ) : 
'-9-

- - :l'.....Jlm.Bga : 
/ .._ I 

/ '- I 
/ ' I ,,, \ 

/ \ I 

/ / \ I 

/ ,: 
1' I ,, 
t 

(Capacitive) 
Bo= +(Ga, +Go) 

F10. 2.15.-The Effect on Input Capacitance (C,) and Input Resistance (R,) of 
Varying Anode Circuit Susceptance (B 0). 

Expression 2.13b is in the well-known form illustrating the 
Miller effect. 

The changes of Ru and Cu for values of B 0 varying from + oo 
to - oo are shown in Fig. 2.15. These effects have a very important 
bearing on the frequency response of an R.F. amplifier and they are 
fully discussed in relation to this problem in Section 7 .8. 

In many practical examples Ga~ G0 and Bu ~ B 0 so that the . 
expressions for Ru and Cu can be simplified to 
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Ru= Go2+Bo2. 
gmBu.Bo 

VALVES 

= ~ when G0 ~ B0 
g,,,Bu. 
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2.14a 

. 2.14b. 

A valve may have an impedance in its cathode circuit (inten
tionally as in a negative feedback amplifier or unintentionally due 
to inductance of the lead from cathode to valve-pin) and the current
voltage equations are modified to (Fig. 2.13 with Cu,. = 0, Z1 = 0, 

/ 2 = Ju) 

Ju = (Eu+E0 )jBu. 

Yu= [I+ !:J.iBu. 2.15. 

pEu,. - (E0 +Ek) 
Ia= ~~--7_:{-----~ = gm(Eu - Ek) - (E0 +Ek)Ga 

a 

Ia = gmEg - Ek(Um +Ga) - EoGa 
Ek(Gk+jBk) 

.'. Ek(Ga+Gk+Um+jBk)+E0Ga = gmEu . 2.16a 

(la - Ju) = E 0(G0 +jB0 ) = Eg(gm - jBu) - Ek(gm +Ga) 
- Eo(Ga+jB{J.) 

:. Ek(Um +Ga) +E0 .[Ga+G0 +j(Bu. +B0 )] = Eg(gm - jBu) 2.16b. 

Combining 2.16a and 2.16b to eliminate Ek 

E0 _ (gm -_jBu
0
)(Ga+Gk+gm+jBk) ~ gm(Ga+Um) 

2
_
17

a. 

E0 [Ga +Go +J(Bu. +B0 )][(Ga+Gk+Um+JBk)] - (Ga+g.,,.)Ga 

It will be noted that when Gk and Bk are infinite, i.e., the cathode 
impedance is zero, 2.17a reduces to 2.8. Normally Bu. and Ga can 
be neglected in comparison with the other components and so 

Eo _ Um(Gk+jBk) 
Eu - (G0 +jB0 )(Gk+gm+jBk)' 

. 2.17b. 



44 RADIO RECEIVER DESIGN [CHAPTER 2 

From 2.15 and 2.17b 

y = jB [(G_o -+~-jJJo_)({!k+g_m j-j!!_k) +gm(Gk+JBk)] 
D D. (Go+iBo)(Gk+gm+jBk) · 

Rationalizing 

jBD.[(Go +jBo)(Gk +gm +jBk) +gm(Gk +jBk)] 
[(Go - jBo)(Gk+gm - jBk)] 

-----(G~o-2-+~B~o-2 )_(_(_G_k_+_g_m_)---"-2 +-'----B-k 1) -

R = _!__ = (Go 2+Bo 2)((Gk+gm) 2 +Bk2
) 

D GD gmBD.[B0 (Gk 2 +Bk2)+gm(B0Gk - BkG0 )] 

= Go 2 +Bo 2[ 1+gm(gm+2Gk)] 
gmBD.BO Gk2+Bk2 

. 2.18a 

when B 0Gk - BkGo is very small. 
Comparing this with 2.14a we see that the reflected resistance is 

increased, i.e., the anode damping is reduced. The result was to 
be expected because the voltage across Zk is a negative feedback 
voltage reducing the gain of the valve. 

[

[(G0 +gm)Go+Bo 2][(Gk+g~) 2+Bk2
] _ 

3 0
] 

0 = BD = 0 +gm (B~o - GkGo) gm G 
D w D. (Go 2+Bo 2 )[(Gk+gm) 2 +Bk2] 

= 0 [(Go+gm)Go+Bo 2 
_ gm[gm2Go+gm(GkGo - B~o)J. 2.18b. 

D. Go2+Bo2 (Go2+Bo2)[(Gk+gm)2+Bk2] 

This is identical with 2.14b when Gk and Bk are infinite. The 
effect of Zk is therefore to reduce OD and this also agrees with the 
reduced valve amplification due to the negative feedback voltage 
across Zk. 

The a.hove expressions assume that the screen voltage is de
coupled by a capacitance to the cathode, and when it is decoupled 
to earth the following formulae are valid for RD and OD. 

R = 002±!102[1 +gk(gk+2Gk)] 2.18c 
D gmBD.Bo Gk2+Bk2 

O = O [(Go+gm)Go+Bo2 _ gm[gk 2Go+gk(GkGo - Bk!!~] . 2.18d 
D g. Go2 +Bo2 (Go2+Bo2)[(Gk-!--gk)2 +Bk2] 

where gk = mutual conductance with reference to 
the cathode voltage 

_ [la+ls] -gm --
la 

and la and /
3 

are the anode and screen currents respectively. 



2.8.3] VALVES 45 

2.8.3. Grid Input Admittance and Grid-Cathode Capacit
ance Coupling. The grid-cathode capacitance of a valve is often 
comparatively large, about 3 µµF, but it acts only as a capacitance 
in parallel with the grid input circuit if there is no impedance in 
the cathode circuit of the valve. At high frequencies (from about 
20 Mc/s) the inductance of the cathode lead can provide sufficient 
impedance to modify to a very great extent the grid input admit
tance. Fig. 2.13 shows the circuit (Gu.' Gu, and Z 1 are assumed 
to be zero, and J3 = Ju) and the equations are given below 

lu = (Eu - Ek)jBflk 

Yu= ~u = [ 1 -!;JjBflt. 2.19 

I - µ(Eu - Ek) - (Eo+Ek) = g (E - E ) - (E +E )G a- R m fl k o k a 
a 

= E0(G0 +jB0) 

la+lu = Ek(Gk+jBk) 

from which E0 (Ga +Go +jB0 ) +Ek(Ga +gm)= gmEu 
and 

E 0G4 +Ek[Ga+Gk+gm+j(Bgk +Bk)]= Eg(gm+jBu)· 

Combining the above equations to eliminate E 0 

Ek_ (gm+jBu)(Ga+Go+jBo) - gmGa 

Eg - [Ga+Gk+gm+j(Bgk +Bk)][Ga+Go+jBo] - (Ga+gm)Ga 

If Ga can be neglected 

2.20a. 

Ek - gm+jBflt 
Eu - Gk+gm+j(Bflt +Bk) 

. 2.20b 

and we see that the anode impedance (Z0 ) has practically no effect 
on the result. Combining 2.19 and 2.20b 

Y = 'B (Gk+jBk)(Gk+gm - j(Bgk +Bk)). 
fl J flt (Gk+gm)2+(Buk +Bk)2 

Ru = _!._ = (Gk+gm)2+(Bflt +Bk)ll 
Gu Bu.(G~flt - gmBk) 

2.21a 

G = B0 = G0JGk(Gk+gm)+Bk(B0k+Bk)] 
fl W (Gk+gm)ll+(Bgk +Bk)2 

2.2Ib. 

These two expressions are similar in form to those for anode .Jrid 
capacitance coupling. 
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Differentiating Ru with respect to Bk gives the following con
dition for minimum Ru. 

Bk'= - Buk+(Gk+!lm{:~k±J1+(;:)2J . 2.22a. 

Gu has a minimum value at 

v 2 +B 2 

Bk" = - B(/k - [!lm - !: (/k }Gk+!lm) . 2.22b 

and its maximum value is Guk for Bk = oo. 
This is the reverse of anode-grid coupling, but is to be expected 

since the voltage developed across a given impedance in the cathode 
circuit with regard to earth is 180° out-of-phase with that developed 
across the same impedance in the anode circuit. In the same way 
it is found that the sign of Ru is reversed, i.e., a positive or capacitive 
Bk gives a negative Ru. This is clearly shown below in the simplified 
expressions for RD and Gu obtained by assuming Buk ~ !lm· Thus 
2.22a and 22b become 

and 

and 

The general shape of the variations of RD and GD for changes 
of Bk from - oo to+ oo is shown in Fig. 2.16. Ru is infinite when 

Bk =+Bu Gk_ 
k!lm 

Many practical cases allow simplification of the general expres-
sions 2.21a and 21b for Ru and OD. Thus if Gk~ Bk and Um· 

R 
- - !lm2+(BDk +Bk)2 

u - B B . 2.21c 
!lm Dk k 

Bk(Bu +Bk) 
G = G k 

fl Dkgm2+(BDk+Bk)2 
and . 2.21d. 
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Often B"" can be neglected in comparison with Bk and then 
Ym2+Bk2 

R" = - --~ 2.2le 
YmBg,,Bk 

and O" = O" Bk
2 

• 2.21/. 
k Ym2+Bk2 

In the simplest case when Ym ~ Bk 

R = -~ =+ I = -~ 
" YmBg,, gmw2£k0g,, YmOgk 

when Bk is respectively inductive and capacitive. 

\ 

' \ 
\ 

\ 

' ' ' .... ..... _ 

+Rg 
I 
I 
( 
~ 
/1 

I 

I I 
:t 
I I :, 
~ 

! 
-Rg 

Fm. 2.16.-The Effect on Input Capacitance (O,) and Input Resistance (R,) of 
Varying Cathode Circuit Susceptance (B1:). 

(Note that when the screen voltage is not decoupled to cathode, gm in all the above 
expressions must be replaced by 91:• the mutual conductance referred to the cathode.) 

In all the above expressions we have assumed that the screen 
is decoupled to cathode, and if it is decoupled to earth gm must 

everywhere be replaced by gk, where gk = gm( I+~:). When the 

effect of cathode lead inductance is considered, gk must replace Ym· 
To illustrate the influence of the cathode lead inductance in an 
R.F. amplifier valve at high frequencies, let us consider a valve 
operating at 30 Mc/s. and having the following constants 

gk = 3 mA/volt, 0 0,. = 3 µµF, Lk = 0·2 µH. 
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Using formula 2.21c 

R = (3 X l0- 3) 2 +(0·0565 X 10- 2 - 2·65 X 10-2)1 
fl 3 X 1(1- 3 X 5·65 X 10- 4 X 2·65 X 10- 2 

= 15,200.Q 

0(1 ~ o(I.,, as Yk ~ Bk. 

This result shows how serious an effect even a small cathode 
inductance can have when amplification at comparatively high 
frequencies is desired. Since Rfl is inversely proportional to gk, the 
amplifying properties of a high Ym valve may be completely nullified 
unless Lk is made very small. To reduce additions to Lk from 
external wiring, leads from the cathode decoupling capacitor to 
earth should be as short as possible and the capacitor itself must 
be non-inductive. The part contributed to Lk by the valve internal 
wiring may be reduced by bringing out by separate leads more 
than one connection from the cathode. 

If the frequency is raised to 60 Mc/s, the resistance Rfl falls to 
the very low value of 3,500.Q, i.e., almost in inverse proportion to 
the square of the frequency ratio change, 4 to 1. 

It is possible to increase the input resistance of a valve by 
inserting a resistance Rk in the cathode lead, but this entails loss 
of amplification in the valve owing to the degenerative effect of 
R.F. voltages set up across Rk. Under certain circumstances the 
increase in input resistance may be greater than the decrease in 
valve amplification, and a net increase in overall amplification may 
result. An example in Section 4.10.3 illustrates this. 

The formula for input grid resistance when Rk is included is 
that given in expression 2.21a. 

Rg = (Gk+YkP+(Bk+B,,.P. 
Bq,_(G~(I-,, - g~k) 

To have any appreciable effect Rk must be comparable with the 
reciprocal of mutual conductance, so let us assume that Rk = 300.Q, 
other components remaining as in the example quoted above. 
Converting the cathode impedance to an admittance 

1 l 300 37·7j 
yk = Zk = 300+37·7j - 3002 +37·7 2 3002 +37·7 2 

• Gk = 3·28 x 10- 3 mhos and Bk= - 0·412 x 10- 3 mhos. 

R = (6·28 X 10- 3) 2 +(1·53 X 10-4)2 
fl 5·65 X 10- 4(18·5 X l0-7 +12·36 X 10- 7) 

= 22,700.Q. 
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The inclusion of Rk has, however, reduced the equivalent mutual 
conductance of the valve to (expression 2.5e). 

' gm -"'- g,,, = 0·526 . 
g,,. = 1 +gkZk - i-+3 X l0- 3 X 300 gm 

This is a serious reduction and the increase in R
0 

could not be 
expected to offset it. However, in this example we have not taken 
into account the proba,ble value of stray capacitance across Rk, 
and we shall see in the next example that even a small capacitance 
value can have a profound influence on the result. Let us consider 
Rk as paralleled by stray capacitance of 5 µµF. The cathode 
impedance Zk now becomes 

z Rk . L 
k = 1 +jwC~k +Jw k 

Rk •[ L wCkRk
2 

] 

- 1 +(wC~k)2 +J w k - 1 +(wC~k)2 

= 278+j(37·7 - 78·5) 
= 278 -j40·8 

and Yk = 3·52 X 10- 3 +j5·17 X 10- 4 

= Gk+jBk. 

Hence 
{6·52 X 10- 3) 2 +(1·082 X 10- 3)1 

R =-----------------
0 5·65 X 10- 4(19·9 X 10-7 - 15·51 X 10- 7) 

= 176,000.Q (a0 = ~o = 5·68µ mhos). 

This represents a very big improvement in input resistance, though 
the actual value of R

0 
is now much more dependent on frequency, 

and the application of this principle will clearly be more satisfactory 
in receivers operating at a fixed frequency (e.g., for television 
reception) or over a restricted tuning range. 

One result of including Rk must not be overlooked ; R
0 

is no 
longer infinite when gk = 0. In the above example it has the com
paratively low value of 12,050 ohms, steadily increasing as cathode 
mutual conductance is increased, to 176,000.Q at gk = 3 mA/volt. 
This particular property may be used to reduce input resistance 
variations under A.G.c. conditions, for by a suitable choice of Rk 
it is possible to make R

0 
almost independent of changes of (h· 

This can be illustrated by taking Rk = 120.Q, all other components 
being as before : 
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Zk = 118·3 +j24·32. 

Gk = 8·11 X 10- 3 ; Bk = - 1·665 :< 10- 3 

(11·11 X 10- 3)2+(1·1 X l0- 3)2 
R = -----------

0 5·65x 10- 4(5·65x 10-"x 8·llx 10- 3 +3x 10-ax 1·665 x 10- 3] 

= 23,050.Q (Gfl = 43·4 micromhos) 
for gk = 2 mA/volt, Rfl = 23,100.Q, Gfl = 43·2µ mhos 

,, = 1 ,, ,, = 23,800.Q, ,, = 42·0 
" ,, = 0 ,, ,, = 25,900.Q, ,, = 38·5 
" 

The use of a cathode resistance may increase or decrease the 
variation of input capacitance when gk is varied. From expression 
2.21b. 

Cfl = ACfl,, 

Gk(Gk+Yk)+Bk(Bflk +Bk) A = ~~------------------ --- -- . 
(Gk+Yk) 2 +(Bflk +Bk)2 

where 

Least variation of A is obtained when (Bu,, +Bk) is large compared 
with gk, and under these conditions increase of Gk increases the 
variation of Cu· In the examples given above for Gk = 0, A varies 
from 1·01 (gk = 3 mA/volt) to 1·02 (gk = 0), whereas when 
Rk = 120.Q, Ck= 5 µµF, it changes from 0·74 (gk = 3 mA/volt) 
to 1·01 (gk = 0). The inclusion of Rk therefore increases the varia
tion of Cfl as gk is varied. If (Bflk +Bk) is comparable with gk, 

increase of Gk generally reduces the capacitance variation, so that 
as the operating frequency increases (Bflt and Bk decrease) we find 
that a cathode resistance can be used to advantage for reducing 
input capacitance variations. 

2.8.4. Grid Input Admittance and Combined Anode-Grid 
and Grid-Cathode Capacitance Coupling. The circuit for this 
coupling is shown in Fig. 2.13. [Cu, = 0 and Z 1 = 0] and the 
equations are 

la= Ym(Efl - Ek) - Ga(Ek+Ea) . 2.25. 
/ 3 = (Eu - Ek)jBflk 2.26. 

/ 1 = (Efl+E0 )jBfl
0 

2.27. 

la+/3 = Ek(Gk+jBk) 2.28. 
la - / 1 = Ea(Ga+jBa) 2.29. 

Y = /fl= ls+l, = (1 - Ek) "B +(1 +Ea) "B 2 30 fl E E E J flk E J fl. . . 
0 fl fl fl 
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Combining 2.25, 2.26 and 2.28 

Ek[Ga+Gk+gm+j(Bk+B11)]+E0Ga = Eu[gm+jBgk] 

From 2.25, 2.27 and 2.29 

E 0[Go+Ga+j(Bo+B11)]+Ek[gm+Ga] = Er,(gm -jB11) 

Eliminating E 0 from 2.31a and b 

Ek_ [gm+jB11JGa+Go+j(Bo+B11)] - [gm -jB11.]Ga 

E 11 - [Ga+Gk+gm+j(B11k+Bk)] 
[Ga+Go+j(Bo+Bu)] - [gm+Ga]Ga 
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2.31a. 

2.31b. 

2.32. 

If B11• can be neglected in comparison with its associated factors, 
2.32 reduces to 2.20a, so that the part contributed to Y

11 
by the 

grid-cathode capacitance is the same as that given in Section 2.8.3. 
Combining 2.31a and b to eliminate Ek 

[gm -jBg.J[Ga+Gk+gm+j(B11k +Bk)] 

Eo_ - [gm+jBu.J[Ga+gm] 

Eu - [Ga+Go+j(Bo+Bu)] 
2.33. 

[Ga+Gk+gm+j(Bu.+Bk)] - [gm+Ga]Ga 

Again, if B"• can be neglected in comparison with the other factors, 
2.33 reduces to 2.17a, and its contribution to Y II is as calculated in 
the second part of 2.8.2. We may therefore take the values of 
G11 and Cu calculated in Sections 2.8.2. and 2.8.3, and obtain the 
combined effects of anode-grid and grid-cathode coupling by 
adding them. 

Thus, from the modified expression 2.18a and from 2.21a 
(neglecting Bu. in comparison with other factors) 

g,,,Bu Bo(Gk2+Bk2) gmBgkBk G - ·--------··- ._______ ·--~-----·-
u (Go 2+Bo2)[(Gk+gm)2+Bk2] (Gk+gm) 2+Bk2 

G = - gm [B B 0 [f!k~±13k
2
] - B Bk] 

g [(Gk+g,,,)2+Bk2] u. . Go2+Bo2 "• 

R(J = [(Gk+g,,,)2+Bk2][Go2+Bo2] 2.34a. 
gm[Bu.Bo(Gk2+Bk~) - Bu.Bk(G0

2+B0
2

)] 

Neglecting Bu. and the second part in 2.18b, and also Bu. in 2.21b. 

C = C [(Go+gm)Go+Bo
2
] +c [(Gk+gm)Gk+Bk

2
] 2.34b. 

g Ila· Go2+Bo2 ll, (Gk+gni)2+B1c2 

Examining 2.34a, we see that it is possible to make Ru infinite 7 

and therefore independent of the mutual conductance of the valve 
if the denominator is zero, i.e., 
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Bu.B0.(Gk2+Bk2) = BuiBk(G0
2+B0

2) 

Bk 
Bu. G,,i+7i7;2 
Buk - Bo 

[CHAPTER 2 

2.35a. 

But G 2BkB 
2 
* is the reactanee of the cathode circuit viewed 

k + k 

as a series circuit consisting of Rk and Lk (or Ck, though this is less 
likely to be realized at ultra high frequencies), and similarly 

G
02

1!;.Bo'· is the equivalent series reactance of the anode. Hence 

2.35a becomes 

Bu. - Cu. - Lk 
Bui - Cui - La 

2.35b. 

It will be noticed that B 0 and Bk must have the same sign (Bu.and 
Bui are always capacitive and positive), i.e., they must both be 
inductive or capacitive. Thus in satisfying expression 2.35b by 

including an inductance La = Lk~Uk between the anode load imped-
u. 

ance and the anode, it is possible to raise the input resistance to 
a very high value. Just as for the added cathode resistance method, 
there is loss of valve amplification due to the added anode induct
ance, which may need to be as much as fifty times that of the stray 
cathode inductance. Input resista.nce neutralization is also possible 
by means of an inductance in the screen electrode of the valve. 

Expression 2.34b for input capacitance may be rewritten as 

C = C [ 1 + YmGo• ] +C [l _ (Gk+Ym)Ym ] 
u u.• Go2+Bo2 Ui (Gk+Ym)2+Bk2 

[ 
Cu.Go Cuk(Gk+Yrn) ] 

= Cu. +cuk +gm G~2+-Bo2 - (Gk+Ym)2+Bk2 . 2.34c. 

If Yrn ~ Gk it is also possible to prevent change of input capacitance 
when Ym is varied (under A.G.C. conditions); this is achieved by 
making 

Gk 
Cu. - Gk2+Bk2 Rk 2.36 
Cuk - Go - Ro . 

Go2+Bo2 

• See Appendix IA. 
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where Rk and R0 are the equivalent series resistance components 
of the cathode and anode circuits. 

It will similarly be found for capacitance coupling between the 
grid and other electrodes that each coupling can be treated inde
pendently of any other, and the resultant input conductances and 
capacitances can be added to obtain the combined effect. 

2.8.5. Grid Input Admittance and Grid-Screen Capacit
ance Couplin~. The equations for grid-screen capacitance coupling 
are identical with those for anode-grid coupling if Ga is replaced 

by Gs, the screen conductance ~~ (this is the slope of the lsEs 
s 

curve), gm by g8 , the screen mutual conductance, ~~, G0 , B 0 and 
0 

B0• by Gi, Bi, the conductance and susceptance of the external 
impedance of the screen circuit, and B0,, the screen-to-grid 
capacitance. 

Thus Ro= (Gs+G1)2+(B1 +Bo)2 . 2.37a 
B 0,[g.ll1 +B0,(Gs+G1 +!ls)] 

C 
= Q [(Ga+G1 +!1sHGa+G1)+B1(B1 +Bo,)] 

0 0 
___________ 2.37b. 

' (Gs+G1f'+(B1 +B0,)
2 

In an R.F. amplifier, having undesired inductance in the screen 
lead, B

0
, and (G8 +G1) can usually be neglected in comparison with 

Bi, so that 

1 
when B 1 is inductive 

{18w 2L 10 0, 

Ci h · B . ·t· === -- w en 1 IS capacI Ive. 
!l .• co, 

2.38 

As for combined anode-grid and grid-cathode capacitance coupling, 
so for combined grid-screen and grid-cathode coupling it is possible 
to raise the input resistance to an infinite value ; in this instance 
the condition is that 

2.39. 

Since 0
0

, and 0
01 

are comparable in value it means that Ls is 
approximately equal to Lk. 
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2.8.6. Grid Input Admittance and Electron Transit Time.• 
Over the medium and long wave ranges the time taken for a 
given electron to travel from the cathode to the anode is a very 
small fraction of one period of the input voltage wave. Conse
quently the A.c. current fl.ow in the grid circuit, due to the passage 
of electrons through the grid wires from cathode to anode, is almost 
entirely capacitive and leads the grid voltage producing it by 90°. 
Hence there is no absorption of power in the grid circuit and grid 
input resistance is very high. At the high-frequency end of the 
short wave range (from about 15 Mc/s upwards), the transit time 
of an electron between cathode and grid becomes an appreciable 
fraction of the grid voltage cycle. This causes the current action 
in the grid circuit to be delayed and grid current leads upon the 

Ig=(fi·fi) --{]v, 

l ~ I •. 

Cathode Grid Anode 
Fm. 2.17.-Grid Current due to Electrons Passing from the Cathode to Anode. 

(0 is the angle of lag due to the transit time of the electrons.) 

grid voltage by an angle less than 90°; i.e., a conductance com
ponent is introduced into the grid input admittance. This con
ductance component increases as the frequency of the grid voltage 
input increases and in general-purpose valves is quite marked 
at 20 Mc/s. 

Ferris 2 has explained the action as follows. In Fig. 2.17 is 
shown a cathode, grid and third electrode with electrons passing 
through the grid mesh. The approach of the negatively charged 
electrons, to the grid from the cathode, induces a charge on the 
grid which is equivalent to a current 11 flowing into the grid circuit. 
Similarly as the electrons progress from the grid towards the third 
electrode they induce a charge on the grid mesh, which is equivalent 
to a current 12 flowing out of the grid circuit. When there is no 
A.O. voltage on the grid and sufficient negative bias to prevent the 
collection of electrons, the grid current due to the approaching 
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electrons is completely neutralized by that due to the departing 
electrons. If an A.O. voltage is now applied to the grid, the distri
bution of the electrons is modulated by this voltage so that as 
Eg is increasing negatively the density of the electron stream is 
greatest on the cathode side, and there is a net current into the 
grid, i.e., lg is negative. The reverse is true when Eg is decreasing 
and the density is greatest on the side opposite to the cathode, 
giving a net current out of the grid. The magnitude of the net 
current is dependent on the rate at which the electrons are being 
accelerated or decelerated, and is a maximum when this is maximum 
(provided there is no delay between the voltage Eg and its effect 
on the electrons), i.e., when Eg is changing at its greatest rate. 
This occurs when the A.O. component of Eg is passing through zero. 
The net current lg (see Fig. 2.17) therefore leads Eg by 90°, being 
zero when Eg is maximum or minimum, incre'asing positively as 
Eg increases from its minimum value, and reaching a maximum 
when the A.O. component of Eg is zero. Thus the input admittance 
has no conductance component. If the time taken for electrons 
to travel from the cathode region to the grid is an appreciable 
fraction of the input voltage cycle, the effect of Egon the electron 
stream distribution is delayed and the net current leads Eg by 
less than 90°. The new phase relationship is (90° - 0), where 
0 is the angular lag caused by the electron transit time from cathode 
to grid. The input grid admittance Yg is 

I 
Y g = E = I Y g I /90 - 0 2.40. 

g 

and it has a conductance component 

Gg = I Yg I cos (90 - 0) = I Yg I sin 0 

Ferris suggests that the value of Gg is given by 

Gg = Kg,,J21:2 

where gm = mutual conductance of the valve 

. 2.41 

K = a factor dependent on the ratio of the electron transit 
times in the cathode-grid and grid-third electrode 
spaces 

f = frequency 
T = electron transit time to an arbitrary point in the system. 

Electron transit time is reduced by using smaller electrode spacings 
as in the acorn type valve. 

In the above description of electron transit time effects it is 
assumed that the valve is operating under space-charge current 
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limitations, i.e., the total current is far below its saturation value. 
If the current approaches its saturation value {due to reduced 
cathode temperature, or to a positively biased screen between 
the signal electrode and cathode as in the heptode frequency 
changer), current due to the flow of electrons past the grid wires 
may lag behind the voltage controlling the electrons, i.e., the input 
susceptance of the signal electrode is equivalent to a negative 
capacitance. Electron transit time causes the current to lag by 
more than 90°, so introducing a negative conductance component. 
This feature is discussed more fully in Section 5.8.3., where an 
alternative explanation of the positive conductance component 
under space-charge limited conditions is also given. 

There are other forms of electron transit time effects in multi
electrode frequency changers, such as negative resistance 6 coupling 
between the oscillator and signal grids of a heptode (Section 5.8.3.), 
and the high negative bias start of grid current on the signal grid 
of a. hexode valve (Section 5.8.2.). 
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CHAPTER 3 

AERIALS AND AERIAL COUPLING CIRCUITS 

3.1. Introduction. The difficulties presented by the design 
of the aerial circuit of a receiver are very largely due to the fact 
that the type of aerial with which the receiver will operate is un
known. For example, the aerial may be erected indoors, where 
it will have poor pick-up qualities and large capacitive and resistive 
components in its terminal impedance. (The terminal impedance 
is defined as the impedance between aerial and earth looking into 
the aerial from the receiver.) On the other hand, it may be erected 
outside, as a horizontal wire with perhaps a long lead-in, or as a 
short vertical wire at the highest point in the building and connected 
to the receiver by a screened cable. The characteristics of the two 
outside aerials are widely different, the former may have a terminal 
impedance with a low resistive and high reactive component vary
ing appreciably over the tuning frequency range, whilst the latter, 
owing to the predominating effect of the screened cable, presents 
to the receiver a mainly resistive impedance less dependent on 
frequency. If the terminal impedance of the aerial is known over 
the tuning frequency range, the aerial may be replaced by a 
generator having an internal impedance equal to the terminal 
impedance of the aerial and an open circuit voltage equal to the 
effective pick-up voltage in the aerial. The problem then becomes 
one of matching aerial terminal and receiver input impedance, if 
maximum voltage transfer is desired. Before dealing with the 
aerial connection it is essential to set out briefly the chief features 
of electromagnetic wave propagation through space. 

3.2. Propagation of Electromagnetic Waves. An A.c. cur
rent flowing through a wire produces a circularly disposed magnetic 
field about the wire in a plane perpendicular to the wire. The 
alternate collapse and reversal of the magnetic field due to the 
A.C. variation of current induces across the ends of the wire a 
voltage which is equal to the rate of change of the magnetic flux 
surrounding the wire and is in opposition to the applied voltage. 
The latter has, therefore, to overcome not only the resistance of 
the wire but also this induced component from the magnetic field 
and the voltage equation is represented by 

57 
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E = Rl+d<P 
dt 

d<P _ d<P dl _ L dl 
dt - di" dt - . dt-

[CHAPTER 3 

3.la 

where L is the inductance of the wire. Expression 3. la thus 
becomes 

E = RI+Ldl 
dt 

3.lb. 

If I = 1 sin wt and we assume that there is no time lag between 
the appearance of the magnetic flux and the current producing it, 
the expression is again modified to 

E = Rl sin wt+Ldl sin wt 
dt 

E = Rl sin wt+wLl cos wt . 3.lc. 
2,r 

The power absorbed in the wire= !!!.-J-;;; El sin wt dt 
2n 

2,r 0 

= ~J;; [Rl 2 sin2 wt+wL1 2 cos wt sin wt]dt. 
2n 

0 

= ~J: [ RJ 2
[

1 
- c;s 

2
wt] + w~l

2

• sin 2wt]dt 

= w [R1 2(~- sin 2wt) _ wLl2 • cos 2wt]~ 
2n 2 4 . 4 

0 
RJ2 

= 2· 
Hence there is no loss of energy when the magnetic flux is 

produced instantaneously, because the energy required to produce 
it is reabsorbed into the wire when the flux collapses again. This 
conception of instantaneous flux changes is largely true for low 
frequencies, such as 50 c.p.s. At much higher frequencies we 
would expect to find some time lag between the establishment of 
the magnetic field, especially at some distant point, and the current 
producing it. The expression for the flux is therefore modified to 

<P = Ll sin (wt - 0) 
and equation 3.lb to 

E = Rl sin wt+:e(Ll sin (wt - 0)) 

E = Rl sin wt+wLl cos (wt - 0) 
= Rl sin wt+wLl (cos wt cos 0+ sin wt sin 0) 
= (Rl +wLl sin 0) sin wt+wLl cos O cos wt 3.ld. 
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The time lag in <P has increased the resistance term by wLl sin 0, 
and it is this energy component which is radiated into space and 
pa.rt of which is picked up by any suitably disposed conductor. 
It is known as the radiation resistance of the aerial, and it increases 
as the frequency increases (this explains the high radiating efficiency 
of the short wave aerial) and as the magnetic field is more spread 
out. The latter is achieved by the use of a straight Open-ended 
wire. The magnetic field from a vertical open wire is best imagined 
in the form of concentric circles in a horizontal plane as shown in 
Fig. 3.1, and these circles grow in diameter, spreading outwards at 
the speed of light. The motion of the magnetic field automatically 
produces an electrostatic field at right angles to it in space but in 
phase as regards time. The electrostatic field is considered as a 
series of semicircles (if one end of the aerial is connected to earth) 

Fm. 3.1.-The Electrostatic and Electromagnetic Fields Developed by an Energised 
Vertical Aerial. 

in a vertical plane (the dotted lines in Fig. 3.1), again moving 
outwards at the speed of light. The densities of the two fields 
vary together, i.e., when one is maximum so is the other, and 
sinusoidally if the current in the vertical wire is sinusoidal. At 
some distance from the wire (aerial) the magnetic and electrostatic 
fields are respectively horizontal and vertical, and they may be 
represented by two vectors at right angles to each other in a plane 
perpendicular to the direction of travel of the wave front. The 
horizontal magnetic vector is OM and the vertical electrostatic 
vector OE in Fig. 3.2a. Apart from the simultaneous sinusoidal 
variation of amplitude with time, the peak value of each vector 
decreases as the distance from the aerial increases (see 0' M' and 
O'E' in the figure). When the electrostatic vector is vertical as 
in Fig. 3.2a, the wave is said to be vertically polarized, whereas if 
the electrostatic vector is horizontal (Fig. 3.2b), the wave is said 
to be horizontally polarized. The first condition is realized at some 
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distance from a vertical aerial if the earth over which the wave 
passes is a perfect conductor, whilst the second condition occurs 
by radiation from a horizontal aerial over a perfectly conducting 
earth. No voltage is induced in a horizontal wire by a vertically 
polarized wave because a voltage can only be induced in a con-

lJirection 
o -------• OT 

Motion 

M 

E' 

\ 

l)irection 
of' 

o' -Motion 

M' 

Fm. 3.2a.-The Representation of a Vertically 
Polarized Wave. 

fJirection 

OR·-----• of' Motion 

E 
M 

Fm. 3.2b.-A Horizontally 
Polarized Wave. 

ductor which is at right angles both to the magnetic field and the 
direction of motion of the magnetic field.* Similarly a vertical 
aerial could not be employed for picking up horizontally polarized 
radiation. Radiation from a vertical aerial does not r lways result 
in vertical polarization, for the plane of polarization is tilted forward 
when the wave passes from a good to a poor conducting earth 
surface ; the electrostatic vector is tilted forwards and the wave 
is known as obliquely polarized. Radiation from an aerial at an 
angle (0) to the vertical results in an obliquely polarized wave with 
the two E and M vectors at an angle between the vertical and 
horizontal polarization positions. Such radiation has vertical and 
horizontal components of electrostatic and magnetic field, and 
pick-up is possible with vertical or horizontal aerial. Close to a 
transmitting aerial, where radiation is mostly by direct ray, the 
wave is polarized in the plane of the aerial, i.e., is vertically polarized 
with a vertical aerial, but outside the area of direct ray trans
mission, where reception is mainly dependent on the indirect ray 
reflected from the ionosphere (a series of semiconducting layers 
round the earth), the wave may have any angle of polarization 
from vertical to horizontal and it may not even be plane polarized, 
i.e., the vertical and horizontal components of the electric or mag
netic field may be out of phase with each other. For example, if 
the maximum amplitudes of the vertical and horizontal components 
are equal but have a 90° time phase difference-when the vertical 

• This is the basis of Fleming's well-known Right Hand Rule as used 
in the theory of electrical machines. 
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is maximum the horizontal is minimum-the wave is said to be 
circularly polarized. Elliptical polarization is produced by unequal 
maximum amplitudes with a 90° time phase difference. From the 
point of view of reception, polarization of the wave front is im
portant in deciding the best orientation of the aerial. For a plane 
polarized wave, pick-up is maximum when the aerial is parallel to 
the electrostatic field vector and it is zero at right angles to this. 
For a circularly or elliptically polarized wave pick-up is possible 
for any direction of the aerial ; this form of polarization is actually 
undesirable as it is often produced by conditions (liable to rapid 
variations) in the earth's upper atmosphere, and distortion of the 
modulation content of the wave is often severe. 

The voltage generated in a receiving aerial may be due to direct 
or indirect rays from the transmitting aerial, which can be con
sidered as projecting rays in all directions between the horizontal 
and vertical, though propagation is normally greatest in a horizontal 
direction or at some shallow angle to this direction. The direct 
ray travels parallel to the earth's surface, is vertically polarized 
and is attenuated as it travels away from the transmitting aerial 
due to the production of eddy currents in the earth. This attenu
ation increases rapidly as the frequency rises, and for short waves 
the radius of operation of the direct ray is very limited. An in
direct ray is a ray projected at an angle to the earth's surface such 
that it would ordinarily be lost in space. Owing to the presence 
of semiconducting layers in the earth's upper atmosphere the ray 
may be reflected or refracted back to earth. Since the earth itself 
is a conductor the ray is reflected upwards and is again returned 
to earth at some distant point. Rays projected at a high angle 
to the horizontal may make several ricochets between the ionized 
layers and earth before they reach the receiving aerial. 

The semiconducting layers, which return the indirect rays to 
earth, are caused by ionization of the upper atmosphere from solar 
radiation. Electrons have been detached from the neutral atoms 
of the gases in these layers so that besides neutral atoms there are 
free electrons and positively and negatively charged ions (atoms 
with a deficiency or excess respectively of electrons in their outer 
rings). 

Subjecting a gas to ultra-violet light or bombardment by a 
stream of electrons are two methods of producing ionization, and 
these (due to radiation from the sun) are presumed to be the main 
causes of the ionized layers surrounding the earth. Pressure plays 
an important role in ionization and gases at low pressure can 
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generally be ionized fairly easily and recombine slowly when the 
cause of ionization is removed. On the other hand, high pressure 
makes ionization difficult, and recombination is rapid when the 
ionizing agency disappears. The exact number of ionized layers 
sunounding the earth is a matter of conjecture, but there are a.t 
least two important layers, called the E and F layers, located at 
heights of approximately 100 and 250 km. respectively. The lower 
E layer is in a region of comparatively high pressure, so that ionic 
density is not so high and recombination is rapid when the ionizing 
agent is removed, i.e., during the night the E layer is practically 
non-existent. The F layer, on the other hand, is in a region of 
lower pressure, ionic density is high and recombination is slow. 

The effect produced by these ionized layers depends on their 
ionic density, the frequency of the transmitted wave, and the angle 
at which it strikes the layer. The latter may serve as an almost 
complete reflector, it may allow penetration followed by absorption 
and/or insufficient refraction for a ray to be returned to earth, or 
it may allow penetration with little absorption but sufficient refrac
tion to cause the ray to return to earth. 

For low frequencies (in the long wave range from approximately 
20 to 600 kc/s) the ionosphere acts as an almost perfect reflector 
and the wave is propagated as if between two concentric reflecting 
shells formed by the earth and ionized layer. Practically no pene
tration occurs, and long distance transmission is obtained with 
steady reception. Direct ray attenuation is not very considerable 
and this, together with reflected indirect rays, causes the received 
signal strength to vary in a series of maxima and minima as the 
distance from transmitter increases. Since these frequencies do not 
penetrate the ionized layers to any great extent, the indirect ray 
is less susceptible to variations of ionization, and fading, which is 
seldom observed, is relatively slow. Owing to the concentric re
flector characteristic of the ionosphere and earth, long wave band 
transmission is almost always vertically polarized at the receiver, 
though the wave front may be slightly oblique due to earth losses. 

Transmission in the medium wave band from about 600 to 
1,500 kc/sis characterised by a comparatively limited area of day
light reception; the useful service area, however, is considerably 
increased at night time. This is due to the fact that the direct 
ray is fairly rapidly absorbed, due to earth losses, whilst indirect 
rays penetrate and are absorbed by the lower E layer. Indirect 
rays striking the E layer at a shallow angle may be refracted back 
before penetrating to any depth, and the signal may therefore be 
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received at some considerable distance from the transmitter. At 
night when the E layer has disappeared, the F layer, of much 
greater ionic density, acts as a reflector for the indirect rays, which 
a.re thus returned to earth. High-angle radiation from the trans
mitting aerial is small, so that the signal from the indirect ray is 
negligible close to the transmitter ; as the distance from the trans
mitter increases, lower angle radiation contributes to the indirect 
ray, the field strength of which increases and remains comparatively 
high over a considerable distance. The increased power in the 
low-angle radiation more than compensates for the attenuation in 
the transmission path. At some point the direct and indirect rays 
will have comparable field strengths, and in this region night recep
tion is generally unsatisfactory with rapid fading and distortion. 
This is due to variations in the ionized layer causing variations in 
the amplitude and phase of the indirect ray so that at one moment 
it may add and at another subtract from the direct ray. The 
refractive properties of the ionosphere vary a,ccording to frequency, 
and the phase and amplitude of the modulation sideband frequencies 
may be independently varied during refraction so that some side
bands may add to those of direct-ray sidebands whilst others 
subtract. The balance of the modulation frequencies may there
fore be completely changed, resulting in severe distortion. The 
term selective fading is applied when the modulation sideband and 
carrier frequencies fade independently of each other. Beyond the 
area of equal direct and indirect ray reception, the signal may vary 
in strength, and distortion may be produced by the arrival of two 
indirect rays by different paths, but the resulting signal is generally 
very much more constant than that obtained in the intermediate 
area. 

Over the short wave band, 2 Mc/s to 25 Mc/s, the direct ray 
is very rapidly attenuated as it travels over the earth's surface, 
and long-distance reception is entirely dependent on the indirect 
ray. The indirect rays penetrate the E layer but are refracted 
by the F layer of higher ionic density. If the angle of incidence 
of the ray is less than a certain critical angle, which falls as the 
frequency rises, the ray is completely refracted and returned to 
earth. Above a frequency of about 30 Mc/s, it is almost impossible 
to obtain a shallow enough critical angle for complete refraction 
but special freak conditions may produce occasional refraction to 
earth. Owing to this critical angle effect there are areas, beyond 
the range of the direct ray, over which no signal can be received 
except from scattered radiation very erratic in character. The 
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distance over which reception is almost impossible is known as the 
skip distance. This distance increases as the frequency increases 
and varies in length according to the time of day and year. For 
example, the skip distance at a given frequency is less over a day
light area in summer than over a night area in winter, i.e., refraction 
is greatest for greatest ionic density. The attenuation of the in
direct ray by absorption in the ionized layers is inversely propor
tional to the square of the frequency (high frequencies in the short 
wave range are less attenuated than low) and is proportional to the 
ionic density (high ionic density causes high absorption). Attenu
ation is therefore greatest over a daylight path in the northern or 
southern hemisphere during summer. 

Short wave reception may suffer from slow or rapid fading due 
to the arrival of several indirect rays by different paths, some after 
several ricochets between ionosphere and earth. Selective fading 
with distortion occurs, and occasionally reception may completely 
disappear for some hours, especially if the ray path runs close to 
the earth's magnetic poles. The latter effect normally only occurs 
during periods of intense solar activity. Another form of dis
tortion sometimes met in short wave reception is that known as 
the echo effect which may result in either blurred or echoed reception. 
It is due to the time displacement between the arrival of indirect 
rays by different routes. The echo effect is often due to the com
bination of a ray by a more or less direct route and a ray which 
has made a complete circuit of the earth; a delay of about 
t second occurs between the time of arrival of the same modula
tion cycle on each wave. It is more commonly noted close to a 
local short wave station rather than at normal distance operation. 

3 .3. Types of Aerials. 
3.3.1. Introduction. Receiver aerials may conveniently be 

divided into open and closed (frame) aerials. A wire with an open 
circuited end is a good example of the former, whilst a frame aerial 
consisting of closed loops is an example of the latter. The open 
aerial is the more efficient collector and has maximum pick-up 
when it is perpendicular to the direction of travel of the wave and 
parallel to the electric field vector, e.g., with vertically polarized 
transmission (the electric field component is vertical) in a direction 
parallel to the earth's surface, an aerial perpendicular to the latter 
gives maximum pick-up. The voltage generated in the wire is 
proportional to the height of the wire, but is also considerably 
affected by the proximity of earthed objects, which tend to distort 
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the transmitted electric field. A frame aerial is a comparatively 
inefficient collector and maximum pick-up is obtained when the 
plane of the frame is that of the electric field and the direction of 
motion of the wave. The voltage generated is proportional to the 
area of the loop and the number of turns comprising it. 

The open aerial can itself be further subdivided into the vertical, 
inverted L, the T, and the dipole aerial. The T and inverted L 
aerials are used principally for long and medium wave reception. 
They are less satisfactory (especially if they are long) for short 
wave reception, because the aerial becomes a resonant circuit when 
its length is approximately one-quarter of the wavelength of the 
desired transmission. This has a serious mistuning and damping 
effect on the first tuned circuit unless coupling is very loose. The 
dipole aerial, consisting of two symmetrical open aerials connected 
to the receiver by a feeder, is mainly employed for short wave 
operation, and its particular advantages are that it has directional 
pick-up and can be conveniently connected to the receiver by a 
balanced feeder, so reducing interference pick-up. For long and 
medium wave operation the inverted L aerial having a long hori
zontal top and vertical lead-in has been extensively used. Its 
horizontal top 13 enables the voltage picked up in the vertical 
limb to be used more efficiently, and the equivalent open circuit 
voltage generated in a given length of vertical is increased by the 
addition of a horizontal top. It has, however, the disadvantage 
of collecting vertically and horizontally polarized components of a 
transmitted wave. These components, having a random phase 
relationship, tend to cause fading and distortion. The vertical 
aerial is slowly superseding the inverted L aerial because it responds 
only to vertically polarized transmission, thus minimizing fading 
and distortion due to obliquely, circularly or elliptically polarized 
transmission. It is also simpler to construct and erect. 

3.3.2. The Vertical Aerial. As far as reception is concerned 
there are two important aspects of the aerial connection, its voltage 
pick-up and its terminal impedance. The vertical aerial may be 
regarded as a network of series inductive and shunt capacitive 
arms distributed along its length, with a generator in series with 
each inductive arm as shown in Fig. 3.3a. Owing to the open 
circuited top the voltages generated in each section cannot be 
equally effective in driving a current through the receiver imped
ance. It is clear that the voltage generated at the top has no 
complete circuit and can 'therefore contribute nothing to the output, 
whilst the current sent to the base of the aerial by the second 
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generator is small because the return path provided by O O has a. 
high reactance. The lowest generator is, however, working under 
most efficient conditions. 

This means that standing waves of voltage and current are 
produced along the aerial as shown in Fig. 3.3b. Maximum voltage 
occurs at the top of the aerial and minimum at the base, whilst 
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FIG. 3.3a.-The Equivalent Generator FIG. 3.3b.-The Distribution of Current 
Circuit for a Vertical Aerial. and Voltage in a Vertical Aerial. 

current is maximum at the base and minimum (in the special case 
of the vertical aerial it is zero) at the top. The shape of the 
standing waves is sinusoidal, but if the height of the aerial is much 
less than one-quarter of the wavelength the shape may be taken 
as triangular. Hence the equivalent generated voltage is the average 

voltage of the whole length of aerial, i.e., is ~\ where E is the 

voltage pick-up per unit length and I,, is the total length of the 
aerial. It is more usual to associate the ½ with I,, than with E and 

; is designated as the effective height of the aerial. Thus if we 

have a vertical aerial 3 metres (9·8 feet) high in a field of 20 µV 
per metre, the generated voltage is 20 x -½ = 30 µV. In this cal
culation we have assumed that the transmitted electromagnetic 
field is uniformly distributed from the earth upwards. Changes in 
earth conductivity and the presence of earthed conductors near 
the aerial distort and weaken the field. The effective height of 

low aerials 1s therefore usually less than ;. 



3.3.2] AERIALS AND AERIAL COUPLING CIRCUITS 67 

The analysis of aerial terminal impedance has been made by 
Howe, 1 who treats the aerial as an open-circuited transmission line. 
Neglecting end effects, he shows that the inductance and capacitance 
per unit length of a vertical wire close to earth are given by 

L0 _ 2(1og. ~ ~ 1) X 10-• µH per cm,) 
0 _____ F 3.2 

o - ( -,,, ) µµ per cm. 
1·8 log - - I er 

where h = length of aerial in ems. 
and r = radius of wire in ems. 
The characteristic or surge impedance of the aerial acting as a 
transmission line 1s 

z.,, = JRo+~wLo . 
· Go+JwOo 

3.3a 

where R0 and L 0 are the resistance and inductance per unit length, 
and G0 and 0 0 are the conductance and capacitance per unit length. 
Generally wL0 • R 0 and wO0 • G0 so that 

Z0 = ~ = 60 (loge~ - I) = 138 (1og10 ~ - 0·435) . 3.3b 

(note that O O must be in µF per centimetre when L 0 is in µH per 
centimetre in the above formula). 

Applying normal transmission line procedure, we have for the 
terminal impedance Za0 of the aerial 

Za0 = Z 0 coth V(R0 +jwL0 )(G0 +jwO0 ) x h 

= Z 0 coth (a.+j{J)h 3.4a 
where a. = attenuation constant of the aerial 

= V![v(Ro2 +w2Lo2) (Go 2 +w2Oo 2)+(GoRo - w2LoOo)] 
and /J = phase constant of the aerial 

= V½[v(Ru 2 +w2Lo11) (Go2 +w2Oo1) - (GoRo - w11LoOo)] 

when wL0 • R 0 and wO0 • G0 

a. = V½(GoRo) 

and {J = wVLoOo 

3.5a 

3.5b. 

Since the voltages and currents induced in the aerial by the trans
mitted wave themselves produce electrostatic and electromagnetic 
waves in space, the resistance term in the above formulae must 
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include the effect of the radiation resistance noted in expression 3. lc. 
In a well-constructed aerial R 0 and G0 of the aerial and its insulators 
are negligible in comparison with the term due to radiation. The 
method of incorporating radiation resistance is illustrated in a later 
example. If we neglect the resistance and conductance com
ponents, the aerial terminal impedance has only a reactive com
ponent which is determined by combining 3.4a and 3.5b. 

Thus Zao = jXao = Z 0 cothjwVL0G0 X h 

= - jZ0 cot wV(L00 0) X h 

Xa0 = - Z 0 cot whVL0G0 3.6a. 

If we assume that there is no retardation of the wave along the 
wire, the velocity of propagation (the speed of light) v ems. per 
second is related to V L 0G O as follows 

l AW 
v = --== = wavelength X frequency = Aj = - 3. 7 

VL0G0 2n 

2nh 
Xa0 = - Z 0 cot -

J. 
3.6b. 

From 3.6b we note that Xao is 0, i.e., the aerial is resonant, when 

2nh 2nh n 3n 
cot T = 0 and T = 2, 2 , etc., 

or 
J. nA 

h, = 4, ¾A, etc. = 4 
where n is an odd positive integer. 

Similarly Xao is - oo when h = 0, A, 2A, etc., and is + oo at 

h, = ~. 3
2
\ etc. Generally we shall not be interested in the varia

tion of Xao for varying heights of aerial but for a fixed height k0 

and varying frequency. Expression 3.6b therefore becomes 

where 

but 

where 
and 

X Z 
2nh0 

ao = - 0 cot T 

h 0 = actual height of the aerial, 
2nh0 2n Ao n Ao n f 

A - A . 4 - 2 A - 2 "j
0 

Ao = natural wavelength of the aerial 
/ 0 = natural frequency of the aerial. 

Xao = - Z, cot i·t 3.6c 
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which is negative, i.e., capacitive, when f < l. 
The equivalent terminal capacitance Ca0 is 

Cao = 1 _ tan (n/2.///0 ) a.Sa 
wZ0 cot (n/2.///0) wZo 

but from 3.3b and 3.7 

Zo = ~ - _]__ - ~ - ¼ Ao - _I_ 3.3c 
✓ Co vC0 vC1 / 0i,.0C1 4/001 

where 0 1 = CJ,,0 = total electrostatic capacitance of the aerial, 
measured when J is very much less than / 0 • 
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Fm. 3.4a.-The Variation of Aerial Terminal Reactance and Capacitance of a 

Vertical Aerial with Frequency. 

Replacing Z 0 in 3.8a by 3.3c 

C aO = 4/00 1 tan (n /2 .J //0 ) = 4/00 1 tan ('!_. l) 
w 2nf 2 / 0 

= cl!.b.. tan (1!_•!_) . 3.8b 
n J 2 lo 

when !_ is small tan ('!_. l) === sin ('!_. l) === ('!_. l) and 
Jo ' 2 /o 2 /o 2 /o 
Cao = Ci, the electrostatic capacitance of the aerial. 

The variation of the ratio of ~:o against f is shown by the 

dotted curve in Fig. 3.4a over the range !u = 0 to 0·8, and the 

variation of i:Q (calculated from 3.6c) is the full line curve in the 
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same figure over the range f = 0 to 3. We note that for aerials 

short compared with the wavelength of the received signal 

(f < 0·5, i.e., h0 < ~) the terminal capacitance of the aerial is 

practically its electrostatic capacitance. Thus over the long and 
medium wave ranges most aerials can be replaced by a generator 
having an internal impedance consisting of a resistance (as yet 
unspecified) in series with the electrostatic capacitance of the aerial. 

For f > I and < 2, cot i ·f is negative so that Xao is positive 

and therefore inductive. It can be shown by a method similar to 
that used for calculating Cao that. 

Lao= -L/!.l cot (7!_/) 
2 fo 2 fo 

= L1 when f approaches 2. 

where L 1 = Loh = total inductance of the aerial. 

From f = 2 to 3, the aerial is again capacitive and the curve 

of ~ 0 is a repetition of that from f = 0 to 1. It is inductive 

from f = 3 to 4 and the process is repeated as f is increased. The 

variation of Xao with frequency is that of a cotangent curve and 

it is plotted in Fig. 3.4a as a ratio of ~:o against f. Reactance 

is infinite at f = 0 and 2, corresponding to h0 = 0 and i, between 

f = 0 and 1 ( h0 = 0 and h0 = i) it is capacitive, being zero at 

f = 1(h0 =~),whilst from f = 1 to 2 (n0 = i to~) it is induc

tive. Above f = 2 it repeats itself periodically between f = 2n 

and 2n + 2. If we neglect end effects the primary fundamental 
frequency, at which an aerial acts as a series resonant circuit 
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(Xao = 0), occurs when its height h0 is equal to a quarter of the 
wavelength of the exciting frequency, and under these conditions 
standing quarter waves of E and I are produced on the aerial 
with maximum current at the base and maximum voltage at the 
top as shown in Fig. 3.3b. In the practical case the electric and 
magnetic fields do not cease abruptly at the end of the aerial but 
are projected for a short distance beyond, so that the equivalent 
electrical height as far as the resonant condition is concerned is 
rather greater than the actual. A more correct formula for the 
resonant wavelength and frequency is 

V 
Ao = 4·2ho ; Jo = 

4
_
2

7,,
0 

3.9 

and in determining the resonant frequency of any aerial the above 

formula should be used in preference to / 0 = vh • 
4 0 

So far in our discussion we have neglected the resistance com
ponent in the aerial terminal impedance. It is not easy to assess 
because of its dependence on a number of factors, the resistance 
and conductance characteristic of the aerial, the radiation resist
ance, and the earth loss due to circulating currents in an imperfectly 
conducting earth at the base of the aerial. The former, except in 
badly-erected and indoor aerials running close to earthed conductors, 
or semiconductors are not often very large and may be neglected, 
the earth losses are difficult to estimate and depend on site con
ditions, but the radiation resistance (assuming a perfect earth) has 
been calculated. 

Thus a quarter-wave resonant aerial above a perfectly conducting 
earth has a terminal impedance which is non-reactive and equal 
to the radiation resistance, i.e., 36•6.Q. The radiation resistance 21 

for a given height of aerial varies approximately as the square of 
the signal frequency up to h = 0-4)., reaches a maximum of 108.Q 
at h = 0·45). and then falls to about 46.Q at h = 0·675)., passing 
through 100.Q at h = 0-5).. To simplify the analysis let us assume 

that the radiation resistance is 40.Q at h0 = :; (where h0 is the 

physical height) and that radiation resistance is directly proportional 
). 

to frequency up to h0 = 2" The errors introduced by this simpli-

fication are not excessive. We can now illustrate the method of 
calculating terminal impedance in respect of an aerial of No. 12 
S.W.G. copper wire 10 metres (30 ft. approx.) height. 
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From 3.9 the fundamental wavelength= 4·2 x 10 = 42 metres. 
,, frequency = 7·14 Mc/s. 

Radius of No. 12 S.W.G. wire= 0·132 ems. 

From 3.2 the capacitance per unit length is 

I 
C, = --[ 1000 ]µµF /cm. 

1·8 loge 
0

_
132 

- 1 

= 0·0705 µµF /cm. 

The electrostatic capacitance is C,l = 70·5 µµF. 
From 3.3b 

Z 0 = 138 (3·445) = 475.Q. 

Combining expressions 3.4a, 3.5b and 3.9 

Zao = Zo coth ( rJ.+/i)!-u 3.4b. 

For the quarter wave resonant condition i = 1 and Zao = radiation 

resistance = 40.Q. 

or 

40 = 475 coth ( rJ.+ji) 

= 475 tanhrJ. 
rJ. = 0·0843. 

Zao = 475 coth ( 0·0843+ji)7{ 4. 

Note that 
th ( + '{)) = cosh (rJ.+j/3) = cosh (rJ.+j/3) sinh (rJ. - jf)) 

co rJ. J sinh (rJ.+j/3) sinh (rJ.+j/3) sinh (rJ. - jf)) 

_ sinh 2rJ. - sinh j2f) _ sinh 2rJ. - j sin 2{). 
- cosh 2rJ. - cosh j2f) - cosh 2rJ. - cos 2{) 

. . [ sinh 2rJ. j sin 2{) ] 
•• Zao=Rao+JXao=Zo h 2 2/3 - h 2 2/3 3.10. cos (J. - cos cos (J. - cos 

A graph showing the variation of Rao and Xao against frequency 
ratio from 0 to 3 is shown in Fig. 3.4b. The curve from 2 to 3 is 
calculated on the assumption that the radiation resistance falls 
back again to 40.Q at ! A, so that the value of Rao is slightly lower 
than would occur in practice. Xao is not appreciably altered by 

the radiation resistance except in the region of i = 2, at which 

value it is zero instead of infinite as for Fig. 3.4a, and it has a finite 
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maximum above and below i = 2. A vertical aerial greater than 

i long is seldom used for reception so that the curve from f = 0 

to 1 is the important part. 
We see that this particular aerial would function satisfactorily 

over the long and medium wave ranges because the highest received 

frequency is 1,500 kc/s giving f = 0·21, and up to this frequency 

there is little difference between the terminal and static capaci
tance. It would not be satisfactory on the short wave range as 
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Fm. 3.4b.-The Resistance and Reactance Components of the Terminal Impedance 
of a Vertical Aerial having a Quarter Wavelength Radiation Resistance of 
40 Ohms. 

it passes through resonance, and would therefore affect considerably 
the performance of the first tuned circuit, causing large changes of 
the resistance and reactance components reflected from the aerial 
into this circuit. The need for keeping aerial resonance outside 
the desired frequency range is made clear in Section 3.4. 

3 .3 .3. The Inverted L Aerial. The inverted L aerial is 
formed by adding a horizontal top to a vertical aerial. The addition 
of the horizontal top affects both generated voltage and terminal 
impedance : it is equivalent to adding a capacitance from the top 
of the aerial to earth, see 0 1 in Fig. 3.3a. With vertically polarized 
transmission no voltage is induced in the horizontal top, but its 
capacitance to earth makes the voltage induced in each vertical 
section more effective, e.g., the top section gonerator is now opera
tive because the horizontal top capacitance completes its return 
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path to earth. Similarly, succeeding generators operate more 
efficiently and the average effective voltage becomes greater than 

~"', i.e., the effective height of the aerial is increased. An inverted 

L aerial having a ratio of horizontal to vertical length of unity 
has an effective height of the order of 0·6h. 

The terminal impedance of an L aerial is calculated by con
sidering vertical and horizontal sections separately. The horizontal 
section is treated as an open circuited transmission line parallel to 
earth, whilst the vertical part is treated as a line terminated by 
the terminal impedance of the horizontal part. The characteristic 
impedance Z0h of this part is 

Zoh = 60(loge 
2
; - I) = 60(loge ~+loge 2 - I) . 3.ll 

and if h • r we see that Z0h is very nearly equal to Z0,, (expression 
3.3b) when the radii of the horizontal and vertical sections are 
equal. The terminal or input impedance of the horizontal section 
is 

Zh = Z0h coth (ex,,, +j/Jh)l = Z0h coth 'Yhl 
where l = length of horizontal section 

cxh and {J,,, = attenuation and phase constant of the section 

and 'Yh = cxh +j{J,,,. 

The vertical section is terminated by Zh and applying the above 
nomenclature with the suffix " v " replacing " h " we have, by 
normal transmission line theory, for the terminal impedance of the 
vertical part 

Zao = Zov[zh cosh rvk+Zov sinh rvkJ 3.12a 
zh sinh rvk+Zov cosh rvk 

where h = height of vertical section. 

If <Xv ~ {J., and ex" ~ /Jh· 
zh = - jZOh cot /3;,J. 

and ·x - z [- jZoh cot p,,,l. cos {J.,h+jZov sin PvkJ 
J ao - ov Zoh cot fJhl. sin {J.,h+Zov cos /Jvk 

3.12b. 

For aerial resonance Xao = 0 

l 1, Zoh i.e., tan {Jh. tan /Jv1• = -z 
Ov 

3.13. 

If we assume Z0,,, = Z0.,, we have that Loh= L0v, Ooh= Gov 
and {Jh = {J.,. 
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Hence expression 3.13 becomes 

tan Pvl. tan pj,, = I 
sin Pvl. sin PJ,, = cos Pvl. cos pj,,. 

or cos Pv(h+l) = 0 
n 

giving (h+l)Pv = 2 

so that from 3.5b and 3. 7. (h+l) = .:lo 
4 

Similarly, expression 3.12a reduces to 

X = _ z ·[cot P,l cos pJ,, - sin /Jvk-J. 
ao ov cot Pvl. sin Pvh+cos Pvh 

= _ Zo [cos {J.,l. cos /Jvh - sin fJvh. sin {JJ.J· 
" cos {J.,l. sin /Jvh + cos {J..,.h. sin p.,l. 

3.14. 

= - Z0., cot P0 (h+l) 3.15. 

We therefore see that an inverted L aerial erected well clear of 
earth has practically the same terminal impedance characteristics 
as a vertical aerial of height equal to the overall length of the 
L aerial. 

3.3.4. The T Aerial. There is little essential difference in 
operation between the T and inverted L aerial. The split hori
zontal section acts as a capacitance to earth, increasing the effective 
height of the aerial. Terminal impedance is calculated in the 
same manner as for the inverted L aerial, but we must note that 
the impedance at the top of the vertical part consists of the imped-

f h h 1 . n l . z zhl .z,.2 ances o t e two orizonta sections m para e , 1.e., h = z---z- · ht+ h2 
Generally Zh1 = Zh2, and if the T top has the same wire diameter 
as the vertical section and is not very close to earth 

zh = z;i ~ z;v coth (1X-o+i/Jv)i 

where l is the total horizontal length of the T top. 
3.3.5. The Dipole Aerial. The dipole (sometimes called the 

doublet) aerial consists of two equal lengths of open-ended wires 
connected at their near ends to a feeder balanced to earth. The 
two wires are in the same plane and at 180° to each other. Such 
an aerial is very suitable for short wave reception and it has the 
advantage that if the aerial itself is balanced to earth, i.e., erected 
horizontal1y, local interference effects tend to cancel out. Owing to 
the use of the reflected ray for short wave transmission, the wave 
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arriving at the aerial has an appreciable horizontally polarized com
ponent and this is picked up by the horizontally disposed dipole. 
The horizontal disposition gives the aerial a directive figure-of-eight 
diagram in the horizontal plane with maximum pick-up in the two 
directions perpendicular to the dipole. A vertically erected dipole 
has no directional effect in the horizontal plane and is unbalanced 
to earth so that local interference voltages are not cancelled to the 
same degree. 

The terminal impedance of a dipole aerial can be calculated 
by the method employed for the vertical aerial. Let us assume 
that we have a horizontal dipole aerial, split at the centre to form 
two wires, each of 12 S.W.G. copper 7 metres long (Fig. 3.5 inset). 

The fundamental wavelength is 4·2 x 7 = 29·4 metres 
,, ,, frequency is 10·2 Mc/s 

which is in the centre of the short wave band (6 to 15 Mc/s). 
The capacitance per unit length between each wire of the dipole 

when the latter is at least i (14 metres) from earth (the image 

effect can then be neglected) is 1 

I 
0 = ( z ) µµF /cm. 

3·6 loge,= - I 

where l = length of each wire 

r = radius of wire = 0·132 ems. 

I 
0 = ( 700 ) = 0·0366 µµF /cm. 

3·6 loge 
0

_
132 

- I 

Z 0 = 120(1oge 
0
'.~;

2 
- I) = 910Q. 

The radiation resistance of a ~ dipole split at the centre is twice 

that of the vertical i aerial, i.e., 72-2!!, and we will assume that the 

terminal impedance under these conditions is 80Q. 

Thus 80 = Z 0 coth ( ix+ji) 
tanh IX = 

80 
= 0·0878 

910 

IX= 0·0880 
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from 3.4b Zao = Z 0 coth (rx+/!-)L 2 10·2 
= 910 coth (o-osso+f!-)1-. 2 10·2 

The values of Rao and Xao are plotted against f = 0 to 3 in Fig. 3.5 
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Fm. 3.5.-The Variation of Terminal Resistance and Reactance of a Plain and 
V Dipole having a Quarter Wavelength Radiation Resistance of 80 Ohms. 

(The wavelength scale is referred to the length of one-half of the dipole.) 

(curves 1). The variation of terminal impedance over the normal 

short wave range from 6 to 15 Mc/s (approximately from f = 0·6 

to l ·5) is considerable, though its effect on the receiver is generally 
reduced by the feeder connection, which is usually employed. 
Mismatching between feeder and aerial occurs and there is loss of 
efficiency in the power transfer at the junction. The loss of power; 
or transition loss as it is called, is discussed more fully in Section 
3.5.3. The variation in terminal impedance can be reduced if the 
characteristic impedance 8 of the aerial is reduced. A decrease in 

Z 0 has no effect at f = 1, since the terminal impedance is deter

mined by radiation resistance alone, but it has a large effect at 

f = 2. Then each half acts as a i aerial and 

Zao(~) = Z 0 coth 2rx ~ Zo when rx is small 2 2rx 
z,.(i)- zh 

2Rr 4 
i.e., 
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Hence a small reduction of characteristic impedance reduces con
siderably Zao, e.g., halving Z 0 reduces Zao to 25% of its original 
value. This reduction of Z 0 can be achieved by making each 
half of the dipole into a V aerial 5 as shown by the inset in Fig. 3.5. 

The capacitance µµF per cm. of this type of aerial is given by 2 

0= 1 

1·8[loge i - 1 +loge (1 + Vl +(cosec 0+cot 0) 2
} 

- loge (l+vl+(cosec (180 - 0)+cot (180 - 0))2)] 

where O = angle between the V. 
If this angle is 20° and all other details the same as for the 

single dipole, the V dipole has a capacitance per centimetre of 

and 

Hence 

and 

0 0 = 0·063 µµF. 

Z 0 = 526.Q. 
80 

tanh cx = - = 0·152 
526 

Zao = 526 coth ( 0·153+ji)i£.2. 

Rao and Xao are plotted as curves 2 in Fig. 3.5, and the reduction 
in terminal impedance variation is quite marked. 

Since the curves in Fig. 3.5 are calculated on the assumption 

that Rr is directly proportional to frequency up to~= 2, the values 

of Rao are not strictly correct, though they form a useful basis for 
the design of the aerial-to-receiver connection. The tendency is 

for the curves of Rao to be high for values of ;
0 

< 1 and low for 

values of jo from 1 to l ·8. A more accurate method of calculating 

aerial terminal impedance for many types of aerial is to be found 
in Bibliography 18. 

The balanced horizontal dipole is an inefficient collector of 
signals in the long and medium wave ranges, for which transmission 
is mainly vertically polarized. If it is to be used for "all wave " 
reception, provision must be made to change its method of operation 
at lower fr~quencies. A method 5 of realizing this is shown in 
Fig. 3.6. The dipole is connected via a parallel wire feeder, crossed 
over at intervals, to a transformer at the receiver. The centre tap 
of the transformer primary is connected to earth by a series LOR 
circuit. One end of the secondary of the transformer is connected 
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to the aerial terminal of the receiver and the other to the capacitance 
0 of the primary centre tap earth circuit. Over the short wave 
range the aerial acts as a dipole, the voltage being developed across 
the primary. The filtering action of the LOR circuit prevents 
voltages at short wave frequen-
cies ( desired or local interference) ld 
from appearing across 0. An § 
electrostatic screen is included be- § 
tween the primary and secondary 
to prevent interference currents 
passing to the unbalanced se
condary. Local interference cur
rents developed in each side of 
the aerial and feeder system 
cancel in the transformer primary 
and flow to earth through the 
LOR circuit. They tend to pro
duce a voltage across C, but it is 

Receiver 
E 

Fm. 3.6.-A Balanced Horizontal 
Dipole for All Wave Reception. 

reduced to small proportions by the addition of the inductance L. 
As the desired frequency is decreased the reactance of C increases 
and the system begins to function as a T aerial, the two halves of 
aerial and feeder being considered as in parallel and the pick-up 
voltage appearing across C. With this method of operation there 
is practically no local interference protection at the lower fre
quencies, and some improvement may be achieved at the expense 
of signal strength by using a twin feeder enclosed in an earthed 
shield. 

More complicated methods of making the dipole an all-wave 
collector have been employed, but the principle involved is the 
same, viz., the aerial acts as a dipole for short waves and then 
changes to a T or L aerial for long and medium waves. When 
a dipole aerial is intended for operation over a very limited range 
of frequencies, e.g., for television reception, one arm of the dipole 
may be connected through a parallel resonant wave trap circuit 111 

(tuned to the centre of the short or ultra short wave band accepted 
by the dipole) to a long single wire, which acts as the aerial for the 
longer short wave ranges and the long and medium wave bands. 

If increased signal is desired from a given direction, a reflector, 
often a similar dipole with the two halves either short circuited or 
connected together with an inductance or capacitance, is used. 

A. 
The inductance lowers and the capacitance raises the 2 resonant 
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frequency. The reflector is placed parallel to the first dipole at 

a distance of ~ to ~ behind it, looking from the direction of the 
8 4 

desired transmission source. The effect of the reflector is also 
to suppress reception from sources behind the main aerial, the 
directional diagram being heart shaped with maximum pick up at 
right angles to, and in front of the first dipole. If the reflector is 
of different physical or electrical length (this is effected by induct
ance or capacitance at its centre) compared with the main aerial, 
a more constant response 20 can often be realized over a given 
frequency range. 

3.3.6. The Frame Aerial. The frame or closed loop aerial 
is an inefficient collector as compared with the normal open aerial, 
and its chief advantage is its directional property. It operates for 
vertically polarized transmission only when there is a phase differ
ence between the voltages induced in the two vertical sides. These 
voltages are equal and cancel each other when the plane of the 
loop is parallel to the electrostatic component of the transmitted 
field and perpendicular to its direction of travel. When the frame 
is not perpendicular to the motion of the field, there is a phase 
difference between the voltages induced in the two limbs, that 
induced in the limb nearest the source of the wave leading on the 
voltage in the other limb. This means that at any given instant 
the voltages are unequal and there is a net voltage to drive current 
round the loop. The phase angle between the two voltages is the 
distance in radians between the projections of the two vertical 
limbs on to a plane parallel to the motion of the wave. If A is 
the wavelength of the desired signal, b the breadth of the frame 
and oc the angle between the plane of the frame and the motion of 

the wave (Fig. 3.7a), the phase angle is 
2;b cos oc. The phase angle 

is clearly a maximum when oc is 0, i.e., when the frame is parallel 
to the motion of the wave, and in this position the pick-up is maxi
mum. The maximum effective voltage induced in the frame is 

nEh sin 
27b where n is the number of turns in the frame, E is the 

field strength of the signal at the frame and h is the length of a 

vertical side. When 
27b is small the induced voltage 1s 

nEh2nb 2nnE 
A = -A- x area of frame 3.16. 
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Fm. 3.7.a-Plan View of a Frame 
Aerial. 

Fm. 3.7b.-The Directional Diagram 
of a Frame Aerial. 

The directional diagram of the frame is a figure-of-eight with 
minimum from directions at right angles on either side of the 
frame and maximum from the two end-on positions (Fig. 3.7b). 

3.4. The Coupling between the Aerial and Receiver. 3 , 17 

3.4.1. Introduction. An aerial may be coupled to the first 
tuned circuit of a receiver by inductance and capacitance, separately 
or combined. Owing to this coupling, a resistance and reactance 
component is reflected from the aerial into the tuned circuit ; this 
reduces its selectivity and also requires the tuning capacitor setting 
to be changed if resonance is to be maintained, a disadvantage 
when the circuit is ganged with succeeding tuned circuits. The 
object of the coupling is therefore to obtain maximum voltage transfer 
with minimum effect on the tuned circuit. For any given aerial 
and tuned circuit conditions, there is always an optimum coupling 
giving greatest voltage transfer, and if coupling is increased beyond 
this point voltage transfer falls and the reflected impedance effect 
from the aerial increases. Hence it is most undesirable to exceed 
optimum coupling, and indeed it is preferable to use couplings 
much less than critical since voltage transfer falls at a much slower 
rate than the reflected aerial impedance. For couplings less than 
optimum, maximum voltage transfer is realised by adjusting the 
tuning capacitance for resonance with the tuning coil and added 
reactance from the aerial. 

In the analysis, which follows, the aerial circuit is assumed to 
consist of a generator of voltage E 1 with an internal impedance 
equal to the terminal impedance Zao of the aerial. This impedance 
is considered as a resistance Rao in series with a reactance jXao ; 
for most normal aerials the reactance is capacitive on the long and 
medium wave bands. The fundamental wavelength of an aerial is 
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given by 4·2 x height, and at this frequency it is resonant and its 
terminal impedance is resistive only. At frequencies greater than 
this the reactance becomes inductive. For resonance in the medium 
wave band (maximum frequency = 1,500 kc/s) the height or length 
of the aerial would have to exceed 47 metres, a condition hardly 
likely to be realized in practice. On the short wave range the 
resonant point may be reached and passed. 

The first form of coupling to be considered is by mutual induct
ance, as it is possible to develop from this generalized formulae 
applicable to all types of coupling. 

3.4.2. Mutual Inductance Coupling. Coupling between the 
aerial and first tuned circuit of a receiver is quite commonly effected 
by mutual inductance between a primary coil, to which the aerial 
is connected, and a secondary coil, which is the inductance element 

Fm. 3.Sa.-An Aerial Circuit with Mutual Inductance Coupling. 

L 2, of the first tuned circuit (Fig. 3.8a). Certain conventions and 
terms are used and these will first be stated. 

The aerial is considered as a generator of voltage E 1 of internal 
impedance Zao = Rao +jXao equal to its terminal impedance. 

The series impedance of the aerial terminal impedance and the 
coupling coil is designated as 

Zal = Ral +jXal = Rao +R1 +j(Xao +wL1) 
where R 1 and L 1 are the resistance and inductance of the primary 
coil. Hence Za1 is the impedance looking from the aerial input 
voltage E 1 with the tuning coil on open circuit. 

The series impedance of the tuned secondary circuit with the 
aerial disconnected is designated as 

z, = R 2 +jX1 = R 1 +j(wLa - w~.) 
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Transfer Voltage Ratio TR is the ratio of the voltage E 2 developed 
across the tuning capacitance 0 2 to the aerial generated voltage E 1 • 

To express selectivity, we will use a term conveniently called 
the Selectivity Ratio defined as 

8 
_ Ra 

R- -
R.+Rc+Rar l + Rc+Rar 

R. 

1 

where R 1 = resistance of the secondary coil 
Re = resistance (if any) of the coupling element 

Rar = resistance reflected into the secondary circuit from the 
aerial. 

It is very nearly the ratio of the Q value of the secondary circuit, 
with the aerial connected, to that of the secondary coil alone. The 
coupling circuit resistance Re (it is zero for mutual inductance but 
not necessarily for other forms of coupling) is excluded from the 
numerator since it can safely be assumed that the coupling element 
would not be included unless the aerial connection were required. 
The maximum value of selectivity ratio is 1, when the selectivity 
is that of the tuned circuit alone, and for all couplings it is less than 1. 

Mistuning is definable in two forms, both of which are useful ; 
the first states it as the capacitance correction, ..101, required to 
maintain resonance of the secondary circuit. It is the difference 
in capacitance between O 1, the final tuning capacitance setting, and 

0 10, the initial tuning capacitance satisfying 0 20 = -:L. A know-
w t 

ledge of ..101 indicates how far the ganging error can be corrected, 
e.g., if A01 is constant over a tuning range and within the range 
of the tuning trimmer capacitor, the ganging error can be reduced 

to zero. The second defines mistuning in the ratio form of ..100 3, 
lO 

and from this the frequency mistune ratio, the ratio of the frequency 
difference between the desired signal frequency and the actual 
resonant frequency of the secondary circuit ( coupled to the aerial 
without correcting for reflected aerial and coupling reacts.nee) to 
the desired signal frequency can be calculated. H A01 ~ 0 18, the 
frequency mistune ratio is half the capacitance mistune ratio, i.e., 

!1 -J. - ..10. - MR 
~ - 20 zo - 2 

where J1 = desired signal frequency, i.e., the resonant frequency of 
the uncoupled secondary circuit 

f • = resonant frequency of the secondary coupled to the aerial 
and MR = mistune ratio. 



84 RADIO RECEIVER DESIGN [CHAPTER 3 

The sign of mutual inductance is given with reference to the 
common limb of the equivalent T network in Fig. 3.8b. Thus 
positjve M gives (L1 - M) and (L2 - M), whilst negative M gives 
(L1 +M) and (L2 +M) as the series arms. Referring to Fig. 3.8a, 
it means that M is positive if by joining 2 and 3 a measurement of 

FIG. 3.8b.-The Equivalent Circuit for Mutual Inductance Aerial Coupling. 

total inductance across I and 4 gives LT = L 1 +L2 - 2M. Actually 
the sign of M is only important when additional coupling, e.g., by 
capacitance, is employed. 

The current and voltage relationships from Fig. 3.8a, the actual 
circuit, are 

E1 = l1[Zao+R1+jwL1]+lziwM 

O = I 1jwM +1{ R2+jwL2+jw~) 

Ea= · 102 • 
JW 2 

Solving for the transfer voltage ratio 
M 

T E2 02 
R = - = -~---~--

E1 Za 1Z 2+w2M 2 

M 
02 

- X . 3.17. 
(Ra1R2 - Xa1X2+w 2M 2)+j(X2Ra1 + a1R2) 

Assuming L 1 to be fixed, there are two possible variables in 
3.17, 0 2 and M. In most practical circuits J.l,f is preset, but O 2 

is variable over a wide range. In the absence of ganging require
ments O 2 would be adjusted for maximum TR• and this occurs 
when the total series reactance of the secondary circuit, including 
that reflected from the aerial, is zero, i.e., when the secondary 
circuit is resonant. If M also is variable, a maximum value of TR, 
which we will call the optimum, is found. 

To determine the resonant condition, the secondary circuit must 
be opened at points such as AB and E 1 must be short circuited. 
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The ratio of an applied voltage E (of any value) across these points 
to the current / it produces gives Z 2T, the secondary circuit 
equivalent series impedance. 

E . I w 2M 2 

Thus Z2T = - = R2+JwL2+-. -+--
/ Jw01 Zal 

= R +w1M2Ra1+•[x - w2M2Xa1J 318 
1 

IZa1l 2 J 2 
IZa1l 2 · · · 

The resistance and reactance reflected from the aerial are 

w2M2Ra1 d w~M2Xa1 t' I 7z~~l2- an - I Za~l2 respec 1ve y. 

For secondary circuit resonance 

X - w2M2Xa1 
1 

- I Zal 12 

Replacing X 2 in 3.17 by this value 

M 

. 3.19. 

Ea ) 0. 
E--(max. =c 2M2X s ] [ 2M2x R ] 

1 R R _ W al + 2 M2 + • W al al +x R 
al 2 I Zal 12 W J I Zal 12 al I 

M 

za{ R2 +~
2::~a1

] • 

. 3.20a. 

For optimum !: we must differentiate this expression with respect 

to M and equate to zero. This gives 

M = Za1J!!2 
W Rat 

3.21 

and 
EE• (opt.) = 20-: R 

1 2 al 2 

3.20b 

1 
------ 3.20c. 

. 3.22a 

• 3.22b. 
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Mistuning is calculated from 3.19 thus 

1 w 2M 2X 
X 2 = wL. - wC a = I Zai It 

1 
Ca= [ 2M2x ] 2£ 1 _ W al 

W e wLa I Zu1 12 

Oso 

Capacitance Correction L'.102 = 0 2 - 0 2 0 

w 1M 2X 1 

Cao•wL1 I Za: \2 
w2M2x i 

1 - a 
wL, I Za112 

020 -----c,-~----
wL. I Za1 1

2 

w2M2Xa1 
1 

[CHAPTER 3 

. 3.23a 

3.23b. 

. 3.24a 

. 3.24b. 

Mistune Ratio MR= t0
• = L I zl 12 3.25. 

H W 2 al _ 1 
a,ZM2Xal 

From expression 3.23b it is clear that when Xa1 is positive, i.e., 
inductive, C 2 is greater than O 20• The reactance reflected into the 
secondary circuit from the aerial is equivalent to a negative induct-

ance of - 1_;:
1

2:at in series with the secondary coil. The reverse 

is true for capacitive Xa1, 0 1 is less than 0 20, and the reflected 
reactance is equivalent to positive inductance. Over the long and 
medium wave ranges, the aerial terminal reactance, Xao, is almost 
certain to be capacitive, so that for Xa1 to be inductive wL1 must 
be greater than Xa0, i.e., a large primary coil is required. 

For optimum coupling 

LIO,= 011 . 3.24c. 
wL1Ra1 _ l 
Xa1Ra 

Optimum coupling is rarely employed because M requires to be 

changed as the tuning frequency is varied ( M opt = Z;i Jf-) 
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unless Za1 is proportional to w (that is preponderatingly inductive) 

and the ratio RR. is constant. An added disadvantage is that 
al 

selectivity ratio is halved and mistuning is large. The most 
important case is for a fixed value of M, and the expressions 3.20a, 
22a, 24b and 25 are more useful. 

By combining 3.20a and 23a we have 

- E2 - wM ( wLa - w,2;:,21~:1) 
TR - - - ] . 3.26a 

E1 z [R +w
2
M

2
Ra1 

al 2 IZa1l2 
wM 

= -z Q21 • • 3.26b 
al 

where Q21 = magnification of the secondary circuit when the aerial 
is coupled to it 

coil reactance + reflected aerial reactance 
coil resistance+ reflected aerial resistance· 

A useful approximate formula is applicable when the coupling 

. 1 . M,-::::,Za1JR 
18 oose, 1.e., ~-;;; R• for then Q11 ~ Q2 , the magnification 

al 
of the uncoupled secondary coil and 

T = wMQ = coupling impedance 
r z I l d X Q2 • 3.26c. al aeria circuit impe ance 

In a similar way 3.24a may be written as 

L1C = 0 20 • reflected aerial reactance 
1 coil reactance +reflected aerial reactance 

3.27. 

Let us now consider combined mutual inductance and resistance 
coupling. Such a circuit (Fig. 3.9) is practically never used, but 
it is valuable in studying the effects of a more general form of 
coupling. 

3.4.3. Combined Mutual Inductance and Resistance Coup
ling. The coupling impedance is R +jwM and 

R+jwM 

T - -IwlJ-;-
R - Za1Z2 - (R +jwM) 2 

where Za1 = Rao+R1+R+j(Xao+wL1) 

and Z 1 = R 1 +R+j( wL1 - w~} 



88 RADIO RECEIVER DESIGN [CHAPTER 3 

The impedance reflected from the aerial into the tuned circuit is 

- (R+jwM) 2 _ - (R+jwM) 2(Ra1 -jXad 
Zal - I Zal 12 

(w 2M 2 - R 2)Ra1 - 2RwMXa1 j[Xa1(w2M 2 - R 2)+2wMRRa1] 
= I Zal 12. - I Zal 12 • 

Generally wM • R and Xa1wM • 2RRa1 so that the reflected 
aerial impedance is 

Z _ w 2M 2Ra1 - 2RwMXa1 
al - I Zal 12 

jw2M2Xa1 

I Zal 12 
• 

FIG. 3.9.-An Aerial Circuit with Combined Mutual Inductance and Resistance 
Coupling. 

The resistance component is appreciably affected by the addition 
of R, but the reactance is almost unchanged. This means that 
TR and SR• but not LI C 2 or MR• are changed. The expression 
for TR is 

T _ R+jwM 

R - • G z [R +R+w2M 2Ra1 _ 2RwMXa1] 
JW 2 

al 
I 

I Zal 12 I Zal 12 

3.28 

S Ra 
R = R +R+ w 2M 2Ra1 2RwMXa1 · 

1 
IZa1l 2 IZa1l 2 

and 3.29. 

This analysis may be used as a basis for developing generalized 
formulre applicable to any type of coupling which exists as, or is 
convertible into, a T section network. 

3.4.4. Generalized Formulre for TR, SR, LIC2 and MR. The 
generalized form of T network for coupling common to aerial 
and secondary circuits is that of Fig. 3.10, and it is identical with 
Fig. 3.9, when 

Za+Z11 = Za1 = Rao+R1+R+j(Xao+wL1) 
Z 11 = R+jwM 
Z 6 = Ra +jw(L2 - M) 

Z,.= -j. we. 
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By assuming that Z,. = Ra. +jXa., etc., the generalized formula for 
transfer voltage ratio is from 3.28. 

TR= ZpZi 3.30a 

(z +z )[R +R +R +Xp2(Ra.+Rp) _ 2RpXp(Xa.+Xp)] 
a. fJ fJ a A I (Z,.+Z/J) 12 I (Za.+Z/J) 12 

where I (Za.+Z/J) 12 = {R11 +R8)
2 +(Xa.+X/J) 2 

and the formula for selectivity ratio is 

S - R. 3 31 R - •• a. 
R +R +R +Xp2(R,.+RtJ) _ 2R/JX/J(Xa.+X/J) 

fJ a A I (Za.+Zp) 12 I (Z,.+Zp) 12-

FIG. 3.10.-A Generalized T Network Coupling Circuit. 

To obtain the generalized expressions for capacitance correction 
and mistune ratio we must return to 3.23a. 

. 3.32a 

. 3.33a. 

Simplification of the above expressions is possible by combining 
some of the terms into a single term as follows : 
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the series resistance of the aerial and 
coupling circuit with the secondary 
coil disconnected. 

Xai = Xa. + X/J the series reactance of the same circuit. 
R 21 = Rn+Ra +R.t the series resistance of the secondary 

and coupling circuit with the aerial 
disconnected. 

X 11 +Xi = X/J+Xa +Xi the series reactance of the same circuit. 

_ x{J _ x{J 
and x- --·~·· ---. I (Za.+Z{J) I I Zal I 

Then 
1 

SR = ----------
Ru+ X

2 
(Rai _ 2RfJXai) 

R 1 R1 X/J 

3.31b. 

L101 = 020 [x wL22x - 1] 
n - X al 

. 3.32b. 

Mn= wL. - 1 
Xu - x2Xa1 

1 
----------

wL. _ 1 
wL1 - X 21 +x2 Xa1 

. 3.33b. 

If Ra1 ~ Xa1, a further simplification is possible for x = XX/J and 
al 

1 
SR= 

Ru+ x 2Ra1 _ 2xRp 
Ra °If; ~ 

1 
Mn = ----=-------

wL2 _ 1 
wLa - X 21 +xXp 

If coupling is by mutual inductance X 21 = wL 2 and 

1 
Mn=--

wL2 _ 1 
xXp 

. 3.310. 

. 3.33o. 

. 3.33d 

and often for other forms of coupling Xu = wL2 +XfJ, hence 

1 
Mn= --------

wL1 - 1 
X 11(1 - x) 

. 3.33e. 
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Generally Rp <{ Xp and transfer voltage ratio may be written as 

TR= xZ,.SR. 
Ra 

R,. is usually very small so that 

z,. = jX,. = - _j__ = - j 
we. wo20(1+t-01) 

010 

. 3.30b. 

When x is much less than its optimum value [ii; (see expres-
✓ Ji;i 

sion 3.21) TR is very nearly xQ1 ; for x = 0·4 and 0-1.JRu, 
Ra1 

the approximate value of TR is about IO% and 25% high respec
tively. 

Let us now consider the values of Rat• Xa1, x, etc., for the 
probable forms of aerial coupling circuit The couplings will be 
designated as shunt, if the coupling impedance is common to aerial 
and tuned circuit (this is the procedure adopted in network analysis), 
and series when the impedance joins the aerial to the top or a tap
ping point on the secondary coil. The formulae for the resistance 
and reactance elements, together with selectivity and mistune 
ratio, are given. The formulae for capacitance correction and 
transfer voltage ratio are not listed since expressions 3.33a and 
3.30b show their direct connection with MR and SR. 

3.4.5. Combined Mutual Inductance and Shunt Capaci
tance Coupling. The circuit for this type is shown in Fig. 3.11. 

where 

and 

Ral = Rao+Ri, Ru= R2, 
I I 

Xa1 = Xao+wL1 - -
0

, X 21 = wL2 - -
0 W 8 W 8 

wM - _I_ -wM __ I_ 

( ) w08 d (b) wGs x= a Z an 
al Zal 

(a) refers to positive M 
(b) ,, ,, negative M. 
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1 
Su=----

I+~R,,1 
R2 

1 
MR=-------

wL2 - 1 
I 

x2Xa1+-C 
W a 

[CHAPTER 3 

Fm. 3.11.-An Aerial Circuit with Combined Mutual Inductance and Shunt 
Capacitance Coupling. 

Approximate expressions for MR• obtained by assuming x = ~f! , are 
Xal 

and 

I 

___ L_.__ -1 

Mx+-
1
-(I - x) 

w 2c. 
I 

Ls - I 

- Mx+-
1
-(I - x) 

w 2Ca 

3.4.6. Shunt Capacitance Coupling. Shunt Capacitance 
coupling is illustrated in Fig. 3.12. 

Fm. 3.12.-An Aerial Circuit with Shunt Capacitance Coupling. 

I I 
Xa1 = Xao - -C ' X n = wL2 - -

(J) I WC1 
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1 
wOa 

X = ---~ 
Zal 

1 
MR=-------

wL2 - 1 
2X I 

X a1+-Q 
OJ 3 

-"- 1 ( Xp) 
w 2L20a _ l X = Xai · 
I-x 

3.4.7. The Tapped Tuned Circuit. Coupling to a tapping 
point on the tuned secondary coil is similar in form to mutual 
inductance coupling, and the equivalent T section can be deduced 
by analogy from Figs. 3.8a and 8b. The development is illustrated 
in Figs. 3.13a and b. The mutual inductance between the coils 
is such as to increase the total inductance between 1 and 4 and so 
by definition in Section 3.4.2 is given a negative sign 

-M Lo+M R 0 

-T 
Zao Ez 
r~~~ l r·... ,__._ 

~J -L---~~-.---+------'-

Ei -=:=-
F rn. 3.13a.-Tapped Tuned Circuit Fm. 3.13b.-The Equivalent Circuit of 

Aerial Coupling. Tapped Tuned Circuit Aerial Coupling. 

Ral = Rao+R1, Ru= R1+R0, 

Xa1 = Xao+wL1, Xu= w(L1+Lo+2M) 

w(L1 +M) 
X= 

Zal 
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1 
MR=-------

w(L1 +Lo+2M) _ 1 
x2Xa1 

1 -"- _______ _ 
L1+L0 +2M _ 1. 

(L 1 +M)x 

[CHAPTER 3 

3.4.8. Series Capacitance Coupling. Fig. 3.14 gives the 
circuit diagram for series capacitance coupling. 

Fm. 3.14.-An Aerial Circuit with Series Capacitance Coupling. 

1 :::::: _I __ _ 

--1 
X 
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3.4.9. Combined Series Capacitance and Shunt Induc
tance Coupling. In order to apply the generalized formulae the 
n section enclosed in the dotted lines (Fig. 3.15a) must be converted 
into the equivalent T section. The necessary transformation is 

L------------~ 
F10. 3.15a.-An Aerial Circuit with Combined Series Capacitance and Shunt 

Inductance Coupling. 

F10. 3.15b.-An Unsymmetrical 
,,, Section. 

FIG. 3.15c.-The T Network Equivalent 
of Fig. 3.15b. 

illustrated in Figs. 3.15b and 3.15c, and the impedances of the 
series and shunt arms of the T section are 
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[ (R1+R2)wLa+R1( ~ - w(L1+L2))] ~ 
Similarly ZB = w 5 w 5 

(R1+R1) 2 +[w~
5 

- w(L1+L2)J 

and Z 0 = 

+j[ wL{¾. - w(Ll +L2)) - R1(R1 +R2)]¾. 
(R1+R2) 2 +[~~

5 
- w(L1+L2)]

2 

- [(w1L1L2 - R1R1)(R1+R2)+(R1wL2+R1wL1) 

(¾.- ro(L1+L1))] 

(R1 +Rar'+ [w~s - w(L1 +L2)J 

j [ ( ro 2 L1L1 -R 1R1{ ¾.-w(L1 + L 2)) + (R1 + R .)(R1wL1 + R2wL1)] 

- . (R1+R2) 2 +[w~
5 

- ro(L1+L1)]

2 

In practice 
1
0 - w(L1 +La)• R1 +R2, wL1 • R1 and wL2 • R29 

W 6 

so that Z.a, ZB and Z0 can be simplified to 

ZA = A[ R1+(Ri+;s}wL1] +jAwL1 

ZB = A[Rs+ (Ri +;s}roL•] +jAwL2 

z = _ [R1wL1 +R1wL2• +w'L1L1(R1 +R2)7 _ .w 1L 1L 1 
0 B B 2 j J B 

I I 
where A = B 

O 
, and B = -

0 
- w(L1 +L1). 

(JJ 5 W 5 

Thus 
R _ R +A[R +(R1+R2)wL1] R2wL1 R 1wL1 

al - aO 1 B - ----r -~ 
w1L1La(R1 +R,) 

Bl 

= Rao+AR1+ A;L1(R1+R2{ I -1;) - [R2wL11R1wL•] 

R21 = ARa+ A;L2(Ri +Ra{ 1 _ ~~1) _ [ R,wL1 !R1wL1
] 
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X X A L w1L1La 
al = aO + (J) 1 - B 

X _ A L w1L 1L. 
n- w.- B 

w1L1L1 
BZal 

X= 

I 

R 11 +x2Ra1 + [R1wL1+R1wL1+w2L1L2(~1+R1)](2x2Xa1) 
R 1 R 1 B B Xp 

when x ==:: Xai, the last factor in the denominator of SR becomes 
Xp 

(2x) 

3.4.10. Combined Mutual Inductance and Series Capaci
tance Coupling. The circuit is shown in Fig. 3.16a ; the equi
valent circuit is the same as that of Fig. 3.8b except that the capaci
tance 0 5 joins the opposite ends of the resistances R 1 and R 1 • The 

-1 
E2 

'---~---_____. C2 J 
FIG. 3.16a.-An Aerial Circuit with Combined Mutual Inductance and Series 

Capacitance Coupling. 

part enclosed between the dotted lines can therefore be transformed 
to the unsymmetrical bridged T network of Fig. 3.16b. 

Z1=R1+iw(L1=FM), Z,=R.+jw(L1=FM); Zs=iw(±M), Z,=. 
1
0 1w • 
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and this can in turn be changed to the T section of Fig. 3.16c. 
After making the same simplifications as in 3.4.9 we have 

Fm. 3.16b.-An Unsymmetrical 
Bridged T Section. 

Fm. 3.16c.-The T Network Equivalent 
of Fig. 3.16b. 

z.J. = A{ R1+(R1+R1;:(L1=fM)] +jwA(L1=fM) 

ZB = A{ R.+ (R1 +R1;1(L1=f M)] +jwA(L,=f M) 

Zc = _ [[R2w(L1=FM)+R1w(L1=FM)] 
Bi 

+ w
2
{L1=fM){~;M)(R1 +R2)] +j[ wM _ w

2
(L1=f~~(L1:i:=M)] 

I I 
where A1 =-c B and B 1 =-c -w(Li+L1=f2M). 

W 5 1 W 5 

The sign taken by M when combined with Li or L 1 is negative 
for positive Mand positive for negative M. It may be noted that 
when M = 0 the expressions for Z.J., ZB and Z0 are identical with 
those in Section 3.4.9. 

Ra1 = Rao+A{ R1+(R1+R1;1(L1=fM)] 

_ [R1w(L1=r=M)+R1w(L2=fM) + w2(L1=fM){L2:i:=M)(R1+R1)] 

B1 B12 

Ru = Ai[R.+(R1+R2}w(L1=fM)] _ [R2w(L1=fM)+R1w(L2=fM) 
B1 B1 

+ w2(L1=fM){L2=fM)(R1+R1)] 

B1S 

Xa1 = Xao+A1w(L1=fM)±wM - w
2
(Li=f~~(La=fM) 

Xu = A 1w(L,=fM)±wM - w
2
(Li=f M)(L.=r=M) 

B1 
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±wM _ w1(Li+M)(L1+M) 
Bi 

X = -----=------
Zai 

1 
SB=----------------------

R,1 x•Rai + [Raw(Li+M)+Riw(L.+M) -+-R R1 Bi 

+ w1
(Li+M)(1;~M)(Ri+R,)] (2x;~at)-

The last factor in the denominator becomes 2x when x ~ Xp . 
Xa1 

MR= 
1 

wLa - 1 

(1 - Ai)w(L.+M)+ w•(Li+~~(La+M) +x2Xa1 

1 
~---------------------

1 - I 
(l _ Ai)(L.+M) + w(Li+M)(L,+M)(l - x) ± Mx 

L 1 BiLa LJ 

when X = _x_{J 
Xa1 

3.4.11. Selectivity Ratio Variation over a Tuning Range. 
From the approximate expression 3.31c, we can estimate the trend 
of selectivity ratio over a given tuning range. Neglecting the 
variation of the resistance ratios (these are less affected by fre
quency because numerator and denominator tend to vary together 
in the same direction), we see that SB is dependent on x. When 
x is independent of frequency so is SB• and hence if X/J and Xa1 
are the same type of reactance, both inductive or both capacitive, 
SB is constant over the tuning range (see Curve 4 in Fig. 3.17a). 

For Xp inductive and Xa1 capacitive, xis proportional to - / 1, 

hence SR decreases as the tuning frequency rises ( curve la in 
Fig. 3.17a). The reverse is true when Xp is capacitive and X111 
inductive and SB increases as the tuning frequency increases. 

3.4.12. Mistune Ratio and Capacitance Correction Varia
tion over a Tuning Range. An examination of Mistune ratio 
is possible, from expressions 3.33d and 3.33e. For mutual induct
ance coupling (3.33d) and Xa1 capacitive, x is proportional to - / 2 

and 
l 

MB= K 
---1 -r 
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Hence MR is negative and it increases as f is increased. Since 

LIC2 = 0 20.MR = ~2

1MR, LIC 2 is negative and tends to fall as 

f is increased. In practice LIC2 tends to remain almost constant 
(curve Ia in Fig. 3.17c). When Xa1 is inductive (large primary coil) 

I 
MR = --- is positive and constant, 

~-1 
Mx 

because ;: > I and x is constant. LIC2 is also positive and it 

decreases as the frequency increases (curve lb in Fig. 3.17c). 
For couplings other than mutual inductance, expression 3.33e 

indicates that if Xp and Xai are both inductive (x and ~ 2 are 

positive constants) MR is negative and independent of frequency. 
LIO 2 is negative, decreasing for increasing frequency. For capacitive 

X d X · . · b wLa . t· 1 t p an al• x 1s a positive constant, ut X 1s propor 10na o 
{J 

- / 2• Since Xp is generally much less than wL2 and x than 1, 

_ x:C~2
_ x) > I and MR is positive, decreasing as the frequency 

increases. LIC2 is also positive and decreases (curve 4 in Fig. 3.17c). 

If Xp is inductive and Xa1 capacitive, x is proportional to - / 2 

d wL. H an X 1s constant. ence 
{J 

i.e., is negative and increasing with increasing frequency. LIC2 is 
negative and increases slightly as the frequency rises. 

When Xp is capacitive and Xa1 inductive 

(x = -/f-1, wt:= -Kd2)MR = --:i{J~~ 
1 

I+K.f2 

is positive and decreases as the frequency increases. LIC 2 is positive 
and almost constant. 
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3.4.13. Transfer Voltage Ratio Variation over a Tuning 
Range. Expression 3.30b shows that TR is almost proportional 
to x and its variation over a tuning range is largely that of x. 

Xp 

-
L 
0 
L 

C 

M 

M 

The above conclusions are best summarised in a table. 

x.1 
-
L 
C 
C 

L 

L 

C 

TABLE 3.1. TUNING FREQUENCY INCREASING 

1: SR MR LI01 TR 

constant constant constant - decreases - constant 
constant constant decreases+ decreases+ constant 
-KP decreases increases - decreases - increases 

K 
increases decreases+ 

almost con- decreases -Ji stant + 
constant constant constant+ decreases+ constant 

-KP decreases increases - slight de- increases 
crease -

~ 

" t---1---t---t-+-+-~-~J/aJ, 0·4 ~ 

~ 

GO() 8{}() IQO() 1200 
0 

/40() 
Frequency {kc/3) 

LI/ 

increases -
decreases+ 
increases -
almost con-

stant + 
almost con-

stant + 
increases -

Fm. 3.l 7a.-Typical Selectivity Ratio Variations over the Medium Wave Range. 

Typical examples of the variation of SR, MR, L1G2 , TR and Llf 
are shown in Figs. 3.17a, b, c, d and e for the following types of 
coupling. 
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FIG. 3.17b.--Typical Mistune Ratio Variations over the Medium Wave Range. 

la. Mutual inductance, small primary coil, Xai capacitive. 
Ib. ,, ,, , large ,, ,, , X al inductive. 

--------~-....--..---.+50 

-40 o.l...'00--'--9i-'00'-----'--1,....J'OOiL-'IJ-...__,.-,,!'2P,""'0-..__...,.,4'.,.'()0 
Frequenc!I (kc/s) 

Frn. 3.l 7c.-Typical Capacitance Correc
tion Variations over the Medium Wave 

Range. 

3a. Positive mutual in
ductance, small pri
mary coil, and shunt 
capacitance. 

3b. Negative mutual in
ductance, small pri
mary coil, and shunt 
capacitance. 

4. Shunt capacitance. 
6. Series capacitance. 
7. Series capacitance and 

shunt inductance. 
Sa. Positive mutual in

ductance, small pri
mary coil, and series 
capacitance. 

Sb. Negative mutual in
ductance, large pri
mary coil, and series 
capacitance. 
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BOO 1000 /20(} 
FrequenC!J (kc/s) 

600 

F10. 3.17d.-Typical Transfer Voltage Ratio Variations over the Medium 
Wave Range . 

.-----.-~-~--------+50 

0 

~ 
~ 
~ 

-50 c.. 
<:) ... 

Sh ~ 
c> 
C: 

" -100 5-
" ~ 

-150 

..___._~ _ _,__..,__.___.._L..L.-11~-200 
600 800 1000 !200 1400 

frequt!ncy (kc/s) 

Fm. 3.17e.-Typical Frequency Error Variations over the Medium Wave Range. 
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The curves follow the predictions of Table 3.1, except for slight 
modifications due to an approach to aerial and coupling circuit 
resonance. Thus mutual inductance with a large primary coil 
(Xp and Xa1 inductive) shows a decrease of SR and an increase in 
MR and TR as the tuning frequency falls, because Xa1 is approaching 
zero at the low frequency end of the range. 

Combined couplings mainly affect x and those reducing 
the variation of x over the frequency range are advantageous 
in reducing the variation of TR and SR. For example, 
negative mutual inductance and shunt capacitance (curves 3b) giving 

Xp = - ( wM + w~) and positive mutual inductance with series 

. ( ) . . X M w 2(L1 - M)(L 2 - M) capacitance curves 8a g1vmg p = +w - B 

show reduced variation of TR and SR as compared with mutual 
inductance alone. There is a disadvantage ; the average value of 
SR is reduced and damping of the aerial circuit is therefore increased. 
Series capacitance coupling may be added to negative mutual 
inductance with a large primary coil so as to raise TR at the high 
frequency end (curve Sb), but the average SR is reduced. 

The variation of ,102 over the frequency range follows Table 3.1. 
For combined couplings it may change sign at some point in the 
frequency range (curves 3a, 3b and Sb), and this is due to the fact 
that the reflected aerial reactance x 2.Xa1 is opposite in sign to 
that of the coupling reactance. The most desirable curve of ,102 

against frequency is that giving a horizontal line, i.e., ,102 is in
dependent of frequency. Provided the constant value of ,102 is 
within the range of the trimmer across the tuning capacitance, 
mistuning effects can be cancelled. From this point of view series 
capacitance (6), mutual inductance with small primary coil {la), 
positive mutual inductance (small primary) and series capacitance 
{Sa), and series capacitance with shunt inductance (7) are satisfactory. 

We may note that if Rao <{ Xao and Xao is capacitive, L102 for 
three of the couplings may be written 

-02 
Shunt capacitance (4),102 = 

0 0 
10 

0 a+ aO - 20 

Series capacitance (6)L102 = - O,Oao (independent of/) 
O,+Oao 

Combined series capacitance ,102 = ____ O __ s __ ~ 
and inductance (7) 1 _ w

2L10s 
I - w 2L 10ao· 
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Shunt capacitance coupling gives a large variation of LIC2 and 
it is not therefore desirable. 

If no correction is made for coupling and reflected aerial re
actance, mutual inductance with a large primary coil 9 gives least 
variation of frequency error (curve lb in Fig. 3.l 7e). Shunt 
capacitance 4 is much better than series capacitance coupling 6. 
When frequency error varies over the range it is preferable to 
select a coupling giving least error at the low frequency end 
where the selective properties of the secondary circuit are greatest. 

It is important next to consider the effect of aerial terminal 
impedance on SR, MR, LIC2 and TR. 

3.4.14. Aerial Terminal Impedance and S8 , LIC2 and T8 . 

-(a) Increasing Rao• With a high value of Xa1 , increase of Rao 
increases Ra1, but hardly affects Zai and x. Hence MR and LIC2 

are almost unchanged ; SR is decreased because the second term 
in 3.31c is increased. If the aerial and coupling circuit approach 
resonance in the tuning range, i.e., Xa1 ~ 0, the reflected aerial 
reactance tends to disappear so that MR and LIC2 fall. The second 

x2 
term in 3.31c approaches R PR and so SR tends to increase when 

al 2 

Rao, i.e., Ra1, increases. The general shape of SR curve over 
a tuning range in which Xa1 = 0 is shown in Fig. 3.18; it is a 
condition rarely occurring in 
practice, and increase of Rao 
normally decreases SR· 

(b) Increasing Xao· In
crease of aerial terminal re
actance Xao, provided it has 
the same sign as Xa 1, increases 
zal and decreases x. Hence 
TR is decreased and SR in
creased. The statement with 
regard to TR needs qualifica
tion if the coupling reactance 
Xp is initially greater than its 
optimum value, for increase 

Aerial and Coupling 
Circuit Resonance 

Tuning Frequency 
Fm. 3.18.-Selectivity Ratio Variation 
over a Tuning Range passing through 
Aerial and Coupling Circuit Resonance 
for a Large and Small Value of Rao, 

of Zai then causes optimum coupling to be approached and T8 
therefore increases. The normal decrease follows when optimum 
coupling is passed. 

From 3.33b we see that MR is decreased if Xa 1 and Xao are 
negative, but is increased if Xa 1 is positive and Xao is negative. 

The following tables summarize the conclusions. 
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x.1 

ery large V 

s mall and 
comparable 
with R.o 

x.1 

Same sign 
as X.o 

Opposite 
sign to 
X.o 

:l; 

little 

RADIO RECEIVER DESIGN 

TABLE 3.2a. Ra0 INCREASING 

SR Ma ,10. 

decreased little little 

[CHAPTER 3 

TR 

decreased 
affected affected affected 

decreased increased tends to tends to decreased 
decrease decrease 

TABLE 3.2b. Xao INCREASING 

:l; SR MR Lf01 TR 

decreased increased decreased decreased decreased if initial 
coupling ( opti-
mum increased 
if) optimum 

increased decreased increased increased increased if in-
itial coupling 
< optimum 
decreased if 
) optimum 

o.__.__._ ...... _ _.__....__...__..___.o 
6()() 800 1000 1200 141)() 

rrequency ( kc/s) 
Fla. 3.19a.-The Effect on Selectivity and Transfer Voltage Ratios of a 

Change of Ra0. 
Full line, R.o -= 111 ohms. Ooo = 177 µµ F. 
Dotted line, R.o - ,2 ohms. 
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The result that a decrease of Xao (Xa1 of the same sign) tends 
to increase TR when coupling is less than optimum shows th'lt the 
addition of a horizontal top to a vertical aerial can not only increase 
the effective generated voltage (Section 3.3.3) but also give a greater 
transfer voltage ratio. The horizontal section reduces Xao and Xa1, 

thus increasing x and TR· 

l•O 

08 

0·2 

0 
6 
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r---.... 

/ --
-
10 
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-- --

-+-- ,.._ - I --... ' r- -- .... 
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.... ... ~---!'... 
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~ ... 

" 
... .... 
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// " " / '\ , ; 
✓v I'\. ,, 

✓ '\ , , v"' 
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V 

Fre.1uenc , (/rc/s) t ~ 
l: 

800 II ~0 

,-.. --- ..- ---
- - ~-- "" - - - --
-r--- r--- r-

12()() 

-
-- --

r--.... 
............. 

/40 

--

['-.._ 

-2·5; 
'i::: 
~ 

-5·0~ 
... 
~ -7-St 
~ 

-10·0" 

Fm. 3.19b.-The Effect on Selectivity and Transfer Voltage Ratios and 
Capacitance Correction of a Change of Xa0 with Small Primary Coil. 

Broken line, CaJJ = 104 µµF. R = 42 ohms. 
Dotted line, Cao = 177 µµF. R = " •• 
Full line, C.o = 240 µµF. R = " ,. 

Typical examples of varying Rao and Xao are shown in Figs. 3.19a 
and 3.19b over the medium wave range for mutual inductance with 
a small primary coil (la) and series capacitance coupling (6) (Xao 
and Xa1 capacitive). It is seen that increase of Rao has greatest 
effect at the high frequency end of the range due to an approach 
to aerial circuit resonance (X111 decreasing rapidly}, and the variation 
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of TR over the tuning range is reduced, though at the expense of 
a reduction of average SR· This applies to all forms of inductive 
coupling with capacitive Xa 1 (e.g., Ia, 2, 3a, 3b, 6, 7 and 8). For 
inductive X/3 and Xai (large primary coil) variation of TR is also 
reduced, but increase of Rao has greatest effect at the low frequency 
end. 

Increase of aerial terminal reactance Xao, when Xao and Xa1 
are both capacitive, increases Za1 and decreases x. TR is decreased 
and SR increased. Most reduction of TR and increase of SR occurs 
at the end of the range approaching aerial circuit resonance, in 
this case the high frequency end. A modification occurs with 
Cao = 240 µµF, TR is reduced at the high frequency end as com
pared with Ca = 177 µµF, and this is due to optimum coupling 
having been exceeded. Capacitance correction (LIC2) and its 
variation over the tuning range is decreased because increase of 
Xao increases Xa1 • 

3.5. Interference Reducing Aerial Systems. 
3.5.1. Introduction. In the early days of broadcast reception 

the receiver was comparatively insensitive, and the aerial had 
therefore to be as good a collector as possible. As receiver design 
progressed and sensitivity was increased (mainly by the adoption 
of the superheterodyne principle), the necessity for a good aerial 
became less pressing and the tendency was to neglect this aspect 
of reception, employing inefficient indoor aerials or the mains wiring 
to supply the pick-up voltage. Attention is once again being 
focused on the aerial because of the increased use of electrical 
apparatus producing fortuitously or intentionally R.F. voltage 
components. For example, any form of sparking (in commutator 
machines, switching on apparatus, etc.), distortion of wave form 
by gas discharge illuminated signs, short wave therapy apparatus, 
etc., generate appreciable R.F. components, which can be trans
mitted for considerable distances over the supply lines, unless 
special precautions are taken to suppress or confine them to the 
apparatus. Since the supply lines are the transmission media the 
interference field is mainly localized in the building housing the 
receiver. The disadvantage of the indoor aerial is at once apparent; 
not only is it an inefficient collector ( due to the screening effect of 
the building), but it is also located in the area of "1.aximum inter
ference field. It is possible to reduce the effect on the receiver by 
including R.F. filters in the incoming mains leads to the house, and 
by erecting an aerial well clear of the latter and coupling it to the 
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receiver by twisted, screened twin or concentric feeder, in which 
the interference voltage is either cancelled or eliminated. An 
example of a common type of interference reducing aerial 7 is shown 
in Fig. 3.20. The vertical aerial (often in the form of a spike 
attached to the highest point on the building outside the region 
of intense interference) is self-supporting and rarely longer than 
about 6 feet (1·83 metres), and is coupled at its base either direct 
to the screened twin feeder or by a matching transformer, T 1 • At 
the other end of the feeder is a transformer T 2 ( with earthed centre 
tapped primary), matching the low impedance feeder to the high 
impedance input of the receiver. It is almost impossible to obtain 
correct matching between the aerial and feeder over a large fre-

' ' ' ' 

, ____ '.fl ____ , 

' ' \ ...... lB 

Screened 

: .~~:'.=:::::~c, 
--:1;:: --:';1· i;;;_ =' D Receiver 

Fm. 3.20.-A Local-Interference Reducing Aerial System. 

quency range, and the use of a transformer is only justified under 
certain conditions. The feeder-to-receiver transformer is generally 
designed on the basis of a receiver input impedance of 2,000 to 
3,000 ohms. The dotted circuits in Fig. 3.20 indicate the possible 
ways by which interference is induced in the aerial circuit. The 
electrostatic component of the interference field is represented by 
the generator Ee and capacitances O' and O", and the magnetic 
component by the generator Em and loops L' and L". The earthed 
lead AB from the aerial feeder matching transformer T 1 , which is 
enclosed in a screening box earthed to the feeder shield but not 
to A, carries interference currents from Ee and Em and an inter
ference voltage is induced in the lead due to its inductive reactance. 
This voltage has a return path to earth via the aerial capacitance 
Gao, but the current it produces in the primary of T 1 is usually 
negligible. If transformer T 1 is located in the interference field 
a.nd connected by an unscreened lead to the aerial, considerable 
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interference is caused because the currents from Ee and Em then 
pass through the primary of T 1, The earthed screen round Ti, 
the feeders and T 1 prevents electrostatic pick-up, but current in 
the loop L" induces currents in the shield and feeders. The currents 
Im"' in the feeders are equal and opposite, provided the feeders are 
balanced to earth ; to ensure this the centre point of the primary 
of T I is earthed. An electrostatic screen between the primary and 
secondary also helps to preserve this balance and prevents inter
ference voltage transfer (from the currents Im"' in the half primaries) 
to the secondary by interwinding capacitance. The screening for 
feeders and transformers is earthed at one point only, preferably D, 
which is likely to be nearer to earth than A. If it is also earthed 
at A a loop ABD is formed in the interference field and pick-up 
due to the magnetic component is greatly increased. The earthed 
point of any filter system reducing interference entering by the 
mains (see capacitance 0 1 and 0 1 in Fig. 3.20) should be taken 
separately to earth rather than via the receiver earth. The improve
ment to be expected in signal-to-interference ratio by the use of 
this type of aerial circuit is from 30 to 40 dbs., but it is obtained 
at the cost of a reduction in desired signal ( compared with the 
unshielded aerial and lead in) of from 3 to 6 dbs. 

3.5.2. The Characteristic Impedance of Feeders. The 
characteristic impedance of any uniform feeder may he determined 
by measuring the capacitance of a comparatively short length of 
feeder at any suitable radio frequency, e.g., about 1,000 kc/s, and 
noting (expression 3.3c) that 

z _ l _ l x 1012 _ lO0l 
0 - v0

1 
- 3 X 10100

1 
- 30

1 
D 

where l = length of feeder (ems.) 
and 0 1 = total capacitance of feeder in µµF. 

The formula for calculating Z 0 of a concentric feeder from its 
dimensions is 

138 r 1 Z0 = - log10 - ohms . 3.34 
k r1 

where k = specific inductive capacitance of the dielectric separating 
the lines. 

r 1 = inner radius of outer conductor. 
and r1 = outer radius of inner conductor. 
For a pair of parallel unscreened wires 

Z0 = 
2
;

6 
log10 (~+ §i) . 3.35 
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where d = distance between conductor centres. 
and r = radius of conductor. 

Curves are given in Fig. 3.21 of characteristic impedance against 

~ and ~ for the concentric and parallel wire feeders with k = 1. 
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3.5.3. The Aerial to Feeder Connection. We will consider 
first the case of a feeder correctly terminated at the receiver end 
in its characteristic impedance Z 0 • Owing to the fact that the 
aerial input impedance varies over the frequency range and is 
reactive, except at its resonant frequencies, there must be a loss 
of power transfer at the junction offeeder and aerial. The maximum 
power transfer occurs when the load resistance (the characteristic 
impedance of the feeder) is equal to the generator (aerial) terminal 
resistance and the reactance of the latter is zero. The power 
transferred to the feeder under these conditions is 

Ei'· 
Pu=--

4Rao 
. 3.36 

where E 1 = the generator (aerial) voltage. 

E . 36 . . E12 h tha E12 • • • h xpress10n 3. 1s written as 
4
R rat er n 

4
z smce 1t 1s t e 

aO o 

generator resistive component which is variable and which deter
mines the maximum power transfer. 

When the generator (aerial) impedance is equal to Rao±iXao, 
the power delivered to the feeder is 

P1 = l1 2Zo = [ Ei ]'zu. 3.37. 
v(Rau+Zo) 2 +Xao 2 

The ratio of maximum to actual power is 
Po_ (Rao+Zo) 2 +Xao2 

Pi 4RaoZo 

(~+1)2+(~)2 

4Rao 
Zo 

R 1 . Po Rao d Xao b d ep acmg Pi' Zo an Zo y a, x an y 

we have (x+lF,l+y 2 = 4ax 
or x 2 +2(1 - 2a)x+l+y2 = 0. 

. 3.38a 

. 3.38b. 

This is the equation to a circle with centre on the x axis, and solving 
for y = 0 gives the two values of x corresponding to the intersections 
of the circle with the x axis. Thus 

2(2a - l)+v 4(2a - 1) 2 - 4 
x. = 2 

= (2a - l)+v(2a - 1) 2 - 1 

and X1 = (2a - 1) - V(2a - 1) 2 - 1. 
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'rh f h . 1 . x.+xi e centre o t e crrc e 1s at Xa = -
2
-

or X3 = 2a - 1 

and the radius is 

= v(2a - 1) 2 - 1. 

Taking a particular example, for a loss of 3 dbs., a = 2, x3 = 3, 
r = 2·82. 

A series of curves, due to Wheeler,' are shown in Fig. 3.22. 

The semicircles connect values of ~
0

° and "i': giving the particular 

6~~---------~--~---

Fm. 3.22.-A Chart for Estimating Transition Loss due to Mismatching between 
an Aerial and Correctly Terminated Feeder, 

transition loss marked. Thus the V dipole, whose impedance 
characteristic is given by curves 2 in Fig. 3.5, has at 13·2 Mc/s 

(i = 1·3) an impedance of Ra0 +jXao = 129+j255, and coupling 

this to a correctly terminated 600.Q feeder gives "i': = 0·215 and 

~:o = 0·425, which from Fig. 3.22 corresponds to a loss of approxi

mately 3 dbs. Calculation from 10 log10 ;: (expression 3.38b) gives 

2·8 dbs. 
The loss (over the range 6 to 15 Mc/s) at the junction of the 

plain and V dipole aerials of Fig. 3.5 with a 600.Q feeder is shown 
in Fig. 3.23. 
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FIG. 3.23.-Curves of Transition Loss at the Junction of a Plain and V Dipole 
Aerial and a 600-ohm Feeder. 

When the feeder is not correctly terminated the problem becomes 
more complicated. Let us suppose that a vertical aerial is con
nected to a receiver of input impedance ZR via a feeder of cha.r
a.cteristic impedance Z0, having a propagation constant Y = oc+jp 
(see Fig. 3.24). The aerial terminal impedance Z00 (calculated as 
indicated in Section 3.3.2) is the terminating impedance of the 

/Feeder Characteristic 
k=, ImpedanceZo 

za0-::-~-- ri~~LJ:~L I 
~ Receiver 

FIG. 3.24.-A Single Concentric Tube Feeder with no Aerial Matching Transformer. 

feeder so that the impedance 6 at the receiver end of the feeder 
(Fig. 3.24) is given by 

Z = z
0
Z00 cosh yl+Z0 sinh yl 

f ~-~--=----,,----c 3.39 
Z 00 sinh yl+Z0 cosh yl 

=R1+jX1 

where Z 0 = characteristic impedance of the feeder 
and l = length of feeder. 

The aerial and feeder may be replact:ld by a generator having 

. 1 . d z d . . 1 f KE1ZR an mterna 1mpe ance I an an open circuit vo tage o Zao+ZR 

where E 1 = aerial generated voltage 
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This formula is developed in Chapter 4, p. 116, of Bibliography 22, 
where curves of transition loss due to mismatching will also be 
found. 

A simplification of the problem is possible in calculating over 
the long and medium wave ranges, because the feeder length is 
usually short compared with the lowest wavelength, and the atten
uation constant oc is negligible. In section 3.3.2 it is shown that 

the impedance of a vertical aerial of height less than ~ is practically 

equivalent to that of its electrostatic capacitance, and the same 
rule applies to a feeder line. Thus, if the lowest medium wave
length is 200 metres, feeder lines not exceeding 25 metres (82 feet) 
in length may be replaced by a shunt capacitance equal to the 
electrostatic capacitance. If the feeder attenuation constant 
cannot be neglected the feeder may be replaced by two shunt 
capacitances of half the feeder electrostatic capacitance and a series 
resistance. If a matching transformer 14 is employed between aerial 
and transformer, the equivalent circuit becomes that of Fig. 3.8b 
where 0 2 is now the feeder capacitance Cr Resonance effects 
between Cao, Li, L 2 and 01 can be used to produce 0. n•ore level 
overall frequency response over a given range. 

3.6. Aerials for Automobile Receivers. 11 , 16 . The design of 
aerials for automobile receivers is chiefly concerned with finding 
an aerial which is a reasonably efficient collector. Mechanical 
rigidity and location of the aerial, which should be as far from 
the ignition system as possible, are important. There is little 
difficulty in designing the coupling to the receiver first tuned circuit 
as it follows the lines set out in Section 3.4. Before the use of all
steel car construction the most efficic,nt type of aerial consisted of 
gauze strip let into the roof of the car. The under-car aerial, 
mounted below the running-board, has been used, but it is a much 
less efficient collector, is liable to damage, and its pick-up properties 
are seriously impaired in wet weather due to mud adhering to the 
insulators and offering a low resistance path to earth. Owing to 
its position its capacitance to earth is comparatively high (about 
200 µµF). The roof aerial mounted above and parallel to the roof 
of the car is a better collector and has a lower earth capacitance 
(about 50 µµF). A third type of aerial is the "telescopic whip" 
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vertical aerial located usually at the side of the car behind the 
bonnet. It may be capable of extension to a length of about 5 feet, 
and the sliding sections should have clamps making intimate contact 
between sections so as to prevent interference from intermittent 
contacts when travelling. Its capacitance to earth may be as low 
as 25 µµF. A concentric feeder with the outer conductor earthed 
to the car chassis is used to couple the aerial to receiver ; it should 
be as short as possible and should have the least possible capacitance 
value. The equivalent circuit is that of Fig. 3.24, and the feeder 
capacitance 01 acts with the aerial capacitance as a potential divider 
for the pick-up voltage ; a large value of 01 reduces the receiver 
input voltage and also necessitates looser coupling to the receiver 
for a given ganging error in the first tuned circuit. 

3.7. The Connection of Several Receivers to one Aerial 
System. Difficulties a.re met if attempts are made to connect 
several receivers to the same aerial. Unless the coupling between 
each receiver and the aerial lead-in is loose, interaction may occur 
between the receivers, causing mistuning of the first tuned circuit 
of one receiver when the tuning of another is changed. There may 
also be sufficient oscillator voltage injected into the aerial circuit 
from the frequency changer to cause whistles in the other receivers 
as one is tuned over its range. It is possible, where loss of signal 
strength can be tolerated, to couple several receivers through 
suitable transformers to the feeder line of the interference reducing 
aerial described in Section 3.5.1. A more satisfactory arrangement, 
particularly for a large installation, such as that in a block of flats, 
is to distribute the signal frequencies via a low impedance feeder 
line, preceded by an aperiodic amplifier or with an aperiodic buffer 
amplifier between each receiver and the feeder. The second method 
has been employed but is obviously not so satisfactory economically 
as the first. A suitable circuit 15 for the first method is shown in 
Fig. 3.25. The aerial, a short vertical rod, erected at the highest 
point in the building, is connected by a short screened lead to two 
aperiodic amplifiers, covering a total frequency range from 150 kc/s 
to 15 Mc/s. It is not practicable to cover the whole range with 
one amplifier without appreciable loss of amplification. Between 
the aerial lead and each amplifier is a filter selecting the particular 
frequency range required ; to reduce further the possibilities of 
cross modulation the valves should have as near linear IaEo char
acteristics as possible. Wave traps may also be necessary if the 
aerial is in the high field strength area of a local station. The out
puts from the two amplifiers are connected in parallel, through step-
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down transformers, to a low impedance feeder line of low loss 
terminated in its characteristic impedance. The advantage of the 
terminated feeder is that it has a wide frequency response and 
conveys power with low losses and small noise pick-up. Further
more, its low impedance makes the reduction of interaction between 
receivers much simpler, and the comparatively high impedance inputs 
of the receivers can be connected to the feeder without impairing 
its transmission characteristics. The line is matched to the amplifier 
valves by transformers but no attempt is made to match the receiver 
input to the feeder. A resistance R is connected in series with 

H.T.+ 

Fm. 3.25.-An Amplifier for a Feeder supplying Several Receivers. 

each receiver input to reduce interaction still further. This resist
ance need only affect the input voltage at the receiver to a small 
extent, since it can be much lower than the receiver input impedance 
and yet much higher than the feeder impedance. For example, 
if the receiver input impedance is 3,000 [) and the series resistance 
l,000D, the greatest possible reduction of input voltage is to ! of 

the voltage at the feeder, whilst interaction is reduced to 
1
~~

0 
===7%, 

if the characteristic impedance of the feeder is 70 ohms. The 
length of the feeder is determined by the highest received frequency 
because the feeder losses are greatest at this frequency ; a length 
of 400 metres (about ! mile) is possible for the frequency range 
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quoted above, 150 kc/s to 15 Mc/s, but it may be increased to 
2,000 metres (about l¼ miles) if reception is restricted to the long 
and medium wave ranges. 

3.8. Diversity Reception. Owing to its dependence on the 
reflected ray, short wave reception is liable to considerable varia
tions in signal strength. The actual value of the signal at any 
given time instant depends on the position of the aerial, and there 
may be large differences in field strength between positions spaced 
only a few wavelengths apart. By suitably combining the outputs 
from two or more aerials with at least a wavelength separation, 
the average signal may be maintained at a more constant level. 
Diversity reception, as it is called, is quite often employed for 
commercial reception, and a large number of aerials are located at 
different positions and connected to the receiver by feeder lines. 
This is clearly not feasible for broadcast receiver purposes, but some 
improvement can be obtained by using two aerials, one vertical 
and the other horizontal, separated by at least a wavelength. One 
method 12 of combining the two aerial outputs is by means of a 
gas-filled valve with an interrupter relay in its anode circuit. The 
arm of the relay drives a sprocket wheel attached to a differential 
capacitor, the rotor of which is connected to the aerial terminal 
of the receiver. The stators are connected each to an aerial, and 
the gas-filled relay is biased by the n.c. component of the detected 
I.F. output voltage of the receiver. When the output is greater 
than a certain predetermined value, sufficient negative bias voltage 
is developed to render the gas-filled valve inoperative. If it falls 
below this value the bias is reduced, the valve conducts, and the 
interrupter relay drives the sprocket wheel until the output voltage 
is large enough to shut down the valve again. The sprocket wheel 
comes to rest with the capacitor giving more coupling to the 
aerial having greatest signal. If both aerials give outputs less 
than the value required to stop the relay the capacitor continues 
to rotate. 

When the same programme is transmitted on two different 
carrier frequencies, improved reception may be gained by receiving 
each transmission on a separate receiver and combining the audio 
frequency outputs. 10 • A common A.G.c. system actuated from the 
strongest signal is employed for the two receivers, and A.F. com
bination may be achieved by dual loudspeakers, two output trans
formers, the secondaries of which are connected in series with the 
speech coil of a loudspeaker, or by a single centre-tapped-primary 
output transformer with the output valve of each receiver con-
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nected to a half primary. A common aerial system may be used, 
but it is preferable to have (for example) a horizontal aerial for one 
receiver and a vertical for the other. 
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CHAPTER 4 

RADIO FREQUENCY AMPLIFICATION 

4.1. Introduction. In this chapter radio frequency amplifica
tion is considered in relation to amplifiers which are tunable over 
a range of frequencies from a minimum of 150 kc/s to a maximum 
of 50 Mc/s. Special problems are involved due to the need for 
covering a range of frequencies ; for example, the gain and selec
tivity of an amplifier may vary widely over the frequency range, 
leading perhaps to instability at the high frequency end. Again 
owing to interelectrode capacitance coupling the grid input admit
tance of an R.F. amplifier valve (see section 2.8) may be comparable 
with the reciprocal of the dynamic resistance of the tuned circuit 
to which it is connected. An anode-grid capacitance of 0·005 µµF 
can produce a high input admittance at frequencies of the order 
of 1·5 Mc/s, if the anode external load impedance is high. At 
higher frequencies (50 Mc/s) in the short wave band other effects 
such as the inductance of the cathode-earth connection and electron 
transit time tend to give a very high input admittance, so that 
gain is limited. 

The coupling impedances between the amplifier stages generally 
consist of parallel tuned circuits since high selectivity and gain are 
required (aperiodic circuits are rarely used). Band-pass filters are 
often employed, and the design of two coupled tuned circuits 
producing a band-pass effect is given in detail in Section 7.3 on 
I.F. amplifiers. We shall therefore only deal with those aspects of 
design which result from variable tuning. It is recommended that 
Sections 7 .2 to 7 .5 should be read before Sections 4.5 and 6, since 
the I.F. amplifier band-pass filter is a special case of the tuned 
R.F. filter operating at a fixed frequency. 

The circuit analysis, which follows, begins with the simplest 
tuned filter, the parallel resonant circuit, and progresses to the 
more complicated band-pass filter. The R.F. valve, generally a 
multi-electrode valve, 19 is considered as a generator of constant 
current Ia = gm.Eu and its resistance Ra, except where stated 
otherwise, is assumed to be much larger than the resonant impedance 
of the tuned filter in its anode circuit. 

120 
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4.2. The Parallel Resonant Circuit. 
4.2.1. Magnification. The most important criterion for a 

coil forming part of a tuned circuit is its magnification. This 
term, designated by Q, is the ratio at resonance of the voltage 
across the inductance/or capacitance to the voltage injected in 
series with the circuit. 

..Ci, 
.. ----• 1------., 

$:J1 _:Jc 
Fm. 4.1.-The Voltage Magnification of a Coil. 

Referring to :Fig. 4.1. 

Q _EL_ lw,L 
- E - ~ 

Ee I 
Alternatively Q = -- = --

E w,CE 

But E = 1[ R+j( w,L - w:o)] 
1 = IR at resonance, for w,L = -
0 w, 

Q w,L I 
= -R = w,CR. 4,l. 

4.2.2. The Impedance of a Parallel Resonant Circuit and 
its Equivalent Series and Parallel Circuits. The impedance 
of the parallel resonant circuit of Fig. 4.2 is 

Z = R-;!;L.;R+j( wL - wlc) 4.2. 

Fm. 4.2.-The Parallel Resonant Circuit and its Equivalent Series and Parallel 
Circuits. 

R• + w•L• 
Rp = R 

R' + w 2L 2 
Xp = ~~-~~-~~ 

wL(l - w2LG) - wGR 2 
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At resonance if R ~ wrL 
L Wr2£2 Q 

Zr=-=--=QwrL=-
CR R wrC 

4.3. 

The resonant impedance Zr is thus a resistance, and it is often 
called the dynamic resistance of the circuit and denoted by RD. 

To determine its frequency discriminating action, the impedance 
must be calculated for frequencies other than resonance. 
Rewriting 4.2 

Rationalizing 

z = R+jwL . 
1 - w•LC +jwCR 

z = (R+jwL)(l - w1LC - jwCR) 
(1 - w2LC) 2 +(wCR)2 

R .wL(l - w2LC) - wCR2 

- (1 - w2LCr'+(wCR) 1 +.1 (1 - w2LC) 2 +(wCR) 2 

= Rs+iXs 

• 4.4 

where Rs and Xs are the equivalent series resistance and reactance. 
An interesting point to observe is that reactance resonance, 

i.e., Xs = 0, gives 
wrL(l - w/ALC) - wrCR 2 = 0 

or wr = J le( 1 - c:•) 4.5. 

Replacing this in Rs (4.4) gives Zr = C~' which is identical with 

expression 4.3, for which R was assumed to be much less than w~. 
The equivalent series circuit is rarely so useful as the equivalent 

parallel circuit. The latter is determined by considering the 
admittance Y. 

Thus y =jwC+R 1_ L 
+Jw 

_ (1 - w2LC+jwCR)(R - jwL) 
- R2+w2£2 

R .wCR1 - wL(I - w2LC) 
- R2+w2£2+J R2+w2L2 

=g+jb 

= _!_+_I_ 
Rp jXp 

4.6 
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where RP and XP are the equivalent parallel resistance and react
ance. By making the assumption that R ~ wL most useful ap
proximate formulae for RP and XP are obtained as follows 

R.v = '!!12 

= Rn } 
wL 4.7. 

X ~ ----~--
v 1 - w 2LC 

It is important to note that X 8 and XP are inductive for fre
quencies below and are capacitive for frequencies above the resonant 
frequency. 

4.2.3. The Selectivity Characteristic.6 The selectivity char
acteristic of a parallel tuned circuit may be defined as the ratio 
of the resonant impedance to the impedance at any given off-tune 
frequency. It is more conveniently expressed as loss in decibels, 

20 log10 
1

1 
! 

1
1, the reference level corresponding to O db. being the 

resonant impedance Zr. Expression 4.2 simplifies to 

L 
OR 

Z=--------=~--~ 
l+jw,.L(~ _ Wr) 

R Wr. W 
RD -------

1+1Q(.!!!.. - Wr) " Wr W 

1 
when R < wL and Wr = vw· 

But ~ - Wr = roll - Wr 2 = f2 - fr 2 

Wr W WrW frf 
_ (f-fr)(f+fr) 
- fr! 

If f = fr +L1f, where L1f is the off-tune frequency 

(f - fr)(f +fr) LJf(2fr+L1f) 
- frf = frUr+LJJ) 

2L1f = fr when L1f <f,. 

For convenience we will designate 2111 by F. 
fr 

4.8a 
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Expression 4.8a now becomes 

Z= Rn 
l+jQF 

hence 20 log10 t~II = 20 log10 Vl+Q2F 2 

= 10 log10 (1 +Q 2F 2) 
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Fm. 4.3.-The Generalized Selectivity Curve for a Single Tuned Circuit. 

Expression 4.8c is most important because it gives a generalized 
selectivity curve, 14 which enables the frequency response of any 
parallel tuned circuit to be obtained immediately. In Fig. 4.3 a 
curve is plotted of 10 log10 (1 +Q 2F 2 ) against QF. The scale of 
the latter is logarithmic. Only one-half of the curve is plotted 
since it is symmetrical about If r, and the loss at equal numerical 
positive and negative values of /Jf is the same. 

Since QF = 2Q/JJ /Jlf = QF ·b 
fr. ' 2Q 
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log1o iJf = log10 QF +log10 fr - log10 2Q, 
but for a given circuit fr and Q are fixed, therefore 

log10 ,1f = log10 QF +constant. 

125 

Hence by sliding and locating correctly a logarithmic scale (identical 
with the QF scale) marked in iJf, the off-tune frequency, under
neath the QF scale, the selectivity characteristic at different off
tune frequencies may be read directly. The correct position is 

obtained by locating LJf' = f Q immediately beneath QF = I. As 

an example, let fr = l,000 kc/s and Q = 100 be the constants of 
a particular tuned circuit, then 

iJf' = fr = 1000 = 5 kc/s. 
2Q 200 

The ,1f scale is therefore adjusted as shown in Fig. 4.3, with 
iJf' = ,5 kc/s against QF = I. The loss at any value of iJf may 
now be read directly, e.g., iJf = 5 and 10 kc/s gives a loss of 
3 and 6·9 db. respectively. 

The width of the pass band of any filter circuit is important, 
and in the case of a tuned circuit it is defined as the frequency 
range over which the loss is not greater than 3 db., i.e., between 
the frequency points at which the voltage has fallen to 0·707 of 
its maximum value. Referring to Fig. 4.3, the off-tune frequency 
corresponding to a loss of 3 db. is defined by 

QF = (]_Mf = 1 4.9 
f,. 

so that the pass band 2iJf = t· 
4.2.4. Constant Selectivity over a Range of Tuning Fre

quencies. In an ideal R.F. amplifier the overall selectivity should 
be independent of the tuning frequencies. From expression 4.8o 
we see that this requires a constant loss at a given off-tune 
frequency, i.e., 

1 +(QF) 2 = constant at ,1f = iJj' 

or 
2QiJf' 

QF' = constant = --
fr 

Q ocfr• 
Hence for a constant selectivity characteristic over a range of 
resonant frequencies Q must vary linearly with f,. For some types 
of coil, notably iron-cored coils, Q decreases as the frequency rises, 
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and the selectivity at low frequencies is much better than at high 
frequencies. This decrease of Q with increase of frequency has one 
advantage; the amplification of an R.F. stage is directly propor
tional to the dynamic resistance RD = Qw,.L, which tends to remain 
more constant over the tuning range when Q decreases as the 
frequency increases. Permeability tuning, 16 i.e., tuning by varia
tion of inductance with fixed capacitance, produces less change of 
selectivity and amplification over the tuning range because L de
creases as the frequency increases. Its chief disadvantage is that 
variation of inductance is usually more difficult and costly to 
achieve than variation of capacitance over a wide tuning range. 

In order to obtain constant selectivity from the normal type 
of coil it is necessary either to apply controlled reaction having 
greater effect at high than at low tuning frequencies, or to introduce 
resistance to reduce the Q of the coil as the tuning frequency is 
decreased. In the first method it is difficult to design a simple 
feedback circuit giving the desired Q compensation. The second 
method, 36 though not so satisfactory since it involves degrading 
the circuit, can be achieved by means of a simple resistance
reactance network. 

It is essential in this method to obtain the highest Q possible 
at the highest frequency since the selectivity characteristic over 
the tuning range is to be entirely determined by the selectivity 
at the highest frequency. Let us assume that the highest possible 
Q is 150 for a medium wave band tuning inductance of 156 µH 
and that the Q varies as shown in Fig. 4.4. The variation of coil 

resistance is also plotted. Now Q = wRL = 2
~Lfr, so that if Q is 

to be proportional to fr the coil resistance R must remain constant 
over the range of fr• It is therefore necessary to insert a resistance, 
in series with the coil, having a resistance variation with frequency 
shown by the curve Rrequired (obtained from R1,500 kc/s - Rcoil) in 
Fig. 4.4. 

Let us consider the network shown in Fig. 4.4. It can be 
resolved into a series circuit of resistance and reactance of values, 

R R1X12 R/· h . h 
2 = R 2 X 2 and X 2 = X 1 R 2 X 2, w ere X 1 1s t e reactance 1+ 1 1+ 1 

of the L.c. arm. By a suitable choice of L 1 and Or, X 1, and hence 
R2, may be made zero at the highest tuning frequency. As the 
frequency is decreased X 1 , and consequently R 2 , increases, and this 
is the requirement for the compensating curve. By inserting this 
network in series with the coil it is possible to preserve an almost 
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constant resistance in the inductive arm over the tuning range. 
The variation of R 2 from the network cannot be made to give the 
exact R 2 curve required, but since there are three variables R 1, £ 1 

and 0 1 , three points of intersection are possible. The reactance 
term produced by the compensating network is usually very small 
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Fm. 4.4.-Correction Curves for a. Tuned Circuit of Constant Q Value. 

and can be neglected in comparison with the coil reactance. The 
reactance X 1 in the above expressions may be written 

where 

X 1 =jwL{l - :::) 

=jwL{l -~:) 

1 
w, = v'---

L101 
To calculate the values of R 1 , £ 1 and 0 1 , we must fix the 

frequencies at which R 2 = Rmruirea• Let us assume these are 600, 
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1,000 and 1,500 kc/s when Rrequired = 6·63, 3·94 and 0 ohms 
respectively. 

From R 2 = 0 at f = 1,500 kc/s, f, = 1,500 kc/s. 
At f = 1,000 kc/s. 

L 1 is in µH. 

[6·28L1(1 - (1·5)2)]2 
3·94 = R .--------

1 R 1
2 +[6·28L1(l - (1·5) 2)] 2 

Hence L 1
2 = _ 3·94Ri2 

61·8R1 - 243 
For f = 600 kc/s 

R{ 6·28 x 0·6L{ 1 - (~) 2) J 
6·63 = [ ( ( )2)]2 • 

R 1
2 + 6·28 x 0·6L1 1 - ~:: 

Replacing L 1 in 4.11 by 4.10 we find 

R 1 = 7·58D 
and from 4.10 

L1 = 1·01 µH 
1 

0 1 = --- = 0·01116 µF. 
Wr2L 

. 4.10, 

4.11. 

The variation of R 2 with frequency is plotted in Fig. 4.4 (curve R 2). 

The variation of Q is also shown, and it can be seen to be almost 
identical with the required Q curve from 500 to 1,000 kc/s. Above 
1,000 kc/s the departure is quite noticeable. If a calculation is 
made assuming fr to be 1,600 kc/s, the curves Ra' and Qz' result, 
and the discrepancy from 1,000 to 1,500 kc/s is much reduced, 
but from 600 to 1,000 kc/s it is less satisfactory. The values of 
the circuit constants are then 

R 1 = 7·8 ohms, L 1 = 0·81 µH and 0 1 = 0·01225 µF. 

by making fr still higher, the Q curve may be made to approximate 
even closer to the required up to 1,400 kc/s, but above this 
frequency the error is increased. The series reactance term (X 2) 

for the above R 1 , L 1 and 0 1 values has maximum effect at the 
lowest frequency (500 kc/s), and it reduces the inductance of the 
arm in which it is connected by approximately 0·5%, a negligible 
amount. 

4.3. Coil Characteristics at Radio Frequencies. 
4.3.1. Introduction. A coil possesses three characteristics of 

major importance when it is used for radio frequency amplifica-
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tion purposes ; they are its inductance, A.c. resistance and self
capacitance. To prevent undesirable pick-up and interaction 
between input and output circuits a metal screen is required round 
the coil, and its effect on the coil characteristics needs to be known. 

4.3.2. The Inductance of a Coil. Calculation of the induc
tance of various types of air cored coils has formed the subject 
of many papers and it is possible to achieve very high accuracy of 
computation 1• 2 with some of the more common shapes of coil. 
For most practical purposes, however, a computation accuracy 
from 1 to 5 % is sufficient, and the following simple formulae due 
to Wheeler 4 will be found most useful. Taking first the single-

FIG. 4.5.-A Cylindrical Coil with Rectangular Section Winding Area. 

layer helical solenoid-this is the coil of Fig. 4.5 with b = diameter 
of the wire forming the single layer-an approximate formula is 

r2N2 
L = 9r+IOl µH 4.12 

where l = length of the winding in inches 
,, N = total number of turns on coil 

and r = radius of the coil in inches to the centre of the wire layer. 
The error involved is less than 1 % so long as l > 0·8r. For values 
of l between 0·8r to 0·2r the following formula may be used with 
an error not exceeding 5%, 

r2Nz 
L=-~ 4.13. 

8r+lll 

An error not exceeding 2% over a range of r from O to lOl is 
obtained from 

L = r2N2 
rll 

9r -
5
l+IOl 

4.14. 

Expression 4.13 is applicable to the thin spiral coil of one-wire 
thickness by replacing l by the breadth b, and taking r as the 
radius to the centre of the spiral face. The error is not greater 
than 5% so long as b > 0·2r. 

As an example of the single layer coil let us calculate the in-
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ductance of a coil of 26 S.W.G. wire wound on a former of external 
radius 1 inch and 2 inches winding length. 

Radius of wire = 0·009 inch. 
Turns per inch of winding length with S.C.C. insulation = 50 
Total number of turns = 100 

using 4.12. 
( l ·009)110011 

L = 9(1·009)+10(2) 

= 350 µH. 

A single-wire spiral of 1 inch breadth and inner radius of 1 inch 
using the same wire gives 

and from 4.13. 
b = 1, r = 1·5, N = 50 

(1·5) 1501 

L=---
12+11 

= 244µH. 

Multilayer coils of approximately square section winding area 
may be calculated from 

L = 0·8r2N 1 

6r+9l+l0b . 
4

'
15 

with an error not exceeding 1 % when l and b are approximately 

equal to;. A more accurate formula for small coil widths is 

L = -- log10 - µH rN
2 

(4·9r) 
13 5 l+b 

4.16 

when the error is less than 3% if (b+l) ;s;; r. 
Using 4.15, we will calculate the inductance of a coil of 26 S.W.G. 

S.C.C. wire of inner radius 1 inch, breadth 0·75 inch, and length 
1 inch. 

b = 0·75 inch, l = 1 inch, r = l+ 0·:
5 = 1·375 inch. 

Total turns = winding area x (turns per inch) 1 

= 0·75 X 1 X 2,500 
= 1,875. 

0·8(1 ·375) 2(1875) 1 

L=-------
6(1·375)+9+7·5 

= 215,()00 µH. 

The accuracy of all the above formulae is reduced if the turn 
apacing is large and the equivalent inductance value at any par-
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ticular frequency is influenced by skin effect and the coil distributed 
capacitance. 

The inductance of single and multilayer coils has been also set 
out in the form of a series of abacs. 34 

For iron-cored coils the inductance depends on the permeability 
of the core material, and details are usually given by the makers 
of the latter. 

4.3.3. The A.C. Resistance of a Coil. The effective resist
ance of a straight wire to A.O. currents is greater than to D.O. and it 
increases as frequency is increased. This is due to the fact that 
the magnetic flux, which produces a circular field around the con
ductor, also exists inside the conductor. The latter can be con
sidered as made up of a series of concentric cylinders of elemental 
thickness, and the magnetic field surrounding each progressively 
decreases as the outside of the wire is approached. The surrounding 
field introduces an inductance component in each cylindrical pl~ment 
of the conductor and this component is greatest for that cylinder 
having the greatest surrounding magnetic field, i.e., the one nearest 
the centre of the wire. This inductance offers an impedance to 
the flow of current and there is therefore a tendency for the current 
to crowd to the outer edges or skin of the conductor. Increasing 
frequency means increasing effective inductive reactance and less 
current flow through the centre of the wire. At radio frequencies 
of about 1,000 kc/s, the current at the centre of the wire may be 
practically zero, and there is then little difference between a solid 
conductor and a thin hollow tube of the same external diameter. 
This concentration of current causes the resistance of a conductor 
at radio frequencies to be many times greater than its D.O. resistance. 

If the wire is coiled, the current area is further restricted to 
the inside face nearest the coil former due to the magnetic field 
from adjacent turns, and there is usually a considerable increase 
in R.F. resistance. Coiling a wire initially increases the inductance 
at a much greater rate than resistance and there are optimum coil 
dimensions and wire diameters for minimum resistance with a given 
inductance. The classic paper on the subject is that 3• 18 by Butter-

worth. The ratio of A.O. to D.O. resistance is proportional to J 1• 
whereµ is the average permeability of the material (conductor and 
core) in the magnetic field produced by the current in the conductor, 
f is the frequency, and p is the resistivity of the conductor. It is 
interesting to note that a magnetic material in the circuit (this 
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means increased µ) increases the A.c./n.c. coil resistance ratio as 
does decrease of p, i.e., a good conductor shows much greater change 
of resistance under A.C. operation than a poor conductor, and an 
iron-cored coil shows a much greater ratio change of resistance 
than does an air-cored coil. 

General conclusions 28 on realizing minimum resistance depend 
on what parameters are fixed. There is an optimum wire diameter to 

. di . h t· d . . . b d 0·7l h l l h wm ng p1tc ra 10, an 1t 1s given y w ~ N' w ere = engt 

of coil and N = turns per layer. For a given diameter of wire, 
minimum resistance is obtained in single layer coils with a length 

to radius ratio(~) of 0·6 to 0·9, single wire spirals require a breadth 

to mean radius ratio of approximately 1, and for multilayer coils 
the following relationship should be satisfied 5b+3l ~ 2(b+r). 
Resistance is decreased for a given inductance by using larger gauge 
wire, and when there are no restrictions on wire size, resistance, 
for a given inductance value, coil radius and optimum wire diameter, 
is decreased by increasing the length of a single layer solenoid
this really means using a larger gauge wire as length is increased
but there is little advantage in making l > 4r. This gives a more 
economical shape than that cited above for a fixed wire diameter 
and is the one most used in practice. Multi-strand litz wire is 
effective for reducing resistance at frequencies up to about 5 Mc/s. 

Additional sources of increased coil resistance are to be found 
in dielectric losses in the insulating material (these are greatly 
increased if the insulation is subject to moisture absorption, and 
it is essential to treat the coil with a non-hygroscopic varnish), coil 
self-capacitance, and eddy currents in the shield surrounding the 
coil. Coil self-capacitance is shown in Section 4.3.4 to increase the 
effective resistance of a coil. Losses in the coil shield are reduced 
by reducing the coupling to the screen, i.e., by increasing the ratio 
of shield-to-coil diameter (the ratio 28 should not be less than 2/1) 
and by using screen material of lowest resistivity. 

4.3.4. Coil Self-Capacitance. Coil self-capacitance is caused 
by electrostatic coupling between turns, and between turns and 
earth. It is highest in multi-layer coils, in which there is a high 
potential between layers. To reduce self-capacitance it is essential 
to separate high potential points, thus a two-layer coil is preferably 
wound with interleaved turns-the third and fifth turns being 
wound on top of, and between the first and second and second and 
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fourth turns, etc. Winding in two separate layers, one on top of 
the other, causes a large self-capacitance. Large inductances, e.g., 
for R.F. chokes, are best separated into a number of independent 
sections, so reducing the potential between the ends of each section. 
The self-capacitance acts in parallel with the coil and tends to 
increase the equivalent inductance and series resistance. Referring 
to Fig. 4.1, let us suppose that the actual inductance L and series 
resistance R of the coil are paralleled by a self-capacitance 0 0 

(shown dotted). The impedance of the coil circuit is 

R+jwL 

z = jw00 

R+jwL+.
1
0 JW o 

R+jwL 
I - w2L00 +jw00R 

_ (R+jwL)(I - w2L00 - jw00R) 
(I - w2L00 ) 2+(w00R)2 

R ___ jwL(I
0

- w2L00 ) - w00R 2 

(i-=w2LO~f2+(w00R) 2 + (I - w2L00) 2 +(wC\R)2 4
·
17 

= RA+jwLA 
where RA and LA are the apparent resistance and inductance of the 
coil. 

If O O is small, the natural frequency of the coil is high and ( wO 0R) 2 

and w00R 2 can be neglected in comparison with the other factors. 

R - R 
A - (I - w2L0o)2 4.18a 

L L 1 = ·· -~~- 4.18b 
" ( 1 - w2L00 ) 

and QA = ?!.LA = wL(l - w2L0o) 
RA R 

4.18c 

= Q(I - w 2L00 ). 

Since the natural frequency due to resonance of L and O O can be 
assumed to be much higher than the highest tuning frequency 
in the range over which the coil is to be used, w 2L00 ~ 1 and 
(I - w 2L00) < I. Hence the apparent series resistance and in
ductance of the coil are increased by the self capacitance ; RA is 
increased at a much greater rate than LA, so that the apparent or 
effective Q of the circuit is reduced. The ratios of RA/ R, L,i/ L and 
Q.4/Q vary with frequency, the first two increasing and the third 



134 RADIO RECEIVER DESIGN [CHAPTER 4 

decreasing as the tuning frequency is increased. The tuning 
frequency condition is given by 

1 
wLA=

wG 
where C = tuning capacitance setting required for resonance. 

wLA = wL 1 
1 -w2LG0 - wG 

w 2LG = 1 - ro 2LG0 

or 1 w2= ----
L(G+G0) 

Replacing w2 in 4.18a, b and c by this value gives 

R4 = R ( 1 + ~0)2. 
LA =L (1+~) 
Q4 = QI( 1 + ~0

) 

4.19a 

4.19b 

. 4.19c. 

The above expressions show quite clearly that the effect of self
capacitance is most pronounced at the highest tuning frequencies, 
for which C is small. 

Average values of self-capacitance are 10 - 13 µµF, 7 to 10 µµF 
and 4 to 7 µµF for the long, medium and short wave ranges. 

4.3.5. The Effect of Screening on the Inductance and 
Resistance of a Coil. 20 A shield surrounding a coil acts as a 
short-circuited turn coupled to the coil and reflects an impedance 
into the coil in the same manner as the aerial reflects an impedance 
into the first tuned circuit of a receiver (Section 3.4). The reflected 
impedance is equivalent to a resistance and negative inductance 
of values 

:,o2M2Rs w2MSLs . 
I Zs 12 and - I Zs l2 (expression 3.18) 

in series with the inductance of the coil, where Z 8 = R 8 +jwL8 and 
R

8 
and L

8 
are the equivalent resistance and inductance of the short

circuited turn representing the shield. The effective resistance of 
the coil is therefore increased to 

R[1 + w2M2R_9] 
I Zsl2R 

and its effective inductance reduced to 

L[l - w2M2Ls] 
I Zsl2L 
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As estimation of the effect of enclosing a coil in a screen has been 
made by Kaden 17 and more recently by Bogle,33 who gives some 
very useful empirical formulae for the change in inductance a.nd 
resistance. The following formula, applicable to single-layer coils, 
gives the ratio of the change in inductance (the difference between 
the unscreened and screened inductance values, Li and L 2 respec
tively) to the unscreened inductance value when the screen is of 
non-magnetic material of good electrical conductivity. 

where 

i 
L1L Li - Ls g (r)' 
-Li= L1 = a +1·55) ~ 4.20 

l = length of coil 
g = r8 - re = radial gap between the screen and coil 
r8 = radius of screen. 
re = radius of the coil. 

Dimensions may be in inches or centimetres, as the result is in ratio 
form. 

This formula has an error not exceeding 2% so long as the 
distance between the ends of the coil and the screen is not less than 2g. 

Thus if we place a single layer coil of winding length 1 inch 
and radius 1 inch inside a screen of radius l ·5 inches the ratio 
reduction of inductance is 

1 
L1L 0·5 

Ll = (_!_+1·55) 
0·5 

(~)2 
1·5 

= _!__ X 0·445 = 0·251. 
3·55 

Under most practical conditions the thickness of the shield is 
determined by mechanical rather than electrical considerations, as the 
eddy currents do not penetrate deeply. The minimum thickness for 
adequate shielding is a function of the resistivity p of the material and 
the frequency f, the actual relationship being that the thickness (inches) 

t> -- p 2 ✓-
2·54n f 

> 0·251 JJ 
where p is in micro-ohms per cubic centimetre 

f is in kilocycles per second. 
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For copper p = 1·68 µ!J/c.c., so that for a minimum frequency of 100 

kc/s, the thickness must be greater than 0·251J1·68 = 0·0325 inch. 
100 

Most coil screens for mechanical rigidity require to be made of at 
least 20 S.W.G., which gives a thickness of 0·036 inch, a value 
greater than that required for electrical screening at this low 
frequency. At higher frequencies the required thickness de
creases. 

Bogle also gives the following formula for the ratio of the change 
in inductance to the screened inductance due to eccentricity of the 
axes of the coil and screen. 

oL = 0·535 e2 _g __ tj_L}~ 
L 2 g2 l+g re L 2 

where e = the eccentricity of the axes. 

4.21 

Let us suppose the coil in the first example has an eccentricity of 
0·02 inch. 

oL = 0_535 . (0-02) 2 • o-5. 1-5. LJ~ 
L 2 0·5 1·5 1 L 2 

= 4·28 x 10- 4 LIL 
L2 

LIL = L1 - L2 = L1 _ 1. 
L2 L2 L2 

From the previous example 

and 

:'1!,, = 1 - L 2 = 0·251 
L1 L1 

L 2 = 0·749 
L1 

L1 -- = 1·336 
L2 

oL = 4·28 X 10- 4 X 0·336 
L2 

= 1·43 X 10- 4 • 

It is clear from this that eccentricity is a second-order effect and 
for most practical purposes may be neglected. 

The increase in resistance to be expected due to placing the coil 
in a screen can be stated empirically as 
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L1R = ~~[~ ~] 
2 

.4:n:2r8 lVpf. 10-6 ohms 

L1L N2rc2,r_ 
= 3·95 X 10- 5- ~-v pf ohms L 1 lr8 

where N = total turns of coil 
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4.22a 

4.22b 

p = resistivity of the screen material (µ ohms per cubic 
centimetre) 

f = frequency in kc/s. 

Expression 4.22b gives the increment in resistance due to losses 
in the screen, and this will not necessarily be the actual change in 
resistance that would be measured for a given coil. Referring to 
Expression 4.19a in the previous section, we note that owing to 
self-capacitance the apparent resistance of the coil is increased by 

R[
2Z0 +~;],where O is the value of the tuning capacitance. Now 

the inductance of the coil is reduced by placing it in a screen so 
that O must be increased for a given tuning frequency ; this reduces 
the value of apparent resistance, thus offsetting the increase in 
resistance due to screen losses. In a particular case we may there
fore find that screening reduces the apparent coil resistance ; how
ever, the apparent value of Q for the screened coil will be less than 
that of the unscreened coil owing to the reduction in inductance 
by the screening. 

4.4. Types of R.F. Coupling Circuits. 

4.4.1. The Tapped Parallel Tuned Circuit. 29 A generator 
supplying a parallel-tuned circuit may be connected across the 
complete coil or across only a part of it. Certain advantages may 
be gained by tapping down the coil. If the internal resistance of 
the generator is less than the dynamic resistance (Rn) of the tuned 
circuit, the output voltage across the latter is increased and the 
selectivity characteristic improved by tapping down. There is 
actually an optimum tapping point for maximum amplification, but 
maximum selectivity is obtained with the lowest tap. 

When the generator resistance is greater than Rn, tapping down 
decreases the output voltage. This has advantages in the case of 
a valve generator having high gm and comparatively high anode
grid capacitance. Feedback through this capacitance may cause 
instability if the voltage amplification of the anode circuit is high. 
Tapping down enables the latter to be reduced. 
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To estimate the performance of the tapped circuit the impedance 
between the tapping points, and the overall amplification must be 
calculated. The equivalent circuit is shown in Fig. 4.6, and the 

Fm. 4.6.-The Tapped Tuned Circuit. 

current-voltage equations are given below. It is assumed that the 
valve has infinite resistance--a correction to the overall amplifica
tion is made later for a valve resistance Ra comparable with Rn
and that the resistances (R1 and R 2) of the two sections of the coil 
are divided in proportion to the inductances L 1 and L 1• 

Ia = 11 +12 • 4.23a 

I1(R1+jwL1) -1.jwM = 1{ Ra+i( wL, - ~o)] -1iiwM 4.23b 

:. 11[R1 +jw(L1+M)] = 1{ R.+j[ w(La+M) - w~]} 
But the total coil inductance LT = L 1 +L1 +2M, so that 

/ 1[R1+jw(L1+M)] =1{R2 -jw(L1+M)+j(wLp- w~)] 4.23c. 

Since wLp - _!_ = w,LT(w - Wr) = w,LpF. 
wO Wr w 

11 = / 2[R1 - jw(L1 +M}+jw,LpF] 
R1 +jw(L1 +M} 

Replacing 4.23d in 4.23a 

Ia= 1a[Rp+jwrLTF} 
R1 +jw(L1 +M} 

where RT= R1 +R2 , the total coil resistance. 

Eo = 11(R1 +jwL1} - IJwM. 
I •. [(R1+jwL1)(R2 -jw(L1 +M}+jw,LpF) 

. 4.23d. 

. 4.23e 

- jwM(R1 +jw(L1 +M)] 
- --------=--c---,=---'------=c=--~---- 4.24 

Rx +jw(L1 +M) 
Ia[(R1 +jwL1)(R1 - jw(L1 +M)+jw,LpF) 

- jwM(R1 +jw(L1 + M})] 
RT+jw,LpF -
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The overall amplification (A) of the stage is 

A = ~
EaJwC 

Replacing I 2 with the value from 4.23e 

where 

At resonance 

A = la[R1 +jw(L1 +M)] 
jEgwCRT(I +JQF) 

~ (L 1+M) 
- gm CRT(I +JQF) 

la = gmEa and R1 <{ w(L1 +M) 

I A I - L1+M 
- gm CRT'Vl +(QF) 2 

R LT 
where D = CRT. 

139 

. 4.25c. 

. 4.26a. 

. 4.26b 

The selectivity, given by the ratio of I Ar I to I A I is 'Vl+(QF) 2
, 

an<l this is identical with that of the untapped circuit. This is 
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expected since Ra is assumed to be infinite. The overall gain is 

thus reduced in the ratio L,L+M by tapping down but the selectivity 
1' 

is unaltered. When Ra is comparable with Z.rn the expression for 
(J1 +J2 ) becomes 

and 

I, +12 = g"'Eu· R Rz 
a+ AB 

A = g.,,,Ru . f!:_n(I:-: :±-_~) . 
R +w 2(L1 +M) 2 (l+JQF)L1' 

a R1'(I+jQF) 

. 4.27a 

4.27b. 

Differentiating 4.27b with respect to (L1 +M) and equating to 0 
gives for a maximum Ar 

Ra= Rn(L1 +M) 2 = w 2(L, +M) 2 

LT 2 R1, 

so that the optimum tapping point is at Ra = Z.rn(,esonance> and 

The Selectivity Ratio 

1s a maximum when Ra is infinite or (L1 +M) is zero, and 1s 

J1;(Q:r when Ra=Rn-(L
11~r- Hence selectivity is 

halved at the optimum amplification tapping point. 
4.4.2. The Transformer Coupled Tuned Circuit. 9 The 

tapped tuned circuit is not an ideal practical arrangement and a 
better method is to use transformer coupling. This has two advan
tages ; a coupling coil is more easily adjusted than a tapping point, 
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and the tuned circuit is isolated from the positive H.T. voltage. 
The circuit is given in Fig. 4.7 and the equations are 

Eo = I(R 1 +jwL1 )+I2jwM 4.28a 

0 = I 2[Rr+jw,LrF]+ljwM 4.28b 

where w,LrF = ( wLr - :c). 

From 4.28b 

and 

If 

C 

EC' Output 

o----''---------"----OH.T.
Fw. 4.7.-The Transformer Coupled Circuit. 

and at resonance 
w,. 2M2 11:12 

Zo, = -R----;-- = RnzT2 

The overall amplification A is 

A _ Ee _ I 2 _ - I jwM 
Eu EujwC jwC. Rr(l +jQF)Eg" 

If Ra is very large I = Ia = grr.Eo 
M 

A = -- gmCRr(l +jQF) 

Rn M 
- gm I +jQF" Lr 

. 4.29a 

. 4.29b. 

. 4.30a. 
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The negative sign indicates that the sign of the mutual induct
ance coupling between primary and tuned secondary is negative, 
and it can be ignored when there is no other coupling between 
L1 and LT. 

At resonance Ar = YmM = YmRnM 
ORT LT 

. 4.30b. 

When Ra is infinite (the assumption made above), amplification 
is reduced but selectivity is unchanged by reducing the coupling. 
For Ra comparable with Z 0, amplification is 

A= YmRa M 
R + w 2M 2 ·oRT(l+jQF) 

a RT(l+jQF) 

4.31a 

and the maximum value at resonance is obtained when Ra = w~~• 

l M 
Hence Ar(max.) = z'mRDLT . 4.31b. 

Selectivity is greatest when the coupling is least, and for maximum 

gain it is equivalent to that of a circuit of~- Almost all the results 

are identical with those for a tapped circuit if M is replaced by 
(L1+M). 

It is clear from the above expressions that the primary coil 
inductance and resistance should be as small as possible and the 
coupling to the tuned circuit as large as possible. The position of 
the primary coil with respect to the tuned circuit is important as 
stray capacitive coupling between the two seriously modifies the 
selectivity characteristic. The primary must therefore be wound 
over the earthed end of the tuned coil. 

4.4.3. The Choke-Capacitance Coupled Tuned Circuit. 
Another possible form of coupling to the tuned circuit is by R.F. 

choke and capacitance. Resistance-capacitance cannot be con
sidered since a very high resistance is required for low damping of 
the tuned circuit, and this results in a very low D.c. anode voltage. 
The chief advantage of choke coupling is that the tuned circuit 
can be isolated from the positive H.T. voltage. The R.F. choke 
needs careful design; its inductance should be mucli higher (100 
times at least) than the tuning coil and its self-capacitance should 
be low. The natural frequency of the choke must be well outside 
the frequency range of the tuned circuit if uneven frequency response 
and amplification characteristics are to be avoided. Generally the 
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natural frequency is much lower than the lowest tuned circuit 
frequency, and it therefore presents a high capacitive reactance 
over the tuning frequency range. This small equivalent capacitance 
can be compensated, for ganging purposes, by adjustment of the 
tuning capacitor trimmer. The coupling capacitance from the 
anode to the tuned circuit is not critical and a value of 0·0001 µF. 
is generally suitable. The minimum value of coupling capacitance 
is determined by RD• and since RD and this reactance are in phase 

quadrature a value of Xe = ~g can give a voltage transfer of 

approximately 98%. 

4.5. Band-Pass Tuned Circuits.8 , 10 , 1 3, 1 5 , 21, 22, 23, 24, 26 

4.5.1. lhtroduction. Band-pass tuned circuits are employed 
in R.F. amplifiers to obtain a wide and flat pass-band with sharp 
cut-offs. They consist usually of two tuned circuits coupled together 
by inductive or capacitive reactance, or a mixture of both. The 
theory of such band-pass filters is detailed in Chapter 7, and it is 
only necessary to indicate the special modifications which result 
from the need for variable tuning. The ideal tunable band-pass 
filter should maintain constant band width at all tuning frequencies, 
and we must examine the effect of different forms of coupling on 
the pass-band. The Howe method, detailed in Section 7 .2, enables 
a preliminary examination of the pass-band to be made for a filter, 
having no resistance elements, as the tuned circuit resonant fre
quency is varied. Self-inductance coupling is not considered in the 
analysis, because it is but rarely employed in tunable filters. 

4.5.2. Shunt Capacitance Coupling. The terms used to 
designate the position of the coupling are those normally employed 
in network theory as stated in Section 3.4.3. Taking first shunt 
(sometimes called common) capacitance coupling, the circuit is that 

FIG. 4.8a.-Combined Series and Shrmt Capacitance Coupling. 

of Fig. 4.8a (showing combined shunt and series coupling) with the 
series capacitance C 2 open circuited. The peak frequencies are 
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1 1 /2 = -~== and / 1 = --------= 
2n {7Zfc; 2nv LC 
✓ 20+0i 

and for the trough or mid frequency 
1 

f m = ----=---=--= · 
2nJ~CC1_ 

0+01 

[CHAPTER 4 

. 4.32a. 

C 
= I +Ci' when C <{ C 1, as is generally the case. 

Thus /2 - /1 = 1 
. C = /1-(2 4.32b. 

2nvLC 01 cl 
The semi-band width is 

!JJ-fz -/1 _f1 C ..,,.,__Jm. C 
2 2 C1 2 C1 

4.33 

for / 1 is very nearly equal to f m, when !Jf is small compared with 

fm• Since C= w~2L' !JJ= Bn2;Cdm' so that !Jf decreases as fm is 

increased. It is plotted against fm as curve 1, Fig. 4.9, for 
L = 156 µH and C1 = 0·0162 µF. The latter gives !Jf = IO kc/s 
at fm = 500 kc/s falling to !Jf = 3·33 kc/s at fm = 1,500 kc/s. 

4.5.3. Series Capacitance Coupling. The circuit diagram 
for series capacitance coupling is that of Fig. 4.8a, with the shunt 
-capacitance 0 1 short circuited. The band-width is 

/, -/, -.,.~' -gJ-1.~· 
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and the semi-band-width 

iJJ = .6. 02 = J,,,,,02 
2 0 20 

4.34. 

Replacing Oby 
1

2L' iJJ= 2n2L0Jm 3 , and it increases asfm increases. 
Wm 

It is plotted against fm as curve 2, Fig. 4.9, for L = 156 µH and 
0 2 = 0·963 µµF. The value of iJJ is 10 kc/sat fm = 1,500 kc/s, 
falling to 0·37 kc/s at fm = 500 kc/s. Curve 2 is in the reverse 
direction to curve 1 and it would appear possible by combining 
the two curves to obtain a more constant band-width over the 
tuning range. 

i--.,, 

' ,_ 

~-
I~ ', --,,,,._ -

_,,,, i'-.... 

_i..---
i...--

-~ 
500 

--- -- -- ---
3_-:2. ----- .,., 

i---

----
---- --- ----~ r-- ✓ 

V --_..,.,. / 
i----

1000 
Frequencg (kc/s) 

1:tJ -:~ 
,, !+2 ,,,, 

--
~ i.J-

J,{ 

1 -

Fm. 4.9.-The Variation of Semi-Band-Width for Different Types of Coupling. 
Curve 1.-Shunt Capacitance Coupling. 
Curve 2.-Series Capacitance Coupling. 
Curve 3.-Mutual Inductance Coupling. 

4.5.4. Combined Shunt and Series Capacitance Coupling. 
The peak frequencies for combined capacitance coupling 
(Fig. 4.8a) are 

1 1 
fz = 

2
~JL( 001 ) ; and f1 = ,. 2n\lL(G+20~) 

20+01 

f, -/1 = 2n~w[J": +1 - ✓-1-] 
1 201+1 

0 

iJJ= lm[o + o.] . 
2 01 0 

4.35. 

Hence by adding curves 1 and 2, we obtain the semi-band-width 
variation for the combined couplings over the tuning frequency 
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range. The result is curve (1 +2) Fig. 4.9, showing a much reduced 
semi-band-width variation. 

4.5.5. Mutual Inductance Coupling. The semi-band-width 
for mutual inductance coupling is 

JJ-nJw[J,'-:- Jf;f] 
Af~fm M 

LJ 
2 

L . 4.36. 

,1f is plotted against fm as curve 3, Fig. 4.9, and it rises linearly 
from 3·2 kc/s at 500 to 9·6 kc/s at 1,500 kc/s for M = 2 µH. 

4.5.6. Combined Mutual Inductance and Shunt Capaci-
tance Coupling.5 Let us suppose that we have a combination 

L+M L+M 

:fil 
Fm. 4.Sb.-Combined Mutual Inductance and Shunt Capacitance Coupling. 

of negative mutual inductance and shunt capacitance coupling 
(Fig. 4.8b). The peak frequencies are 

1 I 

f
2 = 2.nJ(L -M)001 a

nd 
/

1 = 2:rtv'(L+M)O 
20+01 

f 2 -/
1 = 2.n~Lo[ /

1
~: :-;M] . 4.37a. 

'\/~ L I+-L 

Expanding by the Binomial Theorem and assuming second-order 
terms to be negligible 

/z -/1 = 2.n~w[(1+!i+g)-(1 -ti)] 
~fm[f + gJ 4.37b 

or LI/ = fm[M +Q_] 4.37c. 
2 L 01 

For combined coupling we must add the curves 1 and 3 of Fig. 4.9, 
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and the result is curve (I +3). It is seen that this curve is an 
improvement on curves I and 3. As a general rule we shall find 
that combined shunt capacitance and negative mutual inductance 
gives a more constant band-width than combined shunt and series 
capacitance coupling. 

If M is positive 

. 4.37d 

and curve 3 is subtracted from curve 1, thereby increasing the 
band-width variation. 

4.5.7. Combined Positive Mutual Inductance and Series 
Capacitance Coupling. The circuit diagram for this coupling is 
shown in Fig. 4.8c. 

C 

Fm. 4.8c.-Combined Mutual Inductance and Series Capacitance Coupling. 

1 1 
f

2 = 2nv'(L+M)C a
nd /i = 2nv'(L - M)(0+202) 

'' -J, ~ 2n~w[ J~ - J(1 -i)(1+~)] 
=Jm[l - ~ -(1+~)(1-~2

)] 

=Jm[g: -1] 
,!Jf=lrr1:[02 - ~] 4.38. 

J 2 C L 

The result of combining positive mutual inductance with series 
capacitance is shown in curve (3 - 2), Fig. 4.9, which is obtained 
by subtracting curve 2 from curve 3 multiplied by 2; i.e., M is 
assumed to be 4 µH instead of 2, so that the semi-band-width may 
have a maximum of the order of 10 kc/s. The result is not as 
satisfactory as curve (1 + 3). 

Negative mutual inductance gives iJJ =!;[~+ f] and this 
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accentuates the band-width variation because curves 2 and 3, 
Fig. 4.9, are added. 

4.6. The Design of a Tunable Band-Pass Filter. The 
analysis of 4.5 is most useful as a preliminary investigation and 
we have now to consider the practical filter, containing resistive 
as well as reactive components. The generalized curves for a two
circuit band-pass filter are given in Fig. 7.7, and in Section 7.5 it 
is shown that they are equally applicable to shunt or series reactance 
coupling. For the tunable filter, in which a mixture of shunt and 
series coupling is used, we have not discussed the application of 
the curvea. If it is possible to replace either form of coupling by 
the other-the series reactance may, for example, be changed to 
a shunt reactance-then the curves are obviously applicable. Let 
us now take the series coupling reactance and try to convert it to 
the shunt coupling reactance. The first circuit is a symmetrical n 
section, whilst the second is a symmetrical T section network. 
The rules for conversion from one to the other are as follows : 
suppose the n section consists of two shunt arms of Z1 and a series 
arm of Z 2 , and the T section of two series arms of Za and a shunt 
arm of zb, then 

Z _ Z1Z: d z _ Z1 2 

a----an b----
2Z1 +z2 2Z 1 +z2 

If Z 1 = . 
1
0

, Z2 = . 
1
0 

and Z 2 • Z 1 (this is usually true) 
JW JW 2 

Z d Z Z12 c. 
then Za = 1 an b = Za = jwc2· 

We may therefore replace the series capacitance coupling by a 

shunt capacitance coupling of g:, so that the combined coupling 

circuit of Fig. 4.8a may be replaced by a shunt coupling circuit 

h . f C d 02 . . . C iC2 
having a s unt capacitance o 1 an 02 m series, 1.e., C/J--;+c2 • 

In Section 7.4 the generalized selectivity response for the two 
circuit band-pass filter is shown to be 

20 log10 V[l +Q2(k2 - F2))2+4Q2F2 
2Qk 

and in Section 7.3 the meaning of Qk is indicated to be 
coupling reactance 

coil resistance 
Hence for combined series and shunt capaci-

tance coupling we have Qk = roC
2
C 1 , for mixed positive mutual 

R 
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( wM - .!?_~) 
inductance and series capacitance coupling Qk = R wCt , 

and for mixed negative mutual inductance and shunt capacitance 

( wM+-
1

) 
coupling Qk = R wCi . 

The particular value to be assigned to Qk at any frequency is 
determined by Q and the maximum band-width required, and it 
may be obtained from the curves of Fig. 7.7. Let us imagine that 
a band-pass filter is to be designed to operate over the medium 
wave range to give a semi-band-width iJJ of approximately 8 kc/s. 
The inductance of the coils is 156 µH, and the Q values at three 
frequencies are as tabulated below. Since Q is fixed, the iJJ scale 
is automatically fixed and it is adjusted for each frequency so that 

iJJ = {Q is immediately under QF = I. By choosing the most 

suitable curves to give the required semi-band-width of 8 kc/s 
the values of Qk are as set out in Table 4.1. The curves are redrawn 
to the correct off-tune frequency scale in Fig. 4.10. 

✓ 
0 

-✓ ' .\' 
\ \ \ 
\ \_ --1400'kc 
\ \ ' -,o 
\ \ .. 1000 
\'"" 

\ \_501 " 'S 
I-""\ \ 
\ -20 

\ \ \ 

\ \ 
\ 

\ \ 
0·5 f 5 10 0·1 

-30 
50 100 

Off' Tune Frequencg (Af) kc/s 

..... 
~ 
::: .. 
" 

Fm. 4.10.-Selectivity Curves for a Tunable Band-Pass Filter. 
[Note.-Read 600 kc/s for 500 kc/s in the above.] 

/m(kc/s) 
Q 
,1f(QF = l)(kc/s) 
Qk 
R(ll). 
X coupling = QkR(ll) . 

TABLE 4.1 
600 
120 

2·5 
3 
4·89 

14·67 

1,000 
100 

5 
1·5 
9·75 

14·63 

1,400 
80 

8·75 
l·O 

17·2 
17·2 
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Now we have the problem of finding the most suitable values 
of mixed coupling reactances. Let us first consider combined 
negative mutual inductance and shunt capacitance coupling. The 

coupling reactance is wM + 
0
1 

, and as there are only two variables 
W 1 

we cannot have the correct reactance at more than two frequencies. 
It is necessary to choose Mand 0 1 , so as to give the nearest approach 
to the desired reactance over the tuning range. 

Let us take some particular reference frequency f O at which the 

coupling X = X 0 = woM + 1
0 

and assume w0M to be some 
Wo 1 

fraction A of X 0 • 

Thus w 0M = AX 0 

and 
1 

-
0 

= (1 - A)Xo. 
Wo 1 

At any other frequency f 

X = wM + 
0
1 

= AX0 • w +(I - A)X0w0 

W 1 Wo W 

or X = Al+(I -Al.! 
Xo fo f 

4.39. 

The above expression, due to Beatty,u enables us to draw 
generalized curves, from which may be quickly estimated the 
values of M and O 1 to give a particular variation of coupling react-

ance over a given tuning range. Generalized curves of :i
0 

against 

i for different values of A are plotted in Fig. 4.11. Both axes 

have logarithmic scales, as this allows the actual variation of X 
against f to be read directly by correctly registering similar logar
ithmic scales in X and f placed parallel to the two axes. For 
example, from the second column of Table 4.1. X 0 = 14·63.Q and 
J0 = 1,000 kc/s. The logarithmic reactance scale is set with 

X = 14·63.Q registering with :io = 1 and the frequency scale with 

f = 1,000 kc/s registering with f = 1 as shown in Fig. 4.11. If 

we choose any particular value of M such as 1·165 µH, the value 

of A = woM = 7 ·
325 = 0·5 and we can read from the curve 

X 0 14·63 ' 
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A = 0·5 the values of coupling reactance for any desired frequency. 
Thus at f = 600 and 1,400 kc/s the coupling reactance is 16·7 and 
15·4 ohms respectively. The shunt capacitance 0 1 is 0·0217 µF 

obtained from 
1
0 

= ( 1 - A )X 0 • Generally we shall wish to 
Wo 1 

determine the values of M and O 1 to produce a coupling reactance 
variation over the tuning range as close as possible to values giving 
the desired band-pass characteristics. This is realized by plotting 
the required coupling reactance values, given in Table 4.1, against 

2 

X 
(ohms) 

,,--Rr":: E :: 
c,.9 Ratio t 14 

~::f:-l.:.+--1=~~~~==-+-,;:'lrr--,o•s (x· \ 
1---1-l--+-+-~~'-+-+-+---"d...,,.,,_:-t--+--i0-7 Xo/ 

FIG. 4.11.-The Variation of Reactance Ratio Against Tuning Frequency Ratio for 
Combined Mutual Inductance and Shunt Capacitance Coupling. 

frequency on tracing paper with X and f logarithmic scales identical 
with those of the generalized curves in Fig. 4.11. This curve is 
moved over the curves in Fig. 4.11, keeping the scale axes parallel, 
until the generalized curve most closely coinciding with the required 
coupling reactance curve is found. This occurs in our example for 

curve A = 0·6, when ~ = 1 registers with f = 920 kc/s and 

f = 1 with X = 14•4.Q. The desired and generalized coupling 

reactance curves are curves 1 and 2 respectively in Fig. 4.12. Now 
we have all the data necessary to calculate M and 0 1: 



152 

Thus 

and 

or 
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w 0M = AX0 

M =AX!'= 0·6 x 14·4 x 
Wo 6·28 X ·92 X 

~1~ = (1 - A)X0 
Wo01 

0 1 = 0·03 µF. 

106 

µH = 1·495 µH 
106 

The same procedure can be applied to combined shunt and series 
capacitance coupling. The equivalent shunt coupling circuit gives 

a coupling reactance of (:~ 2+ w~)- C is a variable dependent 

I Com6ined1Mutua/ Jt!ductance _ 20 

~m6lned Capacitance_ _!Md Capacitance_ ,__ 
(Curve 0·5) (Curve 0·6) I / 

............ /3 
'- 2i "-

' 
........ I~ -" ---Required Curve 

500 500 700 800 900 1000 
Frequency(kc/s) 

~r7 

v 

1200 

,,,~✓ 

70 
14QO 

Fm. 4.12.-Required and Approximate Coupling Reactance-Frequency Curves. 

on frequency and it may be eliminated by noting that w = _ /_ 
vLC 

where 

1 
X = wa£202+-~ 

wC1 

f3 lo = AX0f
03 

+(l - A)X0J 

Wo 3L 202 = AXo and - lo = (1 - A)Xo, 
Wo 1 

4.40 

Generalized curves of ~o against lo may be plotted as in Fig. 4.13. 

The nearest curve is again found to the required X - J curve from 
the tabulated figures. The A = 0-5 curve gives the nearest 
approach, and this curve is curve 3 of Fig. 4.12. The agreement 
between the curves 1 and 3 is not so satisfactory as for J/01 coupling 
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and this we should expect from the preliminary examination as 
illustrated in Fig. 4.9, which shows a much greater semi-band
width variation for 0 10 2 coupling. The reference point for curve 3 
is Jo = 1,250 kc/s and X 0 = 16•0.Q and this gives 

AX0 0·5 X 16·0 X 1012 X 1012 

0 2 = w0
3L 2 = (6·28 X 1250 X 10 3) 3 .(156)2 

= 0·676 µµF 

and 
106 106 

01 = .. --·----- - ------------,--
(1 - A)X 0 .w0 0·5 X 16·0 X 6·28 X 1250 X 103 

= 0·0159 µF. 

Coupling 

1 
Reactonce 

Ratio 0·9 

(i) 0·8 
0·7 

0·6 

0·5 
0 

0·4 

·5 ·6 ·7 ·8 ·9 7 2 3 
0·3 

Freqvencg l?oti'o {f /fo) 
Fm. 4.13.-The Variation of Reactance Ratio Against Tuning Frequency Ratio for 

Combined Shunt and Series Capacitance Coupling. 

Accurate adjustment of 0 2 is not easily obtainable owing to its 
very low value. In addition, the coupling reactance variation 
cannot be made to follow closely the required law, so that mixed 
M and O 1 coupling is to be preferred. 

In the above calculation we have chosen the values of Qk to 
give the required band-width by examination of the generalized 
curves. If we place a more explicit meaning to the term band
width, Qk can be calculated directly without reference to the curves. 
Using the definition of Section 7.7.4, the band-width becomes the 
difference between the frequencies at which the response is equal to 
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that at the minimum or trough. The transfer impedance from 
7.2c is 

IZ I - RnQk 
T - V[l+Q2(k2 - F2)]2+4Q2F2. 

For the overcoupled case the minimum value I ZT I occurs for 
F = 0, i.e., 

I 
QkRD 

I ZT = l+Q2k2 
and the frequencies at the edge of the pass-band are obtained by 
equating the two expressions, thus 

1 +Q2k2 = V[_l_+_Q_2_(k_2 __ ~F-P_2_)]_2 +-4Q2F P 2 

where FP = 2iJf P (to edg~mof pass-band) 

squaring both sides 

I+2Q 2k 2 +Q'k' = I+2Q2(k 2 - Fp 2)+Q'(k2 
- Fp 2) 2+4Q2FP 2 

Q4FP'+Q 2Fp 2[2 - 2Q 2k 2] = o 
QFP = ±V,-2(-Q-2k_2 ___ 1)' 

Fp = ±J2(k2 -J2)-

We may note that the frequency of maximum response is 
(Section 7.3). 

or 

and 

Replacing iJJP by 8 kc/s, and fm and Q by the values tabulated 
above, the following values of k are found. 

f m(kc/s) 600 1,000 
k . 0·0206 0·0151 
Qk 2·48 1·51 

1,400 
0·0149 
1·19 

These values do not differ greatly from those given in the first 
table except for fm = 600 kc/s. 

4.7. Distortion due to the R.F. Valve Characteristic. 11 , 12 

4.7.1. Modulation Envelope Distortion and its Measure
ment. The characteristics required of a valve for R.F. ampli-
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fl.cation differ from those for A.F. amplification owing to the 
different nature of the anode load impedance. Tuned circuits 
discriminate in favour of a relatively narrow band of frequencies 
arid require a high valve slope resistance for satisfactory operation. 
The constant-current generator circuit (Fig. 2.12b) indicates this 
very clearly, for the valve resistance is in parallel with and so damps 
the tuned circuit. The impedance of the latter is usually high so 
that a large stage gain is posSible. Difficulties due to feedback are 
therefore greatly increased and the anode-grid capacitance must be 
as low as possible if instability is to be prevented. Another difference 
between R.F. and A.F. amplification is that, owing to the selective 
properties of R.F. tuned circuits, second harmonic R.F. distortion due 
to valve curvature is permissible and has no distorting effect on the 
modulation envelope. The most suitable valve for the purpose is 
the tetrode or pentode valve, since either can have a high Ra and 
low anode-grid capacitance. The tetrode having screened grid 
IaEa characteristics (Fig. 2.5) is less suitable when large output 
voltages are required because secondary emission limits the minimum 
anode voltage. 

To see how the distortion effects occur in an R.F. amplifier we 
will take a simplified mathematical treatment, in which it is assumed 
that Ra is infinite and Eu is the only variable influencing Ia. The 
anode load is assumed to be zero to all frequencies outside the 
required pass-band and resistive to frequencies inside. We need 
therefore only consider components of anode current at frequencies 
within the pass-band. If the IaEu characteristic is represented by 

Ia = a0 +a1Eg 4.41 
and Eu = C cos wt(l +M cos pt) - Eb 
where C = carrier peak voltage 

M = modulation ratio 
- Eb = grid-bias voltage, 

no distortion can occur, and the output voltage is an amplified 
replica of the input and the valve functions as a linear ampli
fier. Let us next take an IaEu characteristic of the form. 

Ia= ao+a1Eu+a2E/ . 4.42 
= a0 +a1[C cos wt(l +M cos pt) - Eb] 

+a 2[C cos wt(I+M cos pt) - Eb] 2 

= ao +a1[ e cos wt( 1 + M cos pt) - Eb] 

+aiC2 cos 2 wt(l +2M cos pt+M2 cos 2 pt) 
-2EbC cos wt(l +M cos pt) +Eb 2] 4.43 
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I +cos 20 
By noting that cos 2 0 = 

2 
, we may separate the anode 

current into the following components : 

D.C. ao -a1Eb+a{~~(1+~2)+Eb 2
] 

Modulated R.F. fundamental (aJJJ - 2aJ})Eb) cos wt(I +M cos pt). 
Distorted modulated R.F. 2nd Harmonic 

a C2 ( M2 M2 ) -T cos 2wt I + 2 +2M cos pt+2 cos 2pt . 

A.F. modulation fundamental a 2C2M cos pt 
a C2M 2 

2 4 cos 2pt. A.F. ,, 2nd Harmonic 

Since the anode-load impedance is assumed to be zero to all fre

quencies outside w +p to w - p the output voltage from the valve is 
2n 2n 

IaZo = (a 1C - 2aJJJEb) cos wt(I + M cos pt)Z0 • 

The voltage is dependent on Eb, decreasing as Eb is increased, and 
we see that a parabolic IaEg characteristic may be used to produce 
variable gain with variable bias without distortion of the modulation 
envelope. This effect is entirely due to the selective properties of 
the external anode impedance. With such a characteristic, aperiodic 
anode circuits would allow A.F. modulation distortion to appear at 
the detector output. The distortion products occur from the 
second power term in the IaEg characteristic, and consist of the 
distorted modulated R.F. second harmonic, the A.F. modulation and 
its second harmonic. A point to note is that the n.c. anode current 
increases as the input signal is increased, and it is also affected by 
the modulation ratio. Small variations of n.c. anode current are 
therefore to be expected in a variable mu valve when the signal is 
modulated. 

Unfortunately it is difficult to achieve a parabolic IaEu curve, 
and a variable-mu characteristic is more nearly represented by a 
power series having a very large number of terms. If we add 
another term a 3E/ to 4.42 we have, in addition to the component 
frequencies listed above, other frequencies obtained as follows : 

a3E/ = a 3(C 3 cos 3 wt(l +M cos pt) 3 - 3Eb-C 2 cos 2 wt(I +M cos pt) 2 

+3Eb2e cos wt(I+ M cos pt) - Eb 3]. • 4.44. 
3 cos 0+cos 30 . 

Replacing cos 3 0 by 
4 

the followmg components can 

be separated 
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D.C. 

Distorted modulated R.F. fundamental 

aJl cos w{3!2

( 1 + 
3-!1"2) +3Eb2 

(9e2M 9e2Ma ) (9M2e2) +cos pt _
4 
__ +~ +3Eb2M +cos 2pt --

8
-

+cos 3pt(
3
e1

2f 3)]. 
Distorted modulated R.F. second and third harmonics, and A.F. 

modulation fundamental and second harmonic components are also 
present, but are not important because they do not contribute to 
the output voltage. The most important component is the distorted 
modulated R.F. fundamental, which is passed on through the 
amplifier to the detector and results in a distorted A.F. output. 
Power terms higher than the third all contribute to modulation 
envelope distortion. 

It is therefore essential to reduce the factors, a 3, a,, etc., in the 
IaEu power series to the smallest possible values, and rapid changes 
of curvature must be avoided. This is usually achieved by using a 
continuously variable pitch winding for the grid electrode as 
described in Section 2.4. 

Distortion of the modulation envelope arising from these higher 
power terms limits the maximum modulated signal which can be 
accepted by an R.F. valve. The maximum signal generally increases 
as the negative bias voltage is increased, and the type of curve is 
shown in Fig. 7.19. A method of measuring directly the signal 
handling capacity of a R.F. valve is described in Section 7.11. The 
reason for the increase in maximum signal as the bias is increased 
is not very clearly shown by the power series, but it is actually due 
to a reduction in the rate of change of the gm curve (see curve 2 in 
Fig. 2.8). Point A in Fig. 2.8 shows greatest rate of change of 
gm and corresponds to the slight dip at E 0 = - 12·5 volts in the 
input signal curve of Fig. 7.19. 

A simpler method 32 of determining the signal handling capacity 
has been developed from the fact that the percentage second 
harmonic envelope distortion in a modulated R.F. output from the 
valve is directly related to the percentage third harmonic distortion 
produced by the same valve when an undistorted sinusoidal voltage 
is applied to its grid circuit. Expression 4.44 gives the amplitude 
of the second harmonic envelope distortion as 
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and by combining 4.43 and 4.44 the amplitude of the fundamental 
modulation envelope component is 

[a1 - 2a2Eb+3asEb 2]f?M +}a( 1 + ~2)1?3M. 

Hence the second harmonic distortion percentage is 
9a3f? 2M X 100 

s[[a1 - 2a2Eb+3aaEb2]+~aa( 1 + ~2)e 2J 
B l . 3aalt 2 b k b y rep acmg E E 

2 
y , 4.45a ecomes 

a1 - 2aa b +3aa b 

• 3 kM100 
percentage second harmomc = ir ( M

2 

1+£k 1+4 ) 

Applying a fundamental input voltage .C cos pt to 

la= ao+a1E0 +a2E,,2+a3E0
3 • 

gives a fundamental amplitude of 

(a1 2aaEb +3aaEb 2)/? £a3/? 3 

and a third harmonic amplitude of aa!
3 

. 4.45a. 

. 4.45b. 

4.46. 

:. percentage third 

a ,1?2 
-

8-100 
harmonic = 4 . 

a1 - 2aaEb+3aaEb 2 +£aaf? 3 

100k 
--~~~ 

12( 1+~) 
4.47. 

For any given percentage of second harmonic envelope distortion 
and percentage modulation, expression 4.45b gives a particular 
value of k, which inserted in 4.47, gives the corresponding value of 
third harmonic distortion. If therefore the valve is connected as 
an L.F. amplifier, and the input voltage adjusted to produce the 
calculated value of third harmonic percentage, the input voltage 
represents the signal handling capacity of the valve, i.e., it is equal 
to the carrier voltage which, modulated at the specified modulation 
percentage, gives the specified second harmonic distortion percent
age of the modulation envelope. The values of k and percentage 
third harmonic distortion for different values of distortion and 
modulation percentage are tabulated below. 
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30% M. 60%M. 
I 

SO% 1\1. 

Percentage Percentage Percentage k. 3rd. k. 3rd. k. 3rd. 

0·2685 2·095 0·122 1-01 0·09 0·735 
0·674 4·81 0·271 2·115 0·195 1·55 
1·365 8·47 0·458 3.43 0·319 2·46 
2·795 13·7 0·699 4·96 0•47 3·5 

Since terms above the third power in the IaEa characteristic 
have been neglected the signal handling capacity determined by 
this method is not strictly accurate ; as a general rule the error is 
quite small except at a grid-bias voltage where the characteristic 
has a rapid change of curvature or near cut-off of anode current. 

The circuit recommended for this indirect measurement of 
signal handling capacity is shown in Fig. 4.14. The fundamental 

Fm. 4.14.-The Circuit Diagram for the Indirect Measurement of the Signal 
Handling Capacity of a R.F. Va.Ive. 

input voltage (frequency = 10 kc/s) is connected to the grid of the 
test valve through a low-pass filter (£1 = 3·18 mH, 0 1 = 0·16 µF), 
terminated by an attenuator of .constant impedance 100 ohms and 
followed by a l : 10 step-up transformer. The anode circuit of the 
test valve contains a potentiometer R1 {600.Q), across which the 
fundamental voltage is produced, and a frequency discriminating 
circuit L 2G2 tuned to the third harmonic {30 kc/s). Ganged 
switches S 1 and S2 enable the 30 kc/s output (position 2) to be 
compared with a proportion of the fundamental output (position 1), 
measured by a valve voltmeter. Potentiometer R 1 is adjusted so 
that the valve voltmeter indicates no change of reading between 
the two positions of the switches, and it is calibrated in terms of k by 
inserting a standard valve, the signal handling capacity of which 
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has either been calculated as described in Section 4. 7 .2 or measured 
as described in Section 7 .11. The procedure for any valve is then 
to set R 1 to the required value of k, e.g., 0·271 for 60% modulation 
and 5 % second harmonic envelope distortion, and to adjust the 
attenuator setting until the valve voltmeter indicates no change 
between the two switch positions. The signal handling capacity 
is then ten times the attenuator setting. An alternative method 
of calibrating R 1 in terms of k is to apply known amplitudes of 
10 and 30 kc/s frequencies to the grid circuit of the valve in accord
ance with Table 4.2 ; thus for the condition set out above the 
amplitude ratio of 30 to 10 kc/s would be 2·115 to 100. Care must 
be taken to see that the amplitude of the 10 kc/sis small so that 
distortion of this frequency by the valve may be small. 

The frequency discriminating network consists of two similar 
parallel tuned circuits of L 2 = 10 mH and 0 2 = 0·01 µF connected 
by a capacitor 0 3 = 0·01 µF in series with a high resistance R 3 

(0·5 M.Q) to increase the selective properties of the second-tuned 
circuit. The first-tuned circuit is damped by a resistance R1 

(30,000.0) to ensure that its dynamic resistance is much less than 
the anode impedance of any valve likely to be tested. 

4.7.2. Calculation of Signal Handling Capacity from the 
g.,.E9 Characteristic. 26 If 4.46 is differentiated with respect to 
ED an expression for Ym in terms of E

0 
is obtained. 

!~ = Ym = a1 +2a2ED+3a3ED2
• 

(J 

Now suppose ED = e cos wt - Eb, then E(J varies between e - Eb 
and - e - Eb. Denoting mutual conductance at these points by 
Ym (max.) and Ym (min.), and at E 0 = - Eb by Ymo, we have 

Ym (max.) = a 1 +2a2(C - Eb) +3a3(B - Eb) 2 

Ym (min.}= a 1 - 2a 2(B+Eb)+3aa(C+Eb} 2 

Ymo = a1 - 2a2Eb+3a3Eb 2 

Ym (average} = ~iniax_.~±~m Jmin.) 

= a1 - 2a 2Eb+3a3 Eb 2 +3a3E 2 

= Ymo+3aaf2 

= Ymo[l + 3aJf 2 ] 

a 1 - 2a 2Eb+3a3Eb 2 

= Ymo(l +k} . 4.48 

where k has the same meaning as in Section 4. 7 .1. 
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Thus for 60% modulation and 5% second harmonic envelope 
distortion, k = 0·271 and g,n (aver.) = g1110 .1·271. Expression 4.48 
may be used to calculate the signal handling capacity at any given 
bias - Eb, and the procedure is as follows. Using the gmEa curve 
draw a straight line through the point gm = gm0 (1 +k), Ea = - Eb 
to intersect the gmE a curve at two values, Eal and E a2 such that 
E01 - Eb = Eb - Ea2• The signal handling capacity is then 
(Ea1 - Eb) peak (unmodulated) carrier voltage or 0·707 (Ea1 - Eb) 
R.M.S. carrier voltage. 

4.7.3. Cross-Modulation Distortion. One of the most un
desirable forms of distortion in R.F. amplifiers is that known as 
cross-modulation. This effect can occur when a modulated undesired 
signal is applied to the grid of a valve at the same time as the 
desired signal. If the IaEa power series has terms above E/, the 
undesired modulation is transferred to the desired carrier, and 
discrimination against the undesired carrier after this R.F. valve 
produces no reduction of undesired modulation. It can be shown 
by taking the a3E/ term and replacing E0 by 

(Cd cos wdt+Cucos wut(I+M cos pt) - Eb), 

where the suffix d denotes desired and u undesired signal. For 
simplicity the former is not modulated. Expanding 

a3(Cd cos wdt+Cu cos wut(l +M cos pt) - Eb) 3 

shows a term of the form 

3a3Cd cos wdtCu 2 cos 2wut(l +M cos pt) 2
, 

which equals 
-e, -e, 2( 1 + cos 2wut)(I M )Z 3aalJJd COS WdtlJJu ---- ----!f-- + COS pt 

and this contains a component 

3aac,i11u2 cos Wat(1 + M
2 

+2M cos pt+ M
2 

cos 2pt). 
2 2 2 

The desired carrier is now modulated by the undesired modulation 
and its second harmonic. The remedy for this cross-modulation 
effect is to increase the selectivity of the circuits preceding the 
first R.F. amplifier so as to reduce Cu, and also to decrease all the 
factors a 3 , a 4 , etc., in the power series for the IaEa curve. Thus the 
methods applied to reduce distortion of the desired modulation 
envelope also reduce cross-modulation. It will be noticed that the 
cross-modulating term is dependent on the square of Cu and 
independent of its frequency. In a well-designed receiver the 
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cross-modulating effect due to a strong local station signal should 
be confined to a band of tuning frequencies in its immediate neigh
bourhood, for the tuned circuits preceding the R.F. valve should 
quickly reduce Eu to a small value as the receiver is tuned away 
from the local station position. Special aerial rejector circuits may 
be fitted when a receiver operates in close proximity to a powerful 
transmitter. 

4.8. Instability in R.F. Amplifiers.7 Instability is always 
possible in an amplifier when coupling exists between input and 
output circuits. Energy feedback may occur via output to input 
leads, through the common supply voltages, or via the anode-grid 
capacitance. The first two causes are under the designer's control, 
and careful placing of the leads and adequate decoupling with short 
lead capacitors can prevent regeneration. The total anode-grid 
capacitance can be reduced by eliminating stray coupling external 
to the valve, but it cannot be made less than the inter-electrode 
capacitance. The only possible method of preventing instability 
from this source is to limit the gain of the stage. From Section 2.8 
we note that feedback through the a.node-grid capacitance produces, 
in conjunction with the anode load, a grid input admittance of 
resistance and capacitance in parallel. The sign of the resistive 
term depends on the reactance of the anode load, being positive 
for a capacitance and negative for an inductance. If the anode 
load is a tuned circuit we have for the input grid resistance Rg 
(see Section 7 .8, expression 7 .26a) 

(QF) 2+(1 + Rn)2 
R _ Ra 

fl - gmBg.QFRn' 

where Bfl. = wGfl. = anode-grid interelectrode susceptance, and the 
other terms have their usual meaning. 

This is a minimum when QF = ±( l + !: ) so that the minimum 

negative value of Rfl is 

~-~~-
gmRnB(/. 

when R/}>R». 
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Instability occurs when Ru is less than the parallel resistance 
component of the grid tuned circuit. If the anode and grid circuits 
are identical, the condition for stable operation is defined by 

Ru> Rn 
or 

and for a given Bu. either gm or Rn must be limited. Generally 
it is better to reduce gm by increasing grid bias, rather than to 
reduce Rn because selectivity is often reduced by decreasing Rn, 
However, the use of a tapped tuning coil allows the equivalent Rn to 
be reduced without loss of selectivity (see Section 4.4.l). 

In estimating the condition for stability in a two-valve amplifier 
we will assume that all tuned circuits are identical. Owing to 
feedback, the dynamic impedance of the tuned circuit in the grid 
of the last valve is increased, and as this is the anode circuit of 
the next valve we have the following results: 

Dynamic resistance of the last tuned circuit = R 0' = Rn 

Grid input resistance of the last valve = Rg' = ;;, ! 
Ym n u. 

Resultant dynamic resistance of the grid tuned circuit = R O" 

2 R" - RnRu' 
0 - R +RI - ( 2 ) 

n u YmBu. R B - Rn 
Ym n u. 

Grid input resistance of the 
-2 second valve = R " = •~-----

u g R "B 
m o u. 

The condition for stability is that 

- R/ = [ R
2 

B - Rn] > Rn. 
Ym n u. 

i.e., g,,,Rn 2Bu. < 1. 

For a three-valve amplifier the following results are obtained : 
Resultant dynamic resistance of the third tuned circuit = Ro'" 

R "R Rn2 __ 2_ 

R Ill (/ n g,,,Bg. 
0 = Rn+Ru" = 2 

2Rn -
YmRnBu. 
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Grid input resistance of the valve= Ry'" = - R ~' B 
gm o • u. 

i.e., 

For stability 

4[gmRn
2 

- i.J 
gmRnBu.(gmRn

2 
- i:) 

Rn< - Ry'" 

(gmRn2Bu)2 - 6gmRn2Bu. +4 < 0 

2 
+6±v'20 

gmRn Bu.< 2 < 0·764. 

Summarizing the results in the form of a table : 

No. of Amplifier Stages. 

I 
2 
3 

TABLE 4.3 

Maximum value of g,.RD'B,
0 

2 
1 
0·764 

In practice the maximum value of gmRn2B will have to be u. 
much less than the value given in Table 4.3, otherwise feedback, 
though insufficient to cause oscillation, will have a serious effect on 
the overall frequency response of the amplifier. It causes greater 
amplification of frequencies below resonance and less amplification 
above resonance. The result is a lop-sided selectivity curve as 
discussed in Section 7.8. 

4.9. Noise Limitation to Maximum Ampliflcation. 35 

4.9.1. Introduction. By careful design a receiver may be 
constructed with very high amplification, and in the absence of a 
limiting factor it would be possible to obtain adequate output even 
from the weakest signal. The limiting factor is noise. Noise may 
be produced outside the receiver and be picked up in association 
with the desired signal or it may occur in the receiver itself. The 
desired signal must therefore be large enough to give with average 
modulation (about 30%) an A.F. output very much greater than 
that contributed by noise. Generally a signal-to-noise ratio of 
15 db. is regarded as the minimum satisfactory level. External 
noise may be due to atmospheric disturbances (thunderstorm and 
magnetic storms), or to interference radiated from electrical 
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machinery. Over neither of these has the designer any control, 
though he can mitigate the effects of the latter, which is usually 
transmitted over the electric power lines, by including suitable 
R.F. filter chokes and by-pass capacitors between the supply and 
the receiver mains leads, and by locating the aerial as far as possible 
from the interference field of the supply lines (away from buildings) 
and connecting it to the receiver by screened leads (Section 3.5). 

Noise produced in the receiver may be classed as accidental and 
inherent. The former is caused by faulty components-volume 
controls, variable capacitors, joints, can all contribute-and can be 
eliminated, but the latter cannot. Inherent noise is due to thermal 
effects in the conductors and shot noise in the valves. In both 
instances it is usually only the first stages of the receiver that have 
to be considered, since in later stages the signal is amplified and is 
much greater than any noise likely to be produced in these stages. 

4.9.2. Thermal Noise. In Chapter 2 it was stated that all 
conductors contain free electrons, which are in a state of random 
motion. The average velocity of these free electrons is directly 
proportional to the absolute temperature and is only zero at 0° 
absolute. Each electron in motion constitutes a minute current and 
the sum total of these currents over a long period is zero. At any 
given instant, however, this will not necessarily be true, and there 
may be a net current in one direction or the other. These transient 
currents produce, across the ends of the conductor, voltages, the 
frequency components of which cover an infinite band. Nyquist 
assumes thermal noise to be equivalent to a voltage in series with 
the resistance of the conductor and computes its mean square 
value to be 

En 2 = 4RkT(f 1 - f 2) 

' 
4.49 

where R = resistance of the conductor 
k = Boltzmann's constant 
T = Absolute temperature 

J1 - f 2 = Pass-band width of the receiver = 2.t:Jj. 
The pass-band of the receiver must obviously affect the noise 

voltage since the wider this is the more noise frequency components 
are brought in. The pass-band is defined as the range of frequencies 
over which the response is greater than 70% of the maximum. 
Actually frequencies outside the normal pass-band of the stages 
preceding any non-linear device, such as a frequency changer or 
detector, have a noise-producing effect because the non-linear 
device can produce intermodulation frequencies in the overall pass-
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band from noise fr0quencies normally outside it. Boltzmann's 
constant relates absolute temperature and electron energy, and the 
resistance R is the actual or equivalent shunt re~istance of the first 
circuit. If the latter is a tuned circuit the resistance is the dynamic 
resistance (RD) of the tuned circuit. The actual volume of noise 
produced at the output of the receiver-it appears generally as a 
hiss because of the greater sensitivity of the ear to the higher audio 
frequency components (500 to 5,000 c.p.s.)-is dependent on whether 
a carrier is being received. If there is no carrier the noise must 
provide its own, and as this is small in value the noise output is 
small. Section 8.2.8 states that detectors normally have a parabolic 
characteristic, and this makes the detection efficiency or sensitivity 
low for small signals. When a carrier is present detection sensitivity 
is increased and the noise voltages act as sidebands giving greater 
output. With no A.G.c. action in the receiver, increase of carrier 
up to a certain level increases the noise output, but beyond this 
level, at which the detector has reached the linear condition of 
maximum sensitivity, any further increase in carrier does not alter 
the noise output. If the receiver has A.G.c., as the carrier is 
increased beyond the point of operation of A.G.C., the receiver 
sensitivity is decreased and noise output reduced. The most 
important thermal noise voltage is that produced in the first tuned 
circuit, and if we assume normal operating temperature to be 
63° F. (290° abs.) expression 4.49 becomes 

En = 1·25 X 10- 10 vRD(j1 -/2) 4.50. 
I 

Taking RD = 100,000.Q and (/1 - / 2) = 10 kc/s as typical of the 
medium wave band the noise R.M.S. voltage is 

E = 1·25 X 10- 10 vl05 x 104 = 3·95 µV. 
Hence a carrier (modulated 30%) of R.M.S. value 74 µV would be 
required to give the necessary 15 db. signal-to-noise ratio. The 
noise is assumed to have 1 sideband of the above value, whilst the 
carrier has two of ll · l µ V. 

4.9.3. Shot Noise. A second important source of noise in 
a receiver is shot noise, produced by the flow of electrons from 
cathode to anode of the valve. The electrons making up the anode 
current have random motion, and the number arriving at the anode 
varies from one time-instant to another. This is equivalent to a 
small variable current of infinite number of frequency components 
superimposed upon the mean D.C. current. A mechanical analogy 
for shot noise is sand falling upon a gong ; the resultant noise is 
dependent upon the resonant properties of the gong, the quantity 
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of sand falling per second and the size of the sand particles. In 
the same way shot noise is dependent on the external anode im
pedance (Z0), the mean anode current Ia, and the electron charge e. 
For a saturated diode the mean square value of noise current has 
been shown to be 

In 2 = 2Iae(f 1 - /2)• . 
Replacing e by its actual value 

In = 5·54 X 10- 4 V Ia(fl - j 2} µA . . 
The noise voltage developed in the anode load Z O is 

En = In Z 0 = 5·54 X 10- 10 X Zo V Ia(f1 - J2) 4.51. . . 
This formula is not applicable to an amplifier valve operating under 
non-saturated space-charge conditions, for the space-charge reservoir 
of electrons acts as a cushion to smooth out the random variations, 
and the measured noise voltage is usually much leBB than this. 
Another theory assumes the valve to be replaced by its internal 
resistance at half the cathode temperature, and calculates the 
thermal noise voltage to be expected in the anode from this resistance. 
Calculations based on this assumption usually give too low a noise 
voltage. A convenient method of expressing shot noise is as the 
equivalent resistance, between grid and cathode of the valve, which 
would give at room temperature a thermal noise voltage in the anode 
circuit equal to that produced by the shot noise. This method has 
the advantage of allowing the relative magnitudes of shot and 
thermal noise to be compared by comparing the equivalent shot 
resistance with that of the input circuit. Since the thermal noise 
voltage across the anode circuit is proportional to gmZ0VRn(f1 - f1) 

and the shot noise voltage to Z 0 V Ia(f1 - f 2), it follows that the 

equivalent shot noise resistance is proportional to I\. Hence the 
Ym 

best type of amplifier valve is one having a high value of Ym and 
low value of Ia. If the total space current exceeds the anode 
current, as in all multi-electrode valves except the triode, the 
equivalent shot noise is multiplied by a factor greater than 1 and 
is proportional to the ratio of total-to-anode current. 

The following are average values of shot-noise resistance for 
different types of valves : 

Valve Type. 
Triode 
Special beam tetrode . 
Ordinary screened grid and pentode . 
Frequency changer . 

Shot Noise Equivalent Resistance. 
200 to 500.!J 
4,000 to 5,000.!J 
20,000 to 50,000.Q 
50,000 to 100,000.0 
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Frequency-changer valves are worst because gc is never greater than 

g;, i.e., signal gain is low for a given Ia. Ordinary screened grid 

or pentode valves are poor because of secondary emission and screen 
current. By concentrating the electrons into a beam and reducing 
screen current, shot noise can be much reduced, as shown by the 
beam tetrode value. The beam tetrode has the smallest shot noise 
of the multi-electrode valves because secondary emission is small 
and the space-charge reduces electron fluctuations. 

If an R.F. amplifying stage is incorporated in a receiver, the 
impedance of the first-tuned circuit, except at ultra-high frequencies, 
is greater than the shot-noise resistance, so that thermal noise is 
the limitation. If, however, the first stage consists of a frequency 
changer the reverse is generally true and shot noise is greater than 
thermal. It should be noted that in a frequency changer stage shot 
noise is introduced by the oscillator valve as well ; shot and thermal 
noise components in the image or second channel region also add 
their quota. For a given overall gain a receiver without an R.F. 

valve before the frequency changer has normally at least twice the 
noise voltage of a receiver with an R.F. amplifier stage. 

4.10. Problems in Short Wave and Ultra Short Wave Ampli
fication. 

4.10.1. Introduction. Amplification on the short wave range 
is chiefly complicated by the fact that selectivity is considerably 
reduced as the signal frequency is increased, and also that in many 
receivers the complete range from 6 to 15 Mc/s is covered by one 
coil using the same tuning capacitance, without modification, for 
short wave as for the medium and long wave ranges. As far as 
broadcast reception is concerned this method has two disadvantages : 
it makes tuning of the broadcast stations very sharp and difficult : 
it calls for a very small value of inductance which results in a low 
dynamic impedance and consequently low amplification. Much 
improved performance can be realized by band-spreading (selecting 
certain comparatively narrow bands in the short wave range). 
For communication receivers, required to cover completely the short 
wave band, the latter can be split up into a number of much smaller 
overlapping ranges. The tuning capacitance range is reduced by 
the use of a series or shunt capacitance (or combination of both), 
or in special cases much smaller tuning capacitances may be 
employed. The latter usually have the advantage of lower 
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losses, an important point at the higher frequencies, e.g., at 15 
Mc/s. 

The same problems also present themselves, though in a more 
acute form, at ultra high frequencies, and there are added complica
tions due to low input valve conductance, stray inductance and 
capacitance. 

4.10.2. Short Wave Amplification. In section 4.2.3 selec
tivity is shown to be a function of Q and the resonant frequency, 
and the pass-band is defined by 

2L'Jf =~ 
J Q' 

so that as ifr is increased the band-width is increased unless Q rises. 
The Q of short wave coils is often higher than corresponding coils 
for long and medium waves (values from 150 to 200 are common), 
but dielectric losses, valve input conductance, etc., lower consider
ably the effective Q of the tuned circuit, and a probable maximum 
value under favourable conditions is 50. This gives band-widths 
of 120 and 300 kc/sat 6 and 15 Mc/s respectively. The R.F. amplifier 
therefore only discriminates against undesired signal frequencies 
(reacting with harmonics of the oscillator-Section 5.4.3) well 
separated from the desired. Adjacent channel rejection is achieved 
in the I.F. amplifier. At an I.F. of 465 kc/s, the image signal 
(assuming Q = 50) is reduced by approximately 24 db. and 16·0 db. 
at 6 and 15 Mc/s respectively (see Fig. 4.3 for QF = 15·5 and 6-2), 
and additional image rejection is really necessary. Circuits have 
been developed for application to band-spread receivers with preset 
signal tuning and these are described in Section 5.9.4. Little can 
be done to improve selectivity unless regeneration is employed, but 
this lack of selectivity may be used to advantage in band-spread 
broadcast receivers. Broadcast transmissions occur over certain 
quite narrow bands, rarely exceeding 200 kc/s width, and centred 
at 6·1, 9·6, 11·9, 15·2, 17·8 and 21·6 Mc/s. By reducing Q to 30 
at 6·1 Mc/s, transmissions from 6 to 6·2 Mc/scan be accepted with 
a maximum loss of 3 db., i.e., the signal circuit can be preset tuned 
to 6· l Mc/s and selection obtained by variation of oscillator fre
quency. At 15·2 Mc/s no decrease of Q is necessary. To obtain 
maximum amplification the signal-tuning capacitance should be as 
low as possible consistent with stray and valve capacitances, a 
minimum value being about 60 µµF. The required values of Q for 
a pass-band width of 200 kc/s, and the tuning inductance L for 
0 = 60 µµF are tabulated below for the central frequencies 
listed. 
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Frequency. 

6·1 Mc/s 
9·6 

11·9 
15·2 
17·8 
21·6 
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Q 

30·5 
48·0 
59.5 
76 
89 

108 

[CHA.l'TER 4 

L 
11·3 µH 
4.57 ,, 
2·97 ,, 
l ·82 ,, 
l ·32 ,, 
0·9 

The dynamic impedance is constant at 13,200.Q since Q ocf. 
In actual fact it is unlikely that a Q value greater than 50 could be 
realized, and under these conditions the pass-band width increases 
as the frequency increases, whilst dynamic impedance and therefore 
amplification decrease as set out below. 

Frequency. R» Amplification Ratio. 
( R» at/Mc/s) 

R» at 6· l Mc/s 

11·9 Mc/s 11,100 !J 0·841 
15·2 ,. 8,700 ,, 0·66 
17·8 ,. 7,380 ,. 0·588 
21·6 ,. 6,120 ,, 0·464 

Let us now consider the communication receiver required to 
cover with overlaps the short wave range from 6 to 25 Mc/s. 
Arbitrarily dividing into four ranges with overlaps gives 

Range l 
,. 2 

3 
,. 4 

6 to 9 Mc/s 
8·66 to 13 Mc/s 
12 to 18 Mc/s 
17 to 25·5 Mc/s 

a frequency ratio change in each instance of 1 to l ·5, so that a 
capacitance change of 2·25 to 1 is required. We will assume that 
the frequency scale on the medium wave range is linear, and that 
we wish if possible to preserve this relationship while restricting the 
equivalent tuning capacitance change. If the signal-tuning in• 
ductance is 156 µH on the medium wave range and its self-capaci
tance is 10 µµF, the following tuning capacitance values are obtained 
at the equally spaced frequencies from 550 to 1,500 kc/s. 

Frequency (kc/s) . 
Capacitance (µµF) 

550 788·5 1,025 1,263·5 1,500 
526·8 252 145 92 62·17 

and the problem is to obtain frequencies on the short wave ranges 
separated by a constant amount for these capacitance settings. 

Restricting the capacitance range by a series padding capacitance 
gives the tuning frequency as 

f= J cc 
2n L.c/'+c 

1 
4.52 
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where 011 = the series padding capacitance. By replacing f by 6 
and 9 Mc/s and Oby 526·8 and 62·17 µµF respectively in expres
sion 4.52, the value of OP is found to be 106 µµF. The frequencies 
corresponding to the chosen settings of O are 

0 (µµF) . . 526·8 
Frequency (Mc/s) . 6 

252 
6·52 

145 
7·2 

92 
8·02 

62·17 
9 

whilst the frequencies for a linear frequency scale should be 6, 
6·75, 7·5, 8·25 and 9 Mc/s. Hence the series padding capacitance 
has produced a reasonably satisfactory scale, which is slightly 
cramped at the high frequencies. 

For a shunt trimmer capacitance the tuning frequency is 

f = l 4.53 
2nv L(0,+0) 

and using the same tuning capacitance alues 01 is calculated to 
be 310·5 µµF. The frequencies orre ponding to the chosen settings 
of O are 

0 (µµF) • • 526·8 
Frequency (Mc/s) 6 

252 
7·32 

145 
8·13 

92 
8·67 

62-17 
9 

This means a very unsatisfactory scale with appreciable cramping 
at the low frequencies. 

Since series and shunt capacitance restriction of tuning have 
opposite effects, it is possible to obtain a better approach to the 
linear frequency scale by a combination of both. Thus for 
OP = 250 µµF and o, = 46·5 µµF (Cp being between O and 01), 

the frequencies are 6, 6·73, 7·51, 8·29 and 9 Mc/s, and the frequency 
scale is very nearly linear. From the point of view of maximum 
amplification over a tuning range, the series padding capacitance 
would be preferred to combined series and shunt capacitance 
because, although the frequency scale may be less satisfactory, the 
equivalent tuning capacitance is less and so the dynamic impedance 
is increased. 

The values of OP and O, given above have the same effect on 
all ranges because the maximum-to-minimum frequency ratios are 
the same; thus for OP = 250 and 0 1 = 46·5 µµF, the frequencies 
for range 4 are 17, 19·1, 21·3, 23·5 and 25·5 Mc/s. 

4.10.3. Ultra Short Wave Amplification. In the previous 
section the difficulties of obtaining reasonable amplification in short 
wave amplifiers are outlined, and these are multiplied at ultra high 
frequencies. In spite of low stage amplification (about 5 times for 
general purpose receiving valves at the television frequency, 
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45 Mc/s and 12 for acorn valves 30 ), there are definite advantages 
in including a R.F. stage between the aerial and frequency changer 
of a receiver. Overall amplification, signal-to-noise ratio, and 
selectivity against image and spurious I.F. responses due to inter
action between undesired signals and· the oscillator (Section 5.4) 
are all increased by the addition of a R.F. stage. The heavy damping 
from the R.F. valve (Section 2.8.3) prevents the realization of a high 
degree of selectivity against adjacent channels, but the I.F. amplifier 
discriminates satisfactorily against these. This fact, together with 
the probability of transmission being confined to comparatively 
narrow bands at certain selected positions in the ultra high frequency 
range, makes it possible to consider preset signal tuning to the 
centre of the band, tuning over it being accomplished by varying 
the oscillator frequency. Although the losses due to the valve 
input conductance, aerial connection and coil resistance predominate 
over all others, it is important to remember that components 27 

such as the tuning capacitance, the trimmer, valve-holder, valve-base 
and any switches, which at lower frequencies generally have little 
effect, can contribute their quota. Expressing the losses as con
ductances, since they are circuits in parallel with the coil, typical 
values (at 45 Mc/s) for the components listed above are 

Component 

Tuning capacitance (minimum) 
,, (maximum) 

Valve-holder. 
Valve-base 
Range switch 

Bakelite Insulation. 

120 micromhos 
20 
5 
5 
5 

Ceramic. 

30 micromhos 
5 
1 
1 
1 

Let us consider the case of an amplifier stage operating at 
45 Mc/s, and assume that the valve has characteristics identical 
with the one in Section 2.8.3, viz., 

gk = 3 mA/volt, c(h = 3 µµF, Lk = 0·2 µH. 

From expression 2.21c 

Rg = - gk2+(Bk+Bo)2 
gkBgkBk 

B = 8·48 x 10- 4 mhos gk 

Bk= - 1·768 x 10- 2 mhos 

(3 X 10- 3 ) 2 +(-1·683 X 10- 2 ) 2 

R =----=-------,---=-=-,,-,--=-=-~ 
a 3 X 10- 3 X 8·48 X 10- 4 X 1·768 X 10- 2 

= G,480.Q, 
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converting this to a conductance G0 = 154 µmhos. For maximum 
amplification the tuning capacitance should be as small as possible, 
and a probable minimum value is 30 µµF (valve and stray capaci
tance prevent it being less). For C = 30 µµF, f = 45 Mc/s, the 
tuning inductance is 0·416 µH, and taking Q as 150 for the coil, 
the dynamic resistance of the tuned circuit if C has no losses is 

R 0 = QwL = 150 X 6·28 X 45 X 0·416 

= 17,700.Q 
or as a conductance 

Gn = 56·5 µmhos. 

We will assume tuning capacitance loss to be 15 µmhos so that the 
overall total conductance including feedback loss due to the valve 
is made up as follows : 

Part of the Circuit. 

Coil 
Tuning capacitance 
Valve-holder . 
Valve-base 
Wiring . 
Range switch 
Electron transit time in the valve . 
Total excluding feedback loss 
Feedback loss due to Lk 
Total conductanc(). 

Conductance. 

56·5 µmhos 
15·0 
2 
2 
2·5 
2·0 

30·0 
110·0 

. 154 

. 264 

To estimate the amplification from the aerial to the grid of the 
first R.F. valve we will assume that preset signal tuning is employed 
and that optimum coupling is therefore possible. Section 3.4.2 
shows that the transfer voltage ratio is given by (expression 3.20c) 

1 
TR=~---~-

2wC 2 V R2Ra1 

where C 2 is the tuning capacitance for the first-tuned circuit 

Rai is the total series resistance of the aerial circuit 
R2 is the total equivalent series resistance of the tuned circuit. 

Taking Rai as 80 ohms, the half-wave resonant impedance of a 
dipole aerial, the type most likely to be used at ultra high frequencies, 
and noting from expression 4. 7 in section 4.2.2 that 

w2£2 
R2 = ~- = w2£2Gn 

Rn 
= (6·28 X 45 X 0·416) 2 X 264 X 10-s 
= 3·65 ohms 
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we find that 
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TR = 2 x 6•28 x 45 x 3ovso_x_3·65 

= 3·45. 
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It will be seen from expression 3.20c quoted above, that TR oc . } 
vR2 

i.e., oc 
1 

, so that a decrease of Gn increases TR. The overall 
vGn 

Q of the tuned circuit in the absence of the aerial connection is 

wL 117 ·5 2 d s: t· Ii t th . 1 Q . - = -- = 3 ·2, an .1or op 1mum coup ng o e aer1a , 1s 
R 2 3·65 

halved, i.e., equals 16·1 (see expression 3.22b in Section 3.4.2). 
If we assume the band-width to be the frequency range over 
which the loss does not exceed 3 db., this condition is satisfied by 

QF = Q;:f = I. 

Hence the band-width 2iJJ = 45 = 2·8 Mc/s, and it is clear 
16·1 

that preset signal tuning is a possibility when the band-width of 
the required transmissions is limited to the range 42·2 to 47·8 Mc/a. 
In Section 2.8.3 it is shown that a resistance Rk inserted in the 
cathode lead decreases the feedback conductance component of the 
valve. If Rk = 150.Q and Gk = 5 µµF (this is stray capacitance, 
but it is essential in order to realize decreased input conductance). 

z Rk •( L wGkRk
2 

) 
k = 1 +w202Rk2 +J w k - 1+w2ok2Rk2 

= 143·3+j(56·5 - 30·3) 
= 143·3+j26·2. 

Thus Gk= 6·78 X 10- 3 

Bk= - 1·23 X 10- 3_ 

From expression 2.21a, Section 2.8.3 

R _(Gk+gk)2+(Bk+Blh) 2 

g ··-
Bgk(GkBgk - gkB,J 

(9·78 X 10- 3) 2 +(- 0·38 X 10- 3 ) 2 

------------------------= 8·48 X 10- 4(6·78 X 10- 3 X 8·48 X I0- 4 +3 X 10- 3 X 1·23 X 10- 3 ) 

= 11,950.Q 
Gu= 83·6 µmhos. 

Total GD = 193·6 µmhos. 
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TR(Rk = 150) 
Tll(llk = 0) 

✓ 264 
= 1·168. 

193·6 

175 

This increase in transfer voltage ratio from the aerial to the 
grid of the first valve is, however, offset by the decrease in valve 
amplification due to negative feedback from the added cathode 
resistance. Section 2.7, expression 2.5e, indicates that the equivalent 

mutual conductance of the valve is reduced in the ratio --
1
--. 

l+(lkZk 
Thus the valve equivalent gm when Rk = 0 is 

gm ___ gm _ g_m __ 
l+gdwLk = 1+3 X 10-=-3x5&5j - Vl+(O·l695)2 

= 0·972 gm 

whereas for Rk = 150.Q, Ck = 5 µµF, 

gm 
gm'= 1+3 X I0- 3 (143·3+j26·2) 

gm 
- v'(l +0·4299)2+(0·0786) 2 

= 0·7 gm" 

The actual reduction ratio of gm = __Q2__ = 0·72 so that overall 
0·972 

amplification, including the valve, has been reduced in the ratio 
0·84 by inserting the resistance RK. The advantages gained are : 

(1) increase of selectivity in the ratio 
264 = 1·362, and the 

. 193·6 

band-width for a loss of 3 db. is reduced to 2·05 Mc/s ; 
this is more important when variable tuned signal circuits 
are employed and may be a disadvantage with preset 
signal tuning. 

(2) negative feedback tends to decrease distortion in the 
valve. 

(3) there is less change of input conductance under A.G.c. 

operation, e.g., when gk = 0, the valve input conductance 
= 106·2 µmhos (R0 = 9,400.Q). It is practically inde
pendent of gk in the particular example chosen. 

Under certain conditions overall amplification can be increased 
by the use of a cathode resistance ; for example, let us consider 
Rk = 200 ohms and Ck= 15 µµF. 
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z __ 200 ·(56·5 _ 169·0) 
1.- 1·715 +J 1·715 

=116·5 - j42. 
Gk=1·58 X 10-a, Bk= +2·73 x 10- 3 

R = (10·58 X 10- 3 ) 2 +(3·58 x 10- 3 ) 2 

g 8·48 X l0- 4(7·58 X 10- 3 X 8·48 X 10- 4 _3 X 10- 3 X 2·73 X 10- 3 ) 

= - 83,500.Q 
G0 = - 11·95 µmhos. 

Thus Gn = 110 - 11·95 = 98·05 µmhos 

and TRi_R_,._~ 20~) = J 264 = 1·64. 
TR(Rk = 0) 98·05 

The equivalent mutual conductance of the valve is 

, gm gm 
gm = 1+3 X 10- 3(116·5 - j42) - V(l·348) 2 +(0·126) 2 

= 0·74 gm 

and the ratio reduction of gm = 0·
74 

= 0·76. 
0·972 

The overall amplification ratio change is 1·64 x 0·76 = 1·245. 
In this particular instance the overall amplification is increased by 
including Rk, but it will be noted that it is due to the cathode stray 
capacitance Ck overcompensating for the lead inductance Lk and 
so producing a negative input conductance. Selectivity is consider-

ably increased, the ratio change being 
9
!~t

5 
= 2·69, and the band

width is reduced to 1·04 Mc/s from 2·8 Mc/s. Input conductance 
now varies considerably as gk varies, from - 11 ·95 µmhos at 
3 mA/volt to Oat 2·36 mA/volt and finally +77·5 µmhos at gk = 0. 
This variation will help to improve the A.o.c. action and it has the 
merit of giving greatest selectivity for weak signals (lowest bias). 
An interesting feature of the particular component values chosen is 
the comparatively small change of conductance which occurs when 
the signal frequency is changed, e.g., at 40 Mc/s the conductance is 
- 15·35 µmhos and it only decreases to - 5·23 µmhos at 50 Mc/s. 
Care must be exercised to ensure that the negative input conductance 
is not increased sufficiently to cause an approach to oscillation. 

Double-tuned transformers 31 may be employed for preset signal 
tuning between the R.F. valve and frequency changer, and they 
have the advantage of a flatter pass-band and sharper cut-off than 
a single circuit, though overall amplification is generally less. It 
is shown in Section 7 .3 that maximum amplification with two tuned 



4.10.3] RADIO FREQUENCY AMPLIFICATION 177 

circuits is only half that with a single-tuned circuit of identical L, 
C and Q values. However, a higher impedance may be possible 
with two tuned circuits since stray capacitance is approximately 
halved across each circuit, and the tuning inductance of either 
circuit may be increased upon that of a single circuit. 

Adjustment of tuning at ultra high frequencies is preferably by 
variation of inductance, as fixed capacitors are less susceptible to 
ageing and temperature effects than variable ones, and variable 
inductances are more stable than variable capacitances. The 
tuning inductance usually consists of a few turns of copper wire 
with a metal plunger, which can be screwed into the axis of the 
coil. The plunger, which acts as a short-circuited turn to reduce 
inductance, must be of high conductivity material if it is not to 
alter appreciably the Q of the coil. The usual precautions appro
priate to ultra high frequency operation must be taken in construct
ing the R.F. amplifier; leads must be as short as possible, all earth 
connections taken to the same point on the chassis, adequate 
decoupling, by small mica capacitors, of electrodes normally carrying 
only D.C. or A.c. supply voltages (screen, cathode and heaters). 
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CHAPTER 5 

FREQUENCY CHANGING 

5.1. Problems in Frequency Changing. 

5.1.1. Introduction. 1 , 2, 3 The number of signal frequency 
amplifier stages in receivers covering a range of frequencies is 
generally limited, because ganging is difficult and, unless special 
precautions are taken, a considerable variation of sensitivity and 
selectivity occurs over the tuning range. For short wave reception 
it is almost impossible to obtain a high gain from an R.F. amplifier 
owing to the low value of tuning inductance (the dynamic resistance 

of a tuned circuit is ~) which must be employed, and at the 

high-frequency end of the range, cathode lead inductance and 
electr transit time combine to produce a high grid input admittance 
(Section 2.8 1 Many ad antages are obta'.ned if each signal fre
quency can be converted as desired to another fixed frequency and 
this is the prmciple involved in the superheterodyne method of 
reception. The frequency change is carried out by applying the 
signal and a local oscillator v .:>ltage ( often known as the heterodyne * 
voltage) to a non-linear device, this term implying that frequ ncies, 
in addition to those applied at the input appear in the output 
voltage. Harmonics of, and the sum and difference frequencies of 
the signal and local oscillator, are produced in the output circuit, 
and any of these components may be selected by a suitable filter. 
The amplitudes of the sum (A +fs) and difference (A - f 8 ) frequencies 
are equal, but the latter, called the intermediate frequency, is 
selected because possible amplification and selectivity are greater at 
the lower frequency. Any given signal can be converted to the 
intermediate frequency by a suitable choice of oscillator frequency. 

In an ideal frequency changer the intermediate frequency 
amplitude varies directly as the signal frequency amplitude, and 
amplitude changes due to modulation of the signal frequency are 
reproduced without distortion with the intermediate frequency as 
carrier. It is, of course, assumed that no attenuation of the modula-

* All tenns associated with the oscillator will be denoted by a suffix h, e.g., 
Eh andfh mean the local oscillator peak voltage and frequency respectively. 
The suffix h is used in preference to 0, as O is used to denote output circuit. 
The suffix ti is used for the signal. 

179 
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tion side-bands occurs in the intermediate frequency anode tuned 
circuit of the frequency changer. 

5.1.2. The Advantages of Superheterodyne Reception. 
The chief advantages of superheterodyne reception are : 

(1) The amplifier following the frequency changer can be 
designed for optimum performance because tuning controls 
are all preset. 

(2) The overall sensitivity and selectivity of such a receiver is 
more constant over the tuning range because most is 
concentrated in the fixed frequency amplifier. 

The intermediate frequency is generally, though not always, less 
than the signal frequency so that high sensitivity, selectivity and 
stability are obtainable. The gain of the frequency changer valve, 
itself, must be considered and it is therefore essential to define 
conversion conductance, Ye· This term, analogous to mutual con
ductance in an amplifier, is expressed as 

intermediate frequency component of la for zero anode load 
Ye = signal voltage producing this component · 

The output voltage from the frequency changer is 

Eo = YeE0Z 0 

when Z 0, the external anode impedance, is much less than Ra, the 
frequency changer slope resistance. 

Methods of measuring conversion conductance, and its relation
ship to mutual conductance, are discussed later. It should be 
noted, however, that Ye is generally less than 0·25 Ym· The lower 
value of Ye is offset to some extent by the higher anode impedance 
obtained at the intermediate frequency. This is made clear by 
Table 5.1, in which are listed typical values of coil constants used 
in radio receivers at intermediate frequencies of 110 and 465 kc/s, 
and at three signal frequencies of 200, 1,000, and 6,000 kc/s. 

TABLE 5.1 
Frequency (kc/s). Inductance, Q. Impedance (Zol- Amplification. 

II0 (I.F.)* 9,000 µH 40 249,000 187 
465 (I.F.) 1,000 µH 80 233,000 175 
200 (S.F.)t 2,200 µH 45 124,000 372 

1,000 (S.F.) 156 µH 100 98,000 293 
6,000 (S.F.) 1·5 µH 200 ll,300 34 

* I.F.-intcrmt~diato frequency. 
t S.F.-signal frequency. 

For calculating amplification we have assumed that the mutual 
conductance of the amplifier is 3 mA/volt and that of the frequency 
changer 0·75 mA/volt. There is therefore a loss of amplification 



5.1.3] FREQUENCY CHANGING 181 

by introducing frequency changing on the long and medium wave 
bands, but a considerable improvement on the short wave band
this is due to the low impedance of the short wave tuned circuit. 
The short wave inductance is low partly because it is assumed that 
the same tuning capacitor is used on all ranges. In receivers 
specially designed for short wave operation smaller capacitors 
(maximum value 150 µµF as compared with 500 µµF) are often 
employed. This allows an increase of inductance, which in turn 
increases the dynamic resistance of the signal tuned circuit and the 
amplification as an R.F. amplifier. The wave-range coverage is, of 
course, correspondingly reduced. 

For medium and long wave operation the increased amplification 
obtained in the intermediate frequency amplifier tends to com
pensate for the lower amplification of the frequency changer. 

5.1.3. The Principles of Frequency Changing.16 Let us 
consider signal and oscillator voltages, represented by Es cos w

8
t 

and E,. cos w,.t respectively, applied to the grid circuit of a valve. 
If the valve has a linear laEo characteristic curve and the input 
voltages operate over the linear part, i.e., the valve is not biased 
near cut-off, we shall obtain the following result. 

but 

where 

thus 

Ia = a0 +a1E0 

E0 = Es cos w,t+E,. cos w,.t - Eb 
- Eb is the bias voltage 

Ia = a0 +a1(i£8 COS w8t+f,. cos w,.t - Eb) 

5.la 

5.Ib. 

The output circuit therefore contains only the two frequencies 
present in the input circuit. 

If the valve has a characteristic curve represented by 

we have 

Ia= a0 +a1[E8 cos w,t+E,. cos w,.t - Eb] 
+a2[Es cos w8t+E,. cos w,.t -- Eb]2 

= ao+a 1[E8 cos w8t+E,. cos w,.t - Eb] 

5.2a 

+alE8
2 cos 2 w,t+E,. 2 cos 2 w,.t+Eb 2 +2EsEh cos wJ cos w,.t 

- 2E8 Eb COS w8 t - 2E,.Eb cos w,.t] 
and by noting that 

2 0 
I +cos 20 cos = ~---

2 

and cos 0 cos <p = cos (0 +~) +cos (0 - <p) 
2 
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we can separate the anode current into its seven components as 
follows: 

n.c. component 

Fundamental {ls 
Frequencies J,. 

Harmonic f 2ls 

Frequencies l 2f,. 

Sum frequency (f,.+ls) 
Difference frequency (f,. - ls) 

[
R 2+E 2 ] 

ao - a1Eb+a2 s 
2 

" +Eb 2 

(a 1Rs - 2a2!£sEb) cos wi 
(a1R,. - 2a2R,.Eb) cos w,.t 
al£2 
Tcos 2wst 

a2R,. 2 

-
2
- cos 2w,.t 

a2Rseh cos (w,. +ws)t 

a 2RsR,. cos (w,. - ws)t. 

The valve has produced four frequencies in addition to the 
signal and oscillator, and the insertion of a suitable filter in its 
anode circuit allows any one of these frequencies to be selected. 
Thus we may reject all except the difference frequency voltage 
component, which is then passed on to the intermediate frequency 
amplifier. The difference frequency (f,. - ls) naturally assumes 
that the oscillator frequency is greater than the signal. From a. 
mathematical point of view the difference frequency term may be 
written as a2RsRh cos (w,. - ws)t or a2eseh cos (ws - w,.)t since 
cos 0 = cos ( - 0) and in practice we have (w,. - ws) if J,. > ls and 
(ws - w,.) if ls> l,.. The frequency changer is quite unable to 
discriminate against the two signal frequencies which can produce 
with a given oscillator frequency a difference frequency equal to 
the intermediate frequency. Usually the lower frequency signal 
giving (f,. - ls') as the difference frequency is regarded as the 
desired signal-the reasons for this are set out in Section 5.1.5-
and the higher giving ls" - l,. is regarded as an undesired frequency, 
generally called the second channel or image frequency. 5 

If the signal frequency is modulated, e.g., Rs cos wAI +M cos pt), 
all anode current components containing Rs are similarly modulated 
and the difference frequency component is 

a 21£sRh(I +M cos pt) cos (w,. - ws)t; 

so that according to the definition in 5.1.2 conversion conductance 

Ia f':, 

Ye = R = a21!.Jh 5.3a. 
s 

It may be pointed out that the sum frequency is similarly 
modulated but is never selected because it is higher in frequency 
than either signal or oscillator. Many of the advantages of super-
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heterodyne reception are lost when the intermediate frequency is 
higher than the signal, though in certain instances, over the long 
wave band of an all-wave receiver, the difference frequency often 
does exceed the signal frequency. 

In the above analysis it has been shown that a valve having a 
linear IaEu characteristic curve does not normally produce frequency 
changing. It should, however, be noted that such a valve, biased 
either to cut-off or to a point where the total grid voltage swing of 
oscillator and signal passes over the cut-off discontinuity, produces 
frequency changing. It does so because the condition of non
linearity is fulfilled and the valve characteristic may be represented 
by an infinite power series containing a term such as a 2E0 

2 • 

A valve having two control electrodes giving the IaEo relationship 

la = (a 0 +a1E 01 )(bo+b1E0 a) • 5.2b 

will also act as a frequency changer so long as the signal voltage is 
applied to grid 1 and the oscillator to grid 3, or vice versa. The 
term a1b1E 01E 03 corresponds to a 2E/ in expression 5.2a and con
version conductance is 

a1b1 e. 
gc = -J!;h 

2 
5.3b 

i.e., ½a1b1 corresponds to a 2 • Any frequency changer such as a 
pentagrid, heptode, octode or hexode, in which the oscillator 
voltage is applied to an electrode other than that of the signal, 
operates on this principle. 

5.1 .4. Considerations Governin~ the Choice of the Inter
mediate Frequency. 4 , 14 The choice of the intermediate frequency 
is first of all limited to a position in the frequency range where there 
is little chance of direct interference from transmitting stations. 
As a rule, frequencies in the long or medium wave range are avoided 
because interference may be produced due to direct signal amplifica
tion in the intermediate frequency amplifier. The intermediate 
frequency is most commonly located in the frequency range 450 to 
475 kc/s, though a lower frequency range 100 to 125 kc/s has been 
used for superheterodyne receivers covering only the medium and 
long wave-bands, and a higher 7 • 22 frequency range 1,500 to 
2,000 kc/s is employed for " single span " 18 and double super
heterodyne receivers. The intermediate frequency range 450 to 
475 kc/s is preferred to the 100 to 125 kc/s range because it gives 
greater frequency separation between the desired and the image 
signal. An amplifier operating at the lower intermediate frequency 
is generally more stable and has greater amplification and selectivity 
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than one operating at 450 kc/s, but these advantages are far out
weighed by the fact that locking or control of the oscillator frequency 
by the signal circuit tuning becomes serious on the short wave band 
when a low intermediate frequency is used. Furthermore, the 
higher intermediate frequency produces less interference whistles 
(see Section 5.4) over a given range of signal frequencies. 

5.1.5. The Oscillator Frequency. In Section 5.1.3 it is shown 
that there are two signal frequencies which can react with a given 
oscillator frequency to produce the intermediate frequency and, 
conversely, there are two oscillator frequencies which can give the 
intermediate frequency with a certain signal frequency. The two 
oscillator frequencies are higher and lower than the signal frequency 
by an amount equal to the intermediate frequency. The higher 
oscillator frequency is almost invariably chosen because the ratio 
of its maximum to minimum value over a given range is less than 
that of the signal. This means that the ratio of the maximum to 
minimum values of oscillator tuning capacitor is less than that of 
the signal tuning capacitor. For example, a receiver having a 
range from 550 to 1,500 kc/s calls for a signal capacitor ratio change 

of 7·43: 1( 0 oc
1
~), whilst the oscillator capacitor ratio is only 

3·75 : 1 for an I.F. of 465 kc/s (frequency range from 1,015 to 
1,965 kc/s) when A> fs• Constructional and ganging difficulties 
are reduced, because the same tuning capacitor unit may be used 
for the oscillator as for the signal circuit, its range being adjusted 
by series and parallel padding capacitances. (See Section 6.12.) 

5.1.6. Interference Whistles. Frequency changing possesses 
the disadvantage that it increases the possibility of obtaining 
interference from undesired signals. The interference may make 
itself evident by superimposing an undesired programme and a 
whistle on the desired, but generally it is shown by a whistling note 
only, the frequency of which varies when slight changes of oscillator 
capacitance tuning are made. The most serious is that due to 
image interference. Special measures to increase the filtering 
properties of the signal-tuned circuits at this particular frequency 
are often undertaken and are described in Section 5.9. There are 
many other forms of interference and a whistle is always possible if 

±mf,. ~nf,,, ~ /1 
where m and n are positive whole numbers 

f,,, = undesired signal frequency 
f 1 = intermediate frequency. 
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Let us take as an example a receiver tuned to a signal of 750 kc/s 
with an I.F. of 465 kc/s. The oscillator frequency, 1,215 kc/s, may 
react with an undesired signal frequency of 982 kc/s at the input 
of the frequency changer to produce a 1 kc/s whistle in the T.F. 

amplifier for 
2 x 1,215 - 2 X 982 = 466 kc/s. 

Similarly an undesired signal of 1,967 kc/s can produce a 2 kc/s 
whistle because 

2 x 1,215 - 1,967 = 463 kc/s. 

A more detailed discussion of these interference frequencies is given 
later in Section 5.4. 

5.2. Frequency Changer Circuits. 
5.2.1. Introduction. Frequency changer circuits may con

veniently be divided into two classes ; in the first the signal and 
oscillator frequencies are applied to a common electrode, usually 
the grid-cathode circuit of a valve, and in the second the two 
frequencies are applied at different electrodes. There is no funda
mental difference between the two types of circuit, and frequency 
changing results in both cases because the oscillator voltage controls 
the mutual conductance and hence the amplification of the valve. 
Common electrode coupling entails a curved or discontinuous 
laEu curve because frequency changing is determined by the 
E,,2 term shown in equation 5.2a. For separate electrode coupling, 
the oscillator voltage causes a variation in the slope of the IaEsiu. urid 
characteristic curve, which may itself be a straight line, and fre
quency changing occurs in accordance with expression 5.2b. 

5.2.2. Oscillator Application to the Grid-Cathode Circuit. 
Let us imagine that the signal and oscillator voltages are applied 
in series to the grid circuit of an R.F. amplifier valve having a 
curved IaEu characteristic, and that there is no interaction between 
the voltage sources. 

If we wish to find the operating condition for maximum con
version conductance we have two dependent variables to consider, 
viz., the oscillator and bias voltages. The signal voltage is not a 
dependent variable since conversion conductance, in the same 
manner as mutual conductance, is independent of the signal voltage 
under normal operating conditions. The bias voltage must always 
be such that grid current does not flow, because damping of the 
signal-tuned circuit is not permissible. It is preferable therefore to 
vary the bias voltage with the oscillator voltage, keeping the bias 
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voltage always at least 1 volt more negative than the peak value of 
the oscillator voltage. Typical conversion conductance-oscillator 
voltage curves, obtained as described in Sections 5.6.3 and 5.6.4 
are shown in Fig. 5.la. The negative bias values for the three 
curves are adjusted to be 1, 2 and 3 volts, respectively, greater than 
the peak value of the oscillator voltage. The maximum value of 
conversion conductance and the oscillator voltage required to reach 
it tend to fall as the bias is increased. For small values of oscillator 
voltage the conversion conductance actually increases with increase 
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Fm. 5.la.-Typical Conversion Conductance-Oscillator Voltage Curves for Signal 
and Oscillator Voltages in the Grid-Cathode Circuit. 

of bias. If the latter is increased far enough the conversion con
ductance begins to fall and the effect is analogous to the optimum 
bias point for an anode bend detector as described in 8.4.1. 

It is necessary now to consider the reason for maximum con
version conductance at a particular oscillator voltage, since the 
I.F. term azlt~,. cos (w,. - w8 )t obtained from expression 5.2a 
would not suggest an optimum but an ever-increasing value as the 
oscillator is increased. This is due to the fact that a characteristic 
IaEu curve is never completely represented by the simple power 
series 16 in 5.2a, but more nearly by 

Ia= a0 +a1Eu+a2E/+a3E/ - a,Eu4 + 5.4. 

A negative sign for the a, term agrees with the known fact that 
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as Eu is increased positively Ia does not increase indefinitely but 
reaches some saturation value. Replacing Eu by 

Es cos wi+Eh cos wht - Eb 
in - a,Eg4 gives a term 

- 4a,EsEh 3 cos w8t cos3 wht 

= - 4a,EsEh 3 cos w8t(¾ cos wht+¼ cos 3wht) 

- - ta,E8 Eh 3( cos (wh - W8 )t +cos (wh +w8 )t] 

- ~'EsEh 3[cos (3wh - w8 )t+cos (3wh+w8 )t]. 

The first term, - ¾a,EaEh3 cos (wh - w8 )t, increases rapidly as the 
oscillator voltage is increased and subtracts from the 1.F. component 
produced by a 2Eg 2• There is also a term - ta,E8 

3Eh cos (wh - w8 )t, 
but its effect is much less marked be-
cause Es is usually much less than Eh. 
Hence an optimum oscillator voltage 
value 1s obtained as shown by Fig. 5.la, 
which gives curves typical of a valve of 
the variable mu type. For a non
variable mu valve the optimum oscil
lator voltage has a much more pro
nounced maximum. It will be noticed 
that the curves, after the initial rapid 
rise, reach a maximum rather slowly 
and it is preferable to operate at an 
oscillator voltage lower than maximum, 
e.g., 4 volts for Eu = - (Eh+ 1) because 
the amplitude of the interference whistles 
generated by the frequency changer in
creases rapidly with increase of oscil
lator voltage (see Section 5.4.1). 

For good automatic gain control 
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Fm. 5.lb.-Conversion Con
ductance-Grid Voltage Curves 
for Oscillator Voltage Applica
tion to the Cathode Circuit. 

voltage. The larger gives greater conversion conductance and a 
longer cut-off (approximately longer by the difference between the 
two oscillator peak voltage values, i.e., 2 volts). 

The oscillator voltage may be applied to the grid-cathode circuit 
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in a number of ways. One possible method is via a coil connected 
between the grid and the signal-tuned circuit. This has the dis
advantage that the tuning range of the signal circuit is restricted 
by the coil capacitance to earth, and ganging with the preceding 
signal amplifier stages is rendered almost impossible. The alterna
tive position for the coil, on the earthed side of the tuning circuit, 
necessitates insulation of rotor as well as stator plates of the tuning 
capacitance and is therefore impracticable. It can however be 
used when signal tuning is preset as for push-button operated 
receivers or band-spread receivers at high and ultra-high frequencies. 

A second method is to apply the oscillator voltage via a coil 
coupled to the signal tuning coil. This suffers from the disadvantage 
that the actual value of the oscillator voltage applied to the grid 
circuit now depends on the selectivity of the signal circuit, and the 
frequency separation between oscillator and signal. The signal
tuned circuit is directly connected to the pick-up coil and interaction 
tends to cause a variation of oscillator frequency with variation of 
the signal-tuned circuit. 

Coupling by capacitance to the grid of the frequency changer is 
a possibility, but it possesses the disadvantages of botl1 the first 
two methods. 

The best method of inserting the oscillator voltage in the grid
cathode circuit is by means of a coil in the cathode-earth lead. 
The coupling between the signal and oscillator circuits is limited 
to the grid-cathode capacitance and interaction is very much 
reduced. This circuit is very suitable for signal frequencies in the 
medium and long wave band, but is not satisfactory for short wave 
operation because the grid-cathode capacitance is sufficient to cause 
the signal circuit tuning to influence the amplitude and frequency 
of the oscillator voltage. The effect of this coupling at medium 
and long wave frequencies is chiefly to develop across the signal 
circuit an oscillator voltage in opposition to the cathode oscillator 
voltage, so that the net voltage applied between the grid and 
cathode of the frequency changer is decreased. A high I.F. reduces 
the feedback voltage developed in the signal circuit by increasing the 
frequency separation between signal and oscillator circuits. For an 
I.F. of 465 kc/s, the oscillator voltage developed in a signal circuit 
tuned to the centre of the medium wave-band is of the order of 
/ 0 of that in the cathode circuit. 

It is quite usual to combine the oscillator and frequency changer 
in one valve, and a typical circuit for grid-cathode coupling is 
shown in Fig. 5.2a. The valve is a triode-pentode with a cathode 
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common to both. The pick-up coil in the cathode is also the feed
back coil for the oscillator, and this necessitates decoupling of the 
anode and screen circuits of the pentode to the cathode and not to 
earth. If these two circuits are decoupled to earth, current varia-

FIG. 5.2a.-The Circuit for Oscillator Voltage in the Cathode of a Triode-Pentode 
Va.Ive. 

tions in the pentode section at the oscillator frequency develop a 
voltage across the coil in opposition to that generated by the 
oscillator. This is more clearly demonstrated by considering the 
equivalent circuit in Fig. 5.2b. The I.F. circuit impedance is low 
to the oscillator frequency and is assumed to be zero. For con
venience the cathode coil is replaced by a separate generator of 

..---------oHT+ 

Fm. 5.2b.-The Equivalent Circuit for the Oscillator Voltage in the Cathode 
Circuit of a Pentode Va.Ive. 

open circuit voltage Eh (the oscillator voltage) with an internal 
impedance Zk, the coil impedance at the oscillator frequency. The 
voltage applied to the grid-cathode electrodes of the pentode is 
Eh - Ek, where Ek is the voltage produced across the coil imped-
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ance Zk 
current. 
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by the oscillator frequency variations 
The value of Ek is 

Ek = flm(Eh - Ek)Zk 

where flm = mutual 

Thus 

conductance of the pentode. 

E _ E f!mZk 
k - hl+gmZk 

[CHAl'TER 5 

of the pentode 

and the net voltage between cathode and earth 1s 

Eh - Ek= Eh 
I+gmZk 

5.5. 

The effective voltage is therefore reduced, and since this is also the 
driving voltage for the oscillator it means that there is a serious 
degenerative effect on the latter. This defect, which may even be 
sufficient to prevent oscillation altogether, can be eliminated by 
decoupling the screen and anode circuits to cathode. The resistances 
R 1 and R 2 and capacitances 0 1 and 0 2 in Fig. 5.2a perform this 
function, diverting pentode current variations at the oscillator 
frequency direct to cathode instead of via earth through Zk to the 
cathode. I.F. current variations are diverted from Zk at the same 
time. Capacitors Oare ganged together and Op acts as a padding 
capacitance for ganging purposes. 

5.2.3. Oscillator Application to the Screen Circuit. Fre
quency changing may be accomplished by applying the oscillator 
voltage in the screen circuit of a multigrid valve. Owing to the low 

0 zo 40 60 80 
Osc,llator Peak Voltage 

Fm. 5.3.-Typical Conversion Conductance-Oscillator Voltage Curves for 
Oscillator Voltage in the Screen Circuit of a Pentode Vi'lve, 

amplification factor between screen and anode a much larger voltage 
is required than for the cathode circuit. Typical conversion 
conductance-oscillator voltage curves are shown in Fig. 5.3 for a 
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pentode valve. Similar curves may be obtained for a screened-grid 
valve, but they are of little practical value since conversion gain 
under normal operating conditions is limited by the secondary 
emission characteristic, and falls off rapidly when the sum of the 
n.c. screen voltage and oscillator peak voltage approaches the 
minimum voltage developed in the anode under normal operating 
conditions. This voltage, which is equal to the H.T. voltage minus 
the peak value of the output voltage E 0, is dependent on the IF. 

external anode impedance and the signal voltage. In a pentode 
the effect does not occur since the minimum anode voltage is 
practically independent of screen voltage and can be very nearly zero. 

An interesting point shown by the curves is that maximum Ye 
is obtainable with zero n.c. screen volts. The valve then operates 
as a half-wave frequency changer on the positive half of the oscillator 
voltage wave, the anode current being cut off for the negative 
half-cycle. Section 5.5 indicates that this is the most efficient 
method of frequency changing. 

A ser10us disadvantage of screen application is the large oscillator 
voltages required. The screen-control grid capacitance is almost 
equal to that of the control grid-cathode so that the proportion of 
oscillator voltage transferred to the signal circuit is the same. 
Since the required value is so large (ten to twenty times greater 
than for cathode application) the voltage appearing across the signal 
circuit is much greater. Also the oscillator-tuned circuit has to be 
used to provide the screen voltage, and the signal-circuit tuning 
consequently influences the oscillator frequency to a great extent. 
For these reasons screen frequency changing is never used. 

5.2.4. Oscillator Application to the Suppressor Grid. We 
have already shown in Section 2.5 that bias on the suppressor grid 
of a pentode may be used for controlling the amplification of the 
valve. Frequency changing can therefore be accomplished by 
applying the oscillator voltage to the suppressor grid circuit as in 
Fig. 5 4, and it takes place in accordance with expression 5.2b. 
The current taken by the suppressor grid on application of the 
oscillator provides the self-biasing voltage across Rs (about I M.Q). 
The optimum os01llator voltage depends on the suppressor grid 
cut-off bias voltage, and its peak value is usually 2 to 3 volts greater 
than half the latter. A typical curve of conversion conductance is 
shown in Fig. 5.4 for the self-bias condition The maximum con-

version gain (gc. R Zo iT) is generally little more than half that 
a+Llo 

for cathode application because of the reduction in valve slope 
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resistance brought about by biasing the suppressor grid (Section 2.5). 
This resistance reduction causes loss of selectivity as well as of 
amplification when the valve is associated with an I.F. tuned 
transformer. 

0 20 
Oscillator Peak Voltage 

Fm. 5.4.-Typical Conversion Conductance-Oscillator Voltage Curves for 
Suppressor Grid O-,cillator Voltage and Self-Bias on a Pentode Valve. 

The chief advantage of suppressor grid application is the 
additional screening provided between signal and oscillator circuits 
by the screen-grid electrode and it therefore can be used for short 
wave operation. 

5.2.5. Oscillator Application to the Anode Circuit. 9 

Oscillator application to the anode circuit of a tetrode or pentode 
valve is not employed because the anode voltage has little effect 
on anode current unless the former is very low. For large con
version conductance the n.c. anode voltage must be low and the 
oscillator voltage must carry the anode voltage over the bend of 
the IaEa curve. Under these conditions the valve slope resistance 
is low and the I.F. transformer characteristics are adversely affected. 

5.2.6. Frequency Changing and Oscillation from a Single 
Valve.8 It is possible to combine the functions of frequency changer 
and local oscillator in one valve, though it is preferable to employ 
a separate oscillator as it is not easy to obtain high efficiency 
frequency changing with satisfactory oscillation and little interaction 
over a range of signal frequencies. Oscillation may be obtained 
by feedback coupling between cathode and anode or screen and 
anode, or by using the dynatron, or negative resistance characteristic 
(Section 2.4) of the screen or anode of a screened-grid valve. In 
one method a coil, inserted in the cathode lead of a tetrode or 
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pentode, is coupled to the oscillator-tuned circuit connected by 
capacitance to the anode, which contains an I.F. transformer with 
untuned primary, the latter acting as a choke to the local oscillator 
frequency. An alternative is to connect the feedback coil in the 
screen circuit, but this requires much tighter coupling as the 
amplification between screen and anode is generally low, and screen 
application requires a large oscillator voltage for satisfactory 
frequency changing. The position of the oscillator tuned circuit 
and feedback coil can be reversed, the latter being placed in series 
with the I.F. transformer primary, which can then be tuned. 
Oscillations may be generated by inserting the oscillator tuned 
circuit in either screen or anode of a screened grid valve and suitably 
biasing both electrodes to bring the dynatron characteristic into 
play, but this method is not very satisfactory and adjustments are 
critical. Combined single valve operation of this kind is only 
possible over medium and long wave ranges since there is consider
able interaction between signal and oscillator circuits. 

5.3. Special Types of Frequency Changers.42 

5.3.1. The Triode Hexode. 10 , 32 The triode-hexode frequency 
changer is a logical development from the triode pentode with 
suppressor grid application. It will therefore be treated before the 
heptode or octode, although it was preceded by them. The low 
slope resistance due to biasing the suppressor grid of the pentode 
is restored to a high value by the inclusion of a positively biased 

(E0 = 250, E,. = 70, E11 = - 1·5.) 
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screen between the suppressor grid and anode. The effect of this 
screen, which converts the pentode to a hexode, is shown in 
Section 2.5 to be the conversion of the triode, formed by the virtual 
cathode round the first screen, the suppressor grid and anode, into 
a screen grid valve. 

Typical conversion conductance-0scillator voltage curves are 
shown in Fig. 5.5. The dotted curve is the one obtained for self-bias 
of the oscillator grid. The rule for optimum oscillator peak voltage 
as given for self-biased suppressor grid application is again applicable, 
viz., that it is about half the cut-off bias voltage ( - 16) plus 2 or 3. 
The additional screen (g ,) not only raises the valve slope resistance 
but also allows g3 to have a closer mesh without seriously reducing 
anode current, and so the optimum oscillator voltage is much lower 
than for suppressor grid application. The signal grid g1 is generally 
given variable mu characteristics, and variation of bias on this grid 

Jf.r+ 

~ f L;:utput 

Rz 

C' 

H.T.-
"---'\IV\l'-.._Bias 

Fm. 5.6.-The Circuit for a Triode-Hexode Frequency Changer. 

produces a curve similar in shape to those shown in Fig. 5.lb. A 
representative circuit for a triode-hexode frequency changer is 
shown in Fig. 5.6. 

To avoid excessive interference whistle production it is advisable 
to operate the hexode at an oscillator voltage not exceeding the 
optimum and preferably less. Advantage should not be taken of 
t4e flat part of the self-biased conversion conductance curve to 
maintain constant gc (in spite of large oscillator output variations 
over a tuning range), but rather attempts should be made to control 
oscillator output. The series grid resistance R 1 in Fig. 5.6 assists 
in preserving more constant voltage. (See Section 6.4.) 

The hexode possesses the chief advantage of suppressor grid 
application, viz., low capacitance coupling between signal and 
oscillator circuits, and in addition gives high conversion conductance 
with high anode impedance. It is therefore particularly suitable 
for all-wave operation. 
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5.3.2. The Heptode.13 , 19, 29 The heptode (originally called 
pentagrid 5) valve, which was an earlier development than the 
hexode, is a combined oscillator and frequency changer. It contains 
five grids, four are of normal construction and the fifth, so-called 
grid (G1 in the circuit diagram of Fig. 5. 7), consists of two rods, 

m,.._ 
'ut/Jllt 

-
Fm. 5.7.-The Circuit Dia.gram for a. Heptode Frequency Changer. 

similar to grid support wires, placed between grids 1 and 3 These 
two rods constitute the anode of the oscillator, the grid of which 
is G1 nearest the cathode. The grid G1 is the active grid for frequency 
changing. Grids 3 and 5 are positively biased screening grids and 
grid 4 is the control grid. The valve, except for the oscillator 
anode, is similar to the hexode with the positions of the signal and 
oscillator voltages reversed. The rods forming the oscillator anode 
are only large enough just to maintain oscillation, and are set in 
line with the other grid support wires so that they are outside the 
main elect.ron stream. Current for the oscillator anode, grid 2, is 
mainly derived by secondary emission from the screen, grid 3. It 
is essential that the oscillator anode should influence the main 
electron stream as little as possible, because changes of voltage on 
this electrode are in antiphase to those on grid 1 and tend to reduce 
the effective oscillator voltage applied for frequency changing. 

The oscillator is of the tuned-grid type since the comparatively 
large voltage required on grid 1 can be obtained more easily from a 
tuned-grid than from a tuned-anode oscillator. A disadvantage of 
the valve is that variation of signal-grid bias (G,), for amplification 
control purposes, affects the secondary emission from Ga to the 
oscillator anode and causes amplitude and frequency variations of 
the oscillator. This can be overcome by the use of a separate 
oscillator section, 23 or greatly reduced by the constructions shown 
in Figs. 5.8a and 5.8b. In Fig. 5.8a 36 the first positively biased 
grid (Ga) is a pair of triangular plates, concentrating the main 
electron stream into a beam away from the oscillator anode (G2). 

Variation of bias on G, has now very much less effect on the second• 
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ary em1ss1on from G3 to G2• Pentode IaEa characteristics are 
obtained by adding the suppressor grid (G 6 ). In Fig. 5.8b 35 the 
oscillator triode anode is separated from the frequency changing 
section by using half the cathode emission for the oscillator and half 

Anode-------,---
~uppressor Grid (G6 ) 

Screen(Gs)
Signal Grid (64) 
Slotted Screen(Gy 
Cathode 

Main E!ectron---->oc--.c
Stream 

(a,) 
Cb) 

Fm. 5.8a.-The Electrode Structure Fm. 5.8b.-An Improved Pentagrid 
of a Special Octode. Type of Frequency Changer. 

for the frequency changer. The oscillator grid is, however, common 
to both circuits. The box-shaped suppressor plate helps to reduce 
capacitive coupling between oscillator and signal circuits and to 
suppress secondary emission from the frequency changer anode, thus 
raising the output impedance and giving pentode IaEa characteristics. 
Oscillator performance, especially on short waves, is greatly im
proved because of increased gm, but conversion conductance suffers 
by using only one side of the cathode for frequency changing. 

A disadvantage of a heptode operating over the short wave 
band is coupling between the oscillator and signal grids due to the 
common electron stream and this is discussed more fully in 
Section 5.8.3. 

5.3.3. The Diode Frequency Changer. The detecting pro
perties of the diode valve make its employment as a frequency 
changer possible, but it has not been used for this purpose to any 
extent because it has a low conversion gain (normally less than 
unity), a high oscillator harmonic response (Section 5.5 indicates 
that a high oscillator harmonic response is to be expected when a 
frequency changer valve operates into anode current cut-off), a 
comparatively poor signal-to-noise ratio, 41 grid current damping of 
the input signal circuit, and appreciable coupling between signal 
and oscillator circuits through the anode-cathode interelectrode 
capacitance. The property of high oscillator harmonic response (the 
oscillator second harmonic response (21,. - fs') may be as much as 
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70% of the fundamental oscillator (A - f 8 ) conversion gain) may 
make it suitable as an ultra short wave frequency changer, since a 
lower oscillator frequency means increased oscillator frequency 
stability, a pressing problem on ultra short waves. Signal-to-noise 
ratio is low because of poor conversion gain and it is maximum for 
minimum diode conduction resistance (Rd of Section 8.2.5). Grid 
current damping can only be reduced by tapping down the signal
circuit coil and using a high conduction resistance diode with 
consequent loss of conversion efficiency. Interelectrode capacitance 
is decreased by increased electrode spacing (this, however, magnifies 
transit time effects at high frequencies) and decreased electrode area, 
both of which increase diode conduction resistance. A suitable 
circuit 30 for a diode frequency changer consists of an oscillator 
pick-up coil, tuned signal and intermediate frequency circuits, a 
diode valve, and a self-biasing resistance paralleled by a capacitance, 
all connected in series. The pick-up coil should be loosely coupled 
to the oscillator-tuned circuit so as to reduce interaction between it 
and the signal circuit, which is tapped down to reduce damping from 
the diode. The capacitance across the self-bias resistance must 
have a high enough value to bypass the I.F., but not too large to 
cause "non-tracking" distortion of the I.F. modulation envelope as 
described in Section 8.2.1. One point in favour of the diode is that 
when Bh is large, conversion gain is independent of the variation of 
Bh, and I.F. output is linearly proportional to the input signal 
voltage. 

5.4. Interference Whistle Production. 12 , 17 , 24 , 21, 2s 

5.4.1. Introduction. Interference whistles may be produced 
in a frequency changer whenever the signal circuit contains undesired 
frequencies which can combine amongst themselves or with the 
oscillator or its harmonics to produce a frequency near to the 
intermediate frequency. The former possibility is remote and need 
not be considered. Oscillator interference whistles, except that due 
to the image signal, against which even an ideal frequency changer 
cannot discriminate, are due mainly to distortion in the frequency 
changer. Harmonic distortion in the oscillator valve is rarely 
serious. To demonstrate the method by which interference may 
arise let us take the expression 5.4 for the IaEu characteristic. 
Though this expression is concerned with common electrode applica
tion, similar results are obtained for separate electrode application 
by modifying the ideal expression of 5.2b. Using the same signal 
and oscillator designations but noting that the signal is an un-
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desired frequency, i.e., fh - fs =;,!:.Ji, and assuming for convenience 
that Eb = 0, expansion of the term a3E0 

3 in the series 

la= ao+a1E0 +a2E0
2 +aaE/ - a 4E0

4 

gives 
a3(28 cos w8t+2h cos wht} 3 

= a 8[28 cos3 w8t+32/·2h cos 2 w8t cos wht 

+3l82h 2 cos W8t cos 2 wht+2h 3 cos 3 wht] 

[
2 a 32 22 

= a 3 -;f--(3 cos w8t+cos 3w8 t) +T(l +cos 2wst) cos wht 

32 2 2 2 a ] +T(l +cos 2w11t) cos w8 t+-£-(3 cos wht+ cos 3wht) 

[
2 a 

= a 3 :-(3 cos w8t+cos 3wgl} 

+
328

22h( t+COS (2w8 +wh)t+cos (2w8 - Wh}t) --
2
- COS Wh 

2 

+
32s2h2

( t+cos (2wh+w8 )t+cos (2wh - w.)t) --
2
- COS W 8 ' 

2 
2ha 

+ 4 (3 cos wht+cos 3wht) . • • . 5.6. 

Eight frequencies are represented above by the pulsances w
8

, 3w
8 

; 

wk> 3wh> 2w8 +wh, 2w8 - wh, 2wh +w8 , 2wh - w8 , and it is significant 
to note that they may be obtained by adding or subtracting the 
two fundamental pulsances wh and w8 three at a time in all possible 
ways, but neglecting negative pulsances. For example 

ws+ws - Ws = ws, 
w8 +w8 +ws = 3w8 , 

w8 +w8 +wh = 2w8 +wh 
w8 +w8 - wh = 2w8 - wh 

wh+wh - wh = wh 
wh +wh +wh = 3wh 
wh+wh+w8 = 2wh+w8 • 

wh+wh - w8 = 2wh - W 8 

This rule may be extended to any term in the power series, and 
frequencies produced by the fourth power term can be obtained by 
taking the fundamental frequencies four at a time. 

Most of the pulsances given by 5.6 do not contribute to the 
output voltage since the intermediate frequency circuit rejects 
them. However, if the signal frequency has certain values, the 

2w - wh 2wh - w frequencies ~·• ---~ and 8 may be very nearly equal to 
2n 2n 

the intermediate frequency, and when this condition is fulfilled an 
interference whistle is produced. For example, for an I.F. of 
465 kc/s and a signal frequency of 700 kc/s, the oscillator is 
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1,165 kc/s; undesired signal frequencies of 351, (wh - 2w8 ), 816, 
(2w8 - wh), 1,867, (2wh - w8 ) and 2,797 kc/a (w8 - 2wh), present 
at the grid of the frequency changer produce 2 kc/s interference 
tones if the IaEo characteristic of the latter has a third power 
term (a 3E0 

3). 

We can see from expression 5.6 that the amplitude of the terms 
bears a relationship to the frequency components ; thus the fre-

quency 2ws - wh has an amplitude proportional to e 8
2eh. The 

2:ri 
factor multiplying the fundamental frequency indicates that the 
fundamental amplitude is raised to a power equal to the multiplying 
factor. Interference involving signal frequency harmonics usually 
has a smaller amplitude than that involving the oscillator harmonic 
since es is less than eh. 

Interference whistles are conveniently classified as follows, the 
suffixes u, h and 1 denote the undesired signal, oscillator and inter
mediate frequency respectively. 

(1) Image frequency, I.,, -lh~l1 
(2) Combination of the signal and oscillator harmonics of 

different integers 

±mA-=f-nl.,, ~ l1 
(3) Combinations of harmonics of equal integers 

m(±fh-=f-1.,,) ~11 
(4) Intermediate frequency harmonics 

Is~ nl1 

where Is = the desired signal frequency. 
The " approximately equals " sign is used to denote that the 

resultant of undesired signal and oscillator is within audio range of 
the I.F., i.e., equals 11±15 kc/s. 

5.4.2. Image Signal Interference. Image interference is 
generally located at certain points in the tuning range corresponding 
to signal frequencies equal to those of any local powerful trans
missions minus twice the intermediate frequency. Since the 
frequency changer cannot discriminate against the image signal 
special precautions are necessary to improve the selectivity of the 
signal frequency circuits at a frequency 2/1 kc/s above the desired 
frequency, and circuits for achieving this are considered in 
Section 5.9. 

5.4.3. Interference due to Combination of Different 
Harmonics of the Signal and Oscillator. Oscillator and 
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signal harmonic interference whistles of this type are spread over 
the tuning range in an irregular manner. Harmonics produced by 
the oscillator and R.F. stage can cause this interference with an 
ideal frequency changer having an IaE11 characteristic in accordance 
with expression 5.2a or 5.2b, but this rarely happens. Distortion 
in the frequency changer is the more usual source, and the inter
ference effect can be reduced by reducing the curvature (the higher 
power terms in the power series) of the I aE II characteristics for the 
signal and oscillator electrodes. Generally oscillator harmonic 
interference is the more serious-the signal tuned circuits attenuate 
undesired signals so that Eu~ .E;.-and it is reduced by making 
the oscillator amplitude as small as possible consistent with good 
conversion conductance. 

5.4.4. Interference due to Combination of Equal 
Harmonics of the Signal and Oscillator. The characteristic 
of this type of interference is that the whistles are grouped around 
the oscillator frequency. For example, with an I.F. of 465 kc/s, a 
desired signal of 700 kc/s, and an oscillator of 1,165, possible 
interfering frequencies are 932, 1,009, 1,049, 1,398, 1,321, 1281 kc/s, 
i.e., 2(A - fs), 3(fh - fs), 4(fh - fs), 2(fs - f,.), etc. 

5.4.5. Intermediate Frequency Harmonics. Harmonics of 
the intermediate frequency may cause interference if there is feed
back from the I.F. amplifier to the signal circuits when the latter 
are tuned to nf1• Serious interference and even instability is 
possible for an I.F. of 465 kc/s at signal tuning settings of 930, 
1,395, 1,860 kc/s, etc. The usual cause of feedback is inadequate 
filtering of the A.G.c. bias, but it may also occur due to insufficient 
decoupling of the R.F., frequency changer and I.F. stages of the 
receiver, and to insufficient R.F. filtering between the detector and 
first A.F. amplifier. Improved A.G.c. bias, R.F. decoupling and 
screening usually reduces the effect to small proportions. 

5.4.6. Interference Charts.6 Interference frequencies are 
most conveniently expressed in the form of charts. A chart for 
an I.F. of 465 kc/s is shown in Fig. 5.9, and it is constructed in the 
following manner. The horizontal axis gives the signal tuning 
frequency of the receiver, and the vertical axis, with one exception, 
the interfering frequency. The exception is a line at 45° through 
the origin. This line gives the desired frequency on the vertical 
axis and is designated (h - s), where h is the oscillator frequency 
and s, for all lines except (h - s), is the interfering frequency. 
Lines due to harmonics of the signal and oscillator higher than 
the third are not shown on the chart. The image signal line 
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(s - h) is a line parallel to (h - s) and vertically above it by 
twice the intermediate frequency. 

Interference lines due to unequal harmonics of signal and 
oscillator are distributed over the chart at different angles. For 

200 400 600 800 1000 1200 /400 
Signal Tuning Frequencg{kc/s) 

Fm. 5.9.-Interference Chart for an Intermediate Frequency of 465 kc/s. 

example, the line corresponding to (2h - s) passes through 100 kc/s 
(horizontal), 665 (vertical) and 500 (horizontal), 1,465 (vertical). 
The first point is calculated as follows : 

desired signal = 100 kc/s ; oscillator = 565 kc/s 
undesired signal = 2 x oscillator - f 1 

= 1,130 - 465 = 665 kc/s. 

Lines corresponding to equal harmonics of signal and oscillator 
are parallel to the desired frequency line (h - s) and spaced vertically 

above it by (n : _!_ )11 for h > s and (n ! 1 )11 for s > h, where n 
is the number of the harmonic. Hence 3(h - s) is 310 kc/s and 
3(s - h) is 620 kc/s above (h - s). 
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To interpret the charts, let us consider a desired frequency of 
1,000 kc/s. By drawing a vertical line from 1,000 kc/s on the 
horizontal axis we find eight intersections with the interference 
lines from 333·3 (h - 3s) to 1,310 kc/s (3h - 3s). If any of these 
undesired frequencies is present in the input to the frequency 
changer a whistle may be produced. Conversely, if 1,000 kc/s 1s 
the frequency of a strong local station its interference possibilities 
may be estimated by drawing a horizontal line from 1,000 kc/s on 
the vertical axis. The points of intersection (read on the horizontal 
axis) with the interference lines give the tuning points at which 
interference due to the local station may be expected. In Fig. 5.9 
there are 12 tuning points from Oto 1,500 kc/sat which interference 
might be expected. 

5.5. The Maximum Value of Conversion Conductance. 20 , 21• 

In Section 5.1.2 it is stated that the ratio of conversion conductance 
gc, to mutual conductance gm, rarely exceeds 0·25 in practice. We 
will now determine the maximum value of this ratio under various 
oscillator operating conditions. Differentiating the IaEu expression 
for grid-cathode application 

Ia = a0 +a1E0 +a2E0
2 

we have 

d~ 2a·E 57 dE = a1 + z u . . a. 
g 

But!~ is the slope of the IaEu characteristic curve, i.e., it is the 
g 

mutual conductance gm. 
At a fixed bias voltage - Eb, we have 

[d
dEia] _ = gm' = a 1 - 2a 2Eb 5.7b. 

g E,- -E6 

The anode current component for a signal grid voltage of 
Es cos w

8
t at the above bias voltage is 

Ia= gm'£8 COS w8t 
= (a 1 - 2a2Eb)ll8 COS w8t 5.8~. 

If an oscillator voltage eh cos W11,t is also applied, - Fh in 5.8a 

becomes (811, cos w11,t - Eb) and 

Ia = [a1 +2a2(k11, cos W11,t - Eb)]k8 cos wi. 
The I.F. component (I1 ) in Ia is contained in the term 

2a 2£11,£8 COS W11,t COS w/, 
thus 

5.8b 
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but from 5.3a 
Ye= !1- = a2eh. 

es 
To interpret a/lh, and hence Ye, in terms of Ym, let us imagine that 
the bias is decreased to (- Eb+eh), at which the mutual con
ductance is Ym(max.)• Similarly at a bias of - (Eb +Eh) let mutual 
conductance be Ym(min.) Now 

and 
so that 
Hence 

Ym(max.) = al +2a2(eh - Eb) 
Ym(min.) = al - 2aieh + Eb) 

Ym(max.) - Ym(min.) = 4a2Eh. 

Y 
= Ym(max.) - Ym(min.) 

C 4 5.9a 

or the conversion conductance is 0·25 of the change in mutual 
conductance produced by the application of the oscillator voltage. 
Maximum change of mutual conductance is obtained when Ym is 
varied from 0 to the value at which grid current begins. Since a 
valve operating as an R.F. amplifier would be biased initially almost 
to the start of grid current- -its mutual conductance is then Ym(max.l

we may say that the ratio of conversion conductance as a frequency 
changer to mutual conductance of the same valve acting as an 
R.F. amplifier is not greater than 0·25 as long as the oscillator takes 
the valve only to cut-off and not beyond. 

The above method is not easily applicable when the oscillator 
voltage causes the anode current to be cut off for a part of the 
cycle, but if eh• es the following analysis may be employed. 
Suppose we take the expression for Ym in 5.7b and replace - Eb by 
- Eb+eh cos wht. At the left-hand side of Fig. 5.10, the curve of 
Ym against bias voltage (it is a straight line as shown by 5.7b) is 
drawn, whilst on the right-hand side the variation of Ym against 
time is plotted for two values of oscillator voltage ; for curve 2 
cut-off point is passed. Taking first curve 1, the coefficient of 
cos wht in this curve may be obtained by Fourier analysis, thus: 

Coefficient of cos wht in curve 1 
2n 

= whJio;; [a1 +2a2(eh cos wht - Eb)] cos wht dt 
:r,; 0 

2,. 

2aaE . t]w - - b• Sln Wh A 

Wh 0 

5.9b. 
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Multiplying this fundamental oscillator component in the flm curve 
by 118 cos wgl gives 

2a 2Ehf1s cos wht cos W 8 l 

and the I.F. component in this is a 2EhEs cos (wh - w8 }l. We 
therefore see that half the coefficient of cos wht in the flm curve 
plotted against time gives the conversion conductance. This 
method of attack is applicable to any shape of flm curve provided 
f1h}>f18 • 

Let us apply it to the case where the oscillator voltage is large 
enough to cut off the anode current during a part of the cycle. For 

Frn. 5.10.-Linear Mutual Conductance Characteristic for the Normal Type 
of Frequency Changer. 

simplification the maximum positive swing of the oscillator voltage 
will he assumed to be always O volts and the mutual conductance 
at this point to be flm(max.>· The cut-off bias voltage, found by 

putting flrn = 0 in 5.7b, is -
2 

a 1 and this we will designate by - Ebo· 
a2 

The equation to the flmEo curve in terms of flm(max.) and - Ebo is 

f!m = flm(max.{::o +l] . 5.10a. 

For oscillator and bias voltages of E,.' cos w,.t and - Eb' respectively 
we have 

E 0 = E,.' cos w,.t - Eb' 

= E,.'(cos w,.t - 1) 

for 11,.' cos w1/ is assumed to take the bias to zero at the maximum 
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positive peak so that E/ = JJ),:. To simplify let wht = 0; 
equation 5.10a becomes 

[
J})h' ] 

Ym = Ym(max.) Eb
0
(cos 0 - l)+l . 5.10b 

and the angle oc corresponding to cut-off bias - Ebo is obtained 
from 5.10b by putting Ym = 0 

1J) ' 
i(cos oc - 1) = - 1 
Ebo 

or oc = cos- 1
( 1 - !:~) 5.11. 

The coefficient of cos 0 in 5. IOb is given by Fourier analysis over 
the int· , mls 0 to oc and (2n - oc) to 2n, or twice the value obtained 
from O ; o oc. (See Appendix 2A.) 

Coefficient of cos 0 

= ~J:Ym(max{!:~(cos 0 - l)+l]cos 0 d() 

= 2gm(maT.)[sin oc(l _ ~h') + JJ)h'(~ + sin 2oc)]. 
n Ebo Ebo 2 4 

But from 5.11 
J})h' - 1 
Ebo - 1-=-~oos-~ 

Coefficient of cos 0 

= 2gm(max.) [- sin oc cos oc + 1 (~+sin 2oc)] 
n 1 - cos oc 1 - cos oc 2 4 

= Ym<max.) [°' - sin oc cos oc] 5.12a 
n 1-cosoc 

= 2ge 

for as shown above in expression 5.9b Ye = ½ the coefficient of 
cos 0 in the Ym expression. 

The ratio of ~ for different valuea of 1J) h is plotted 
Ym(max.) Ebo 

as curve 1 in Fig. 5.lla, and it is to be noted that a maximum 
Ye of 0·268 Ym(max.) is obtained when JJ),,, = 0·65.Ebo; i.e., when the 
valve is partially cut off by the oscillator voltage. There are 
disadvantages to operation into cut-off since oscillator harmonics, 
which can combine with undesired signals to cause interference 
whistles, are produced. If we limit JJ),,, to ½Ebo, no cut-off occurs, 
Ye is only reduced by about 8%, and for this particular (linear) 
flm curve oscillator harmonic interference is absent, since the com-
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ponent of cos n0, where n is greater than 1, in the Fourier analysis 
is zero over the intervals 0 to n and n to 2n. The practical form of 
gmEu curve is seldom linear so that interference whistles are possible 

even when C,. < E;o, but they are considerably increased as soon 

E 
as C,. exceeds t· 
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Fm. 5.lla.-Conversion Conductance and Oscillator Harmonic Response Curves 
for the Normal Type of Frequency Changer with Linear Mutual Conductance 
Characteristic. 

We can calculate the ratio of oscillator harmonic to fundamental 
conversion conductance by finding the coefficient of cos nO in 5.10b 
over the interval 0 to 0(. in the same manner as for the fundamental. 
Thus for the second harmonic conversion conductance 

gc(2h) = Um(max.)JIX[e,. (cos 0 - 1) + 1] cos 20 d0. 
n o Ebo 

= Um(max.)JIX[e,. (cos 0+cos 38 - cos 20) +cos 20Jdo 
n o Ebo 2 

_ Um(max.)[-Ch (sin 0(. +sin30(. _ sin 20(.)+ sin 20(.] 
n EbO 2 6 2 2 

_ Ym(mru.)[J?h (. sin 3o.: • 2 ) • 2 J - --- - --- sm oc+-~~- - sm 0(. +sm 0(. 
2n Ebo 3 

5.12b 

where 0(. is as given in 5.11. 
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The ratio of fl~(~ll)_ x 100 %, which we will call the percentage 
Yc(h) 

second harmonic response, is shown in curve 2 of Fig. 5.1 la. It is 

zero until Eh exceeds E;o and steadily rises as Eh is increased. 

Similarly it can be shown that the conversion conductance for 
the third harmonic of the oscillator is 

Yc(3h) _ Ym(max.)[Eh (sin 4oc + sin 2oc _ sin 3oc) + sin 3oc] . 5_12c. 
n Ebo 8 4 3 3 

The percentage third harmonic response gc(
3
:)) x 100 % is the dotted 

gc( 

curve 3 of Fig. 5.lla. It has zero value until Eh exceeds ~bo, 

rises to a maximum of 6·0% at Eh = 0-8.Ebo, falls to zero at 
Eh = Ebo and thereafter rises steadily. The need for preventing 
too high a value of oscillator voltage is made very clear from the 
curves. 

The above analysis is applicable to all types of gmEo curves, 
but when a separate electrode is used for the oscillator voltage the 
Ym curve for the oscillator grid must be considered. 

Taking expression 5.2b as representative of the hexode valve 
we obtain after differentiating with respect to E01 

!~ = Ym = a1(bo+b1E0s) 
gl 

and plottmg this against E03 , the bias on the oscillator grid, we have 
a straight line similar to that in Fig. 5.10. Proceeding along the 
lines set out above, we obtain a result for conversion conductance 
which is identical with that for common electrode application of 
the oscillator. Thus the curves in Fig. 5.lla are also applicable 
to the hexode valve, where Ym(max.) equals a1b0 , the value of Ym when 
the oscillator grid bias is zero. 

We can estimate the maximum conversion conductance obtain
able from a linear IaEo characteristic, such as that for a non
variable mu valve or a diode frequency changer, by the same 
method. Since Ia is linearly proportional to E 0 , the gmEo curve is 
a straight line parallel to the E0 axis, cutting the Ym axis at Ym(m<t.r.>· 
At the cut-off bias voltage, - EbO, it falls sharply to zero. The 
curve of mutual conductance against time for a given oscillator 
peak voltage exceeding - Ebo is therefore rectangular with zero 

Yni between ex. and 2n - IX, where IX = cos- 1( 1 - ;:0 
)- Conversion 
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conductance is given by half the coefficient of cos 0 in gm = gm<ma:r.) 
over twice the interval O to IX 

0-4 

0·1 

0 
0 

gc = ~[~J: gm(max.) COS 0 d~] 

I 

_ gm(max.) sin IX 

n 

_ gm(max•>J2 Ebo_ Ebo 2 

- -n- -.E,. -.E,.2 

" ,,,onic 1--
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. 5.13b. 

Fm. 5.llb.-Conversion Conductance and Oscillator Harmonic Response Curves 
for a Frequency Changer with Constant Mutual Conductance Characteristic. 

This result is plotted in Fig. 5.llb as curve 1, and we see that when 

-.E,. < E;o there is no cut-off and hence no frequency changing. 

This is to be expected since the output wave shape is an exact 
E 

reproduction of the original input. Actually when C,. = ;o, the 

a.ddition of the signal voltage causes the cut-off point to be passed 

and some small gc value is obtained. 

and this is its maximum value. 

When -.E - E g - gm<max.> 
h - bO> c - --n-

The percentage second and third harmonic responses are found 
from the coefficients of cos 20 and cos 30 in the Um - time curve. 
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The curves 2 and 3 show the variation of harmonic response for 

different ratios of lp_!i___ Second harmonic is zero at l}_E1!_ = I, whilst 
Ebo R oo 

third harmonic response is zero at _1!__ = 0·66 and 2. For large 
Ebo 

values of oscillator voltage the linear IaEg characteristic has lower 
oscillator harmonic responses than the parabolic characteristic 
operated into cut-off, and this is largely due to a higher fundamental 
conversion conductance. 

5.6. Measurements on Frequency Chan~ers. 

5.6.1. Introduction. The most important measurements 
which are required are those of conversion conductance, oscillator 
harmonic response, and signal handling capacity for a giv!m modula
tion percentage and distortion of the modulation envelope. 

5.6.2. Conversion Conductance. Conversion conductance 
may be measured by direct or indirect means. The first involves 
the use of low frequency input voltages for the signal and oscillator, 
whilst the second method uses frequencies in the range over which 
it is intended to operate. The former has the advantage of requiring 
only simple apparatus, but the results may not show close agree
ment with measurements made under short wave operating condi
tions, because of transit time of electrons and increased grid admit
tance. However, for the medium and long wave bands agreement 
between the two methods is generally good and variations rarely 
exceed 5o/o. 

5.6.3. Indirect Measurements of Conversion Conductance. 
The voltages for one indirect method are obtained from the 50 c.p.s. 
mains supply, and Fig. 5.12 shows a diagram of connections for a 
hexode valve. The diagram is similar for a pentode except that 
oscillator and signal inputs may be applied to the same electrode. 
Suitable bias and screen voltages are applied, and the signal voltage 
is fixed at some convenient value such as 0· l to 0·5 peak volts. 
A value of 0·5 volts should not be exceeded or it may be found 
that the measured gc is not independent of the signal voltage. The 
change-over switch (S) in the signal circuit allows the phase relation
ship between signal and oscillator to be reversed. The oscillator 
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voltage is variable and is obtained from the same transformer as 
the signal voltage. Operation of the change-over switch produces 
a change of mean current in the n.c. milliammeter, and this change 
is proportional to the conversion conductance. The relationship is 
expressed by 

Jal - la2 
Uc= 22 

8 

5.14 

where Jal =the mean current for the in-phase condition of e .• and eh 
and la2 = ,, ,, ,, ,, ,, out-of-phase ,, ,, ,, ,, ,, 

.------oH.r. + 

~.,___.. _ _. _____ -oH.T-

Fm. 5.12.-A Circuit for the Measurement of Conversion Conductance of a. Hexode 
Ve.Ive by means of the 50 c.p.s. Me.ins Supply. 

The proof of the above expression may be derived from 5.2b, thus : 

la = (ao+a1E01Hbo+b1E03}. 
Replacing E01 by (28 cos 0 - Eb1) and E03 by (Rh cos 0 - Eb3) we 
have for the in-phase current 

(a0 +a1(28 cos 0 - Eb1))(bo+b1(Rh cos 0 - Eb3}} 

the n.c. component of which is 

Ial = aobo - a1boEb1 - aob1Eb3 + a: 1e~h-

For the out-of-phase condition Egl = - es cos 0 - Ebl> and the 
n.c. component is 

Ia2 = aobo - a1b0Eb1 - aob1Eba - a: 1R~h 

Jal - Ia2 = a1b1Rseh. 
But from expression 5.3b (Section 5.1.3) 

g = a1b1eh = Ial - Ia2. 
C 2 22 

8 

The above result assumes that there is no distortion of the 
hexode laEo characteristics, and since in practice it is rare to obtain 
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linear characteristics there are possibilities of error in the measure
ment. The error is, however, not usually very serious, particularly 
if the signal voltage is not made large. 

A second indirect method 21 employs one A.c. voltage only-no 
signal voltage being used-and the circuit is shown in Fig. 5.13. 
A filter in the anode circuit attenuates all but the fundamental A.C. 

voltage. The input fundamental, which must be completely free 

...,_____.___.,. __ ...,_ __ ....,11.T-

Fm. 5.13.-A Circuit for tho Measurement of Conversion Conductance of a Hexodo 
Valve by means of the Change of Fundamental Output. 

from distortion, acts as the oscillator voltage, and the input signal 
is simulated by varying the signal grid bias a predetermined amount 
such as 0·5 volts. The change in fundamental output is noted and 
conversion conductance is given by, 

output fundamental voltage change 
Ye = 2 x signal grid bias change X Z 0 (anode circuit filter}' 

This may be proved as follows : 

Ia = (ao+a1Eg1)(bo+b1Eg3) 

where Eu3 = Eh cos 0 - Eb3 

:. Ia = a0b0 +a1b0Egl +a0b1(Eh cos 0 - Eb3 ) +a1b1Eg1(Eh cos 0 - Eb3) 

and the fundamental A.c., component in the above is 

11 = (a 0b1 +a1b1Eg1 )Eh cos 0. 

If Eu1 is decreased by a value of +Es the change in fundamental 
current component is 

1111 = a 1b1E8E,. cos 0 

but a 1b1 f';t 
Ye= 2 1',h 

_ 1111 _ 1111Z 0 _ 11E1 _ 11E1 
- 2E

8 
- 2EsZ

9 
- 2E

8
Z

0 
- Z

0 

5.15 

if E8 = 0·5 volts. 



212 RADIO RECEIVER DESIGN [CHAPTER 5 

Both indirect methods can be made to give satisfactory results 
compared with direct measurements, but for frequency changers 
operating over short wave ranges it is often preferable to use a 
direct method which takes into account coupling between signal 
and oscillator circuits, and electron transit time effects. 

5.6.4. Direct Measurement of Conversion Conductance. 
For direct measurement of conversion conductance a signal fre
quency is chosen at approximately the centre of the desired range 
of tuning frequencies. Suitable values are 700 kc/s for medium 
and long wave bands and 10 Mc/s for the short wave. A schematic 
diagram is given in Fig. 5.14. The signal voltage, supplied by a 
signal generator, must be limited to a value not exceeding 0·5 peak 
volts, though for high gain frequency changers, with a high anode 
impedance, it may be necessary to reduce to 0· l peak volts if anode 
voltage distortion is to be prevented. The oscillator voltage is 
obtained from an oscillator followed by an amplifier, the gain of 

Oscdlatof' 
Amplifttr 
Vartable 
Ga,n 

fJ,ode 

Voltmeter 

Fm. 5.14.-Schematic Diagram for the R.F. Measurement of Conversion 
Conductance. 

which is changed by bias variation. In the anode circuit of the 
amplifier is a tuned circuit, which rejects oscillator harmonics. 
This is essential for harmonic response measurement. Large 
oscillator voltages are obtained by capacitance-resistance coupling 
from this tuned circuit to the appropriate oscillator electrode in the 
frequency changer. Voltages not exceeding about 15 peak volts 
are obtained from a pick-up coil wound on the earthed end of the 
tuned circuit. A diode voltmeter may conveniently be used for 
measuring the oscillator volts across the pick-up coil, and it may 
also be calibrated to give the voltage across the tuned circuit by 
noting the diode current for different voltages measured by a 
slide-back or peak voltmeter across the tuned circuit. 

The anode circuit of the frequency changer consists of a parallel 
tuned circuit resonant at the I.F., and a slide-back or peak voltmeter 
is used to measure the output voltage. This type of voltmeter has 
two advantages ; its range of measurement is large-the output 
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may reach a peak value of 100 volts-and its grid input conductance 
can be made very low so that there is little damping of the output 
circuit. To calculate conv,~rsion conductance we must measure 
the resonant or dynamic resistance of the tuned output circuit, and 
this can be accomplished as follows. The bias on the signal grid of 
the frequency changer is increased to a value (about - 8 volts) at 
which the anode slope resistance can be expected to be much higher 
than the tuned-circuit impedance. The input signal is adjusted to 
give a certain output voltage, such as 1 volt peak (a low value is 
chosen to prevent the possibility of non-linearity between input and 
output voltages). The tuned circuit is next paralleled by a known 
non-inductive resistance and the input signal increased to give the 
same output voltage, viz., 1 volt. If E/ and E/ are the input peak 
signal voltages with and without the non-inductive resistance R, we 
have 

E 1 E 'R ti " RnR 
o = = gc s n = gcE's Rn + R 

where E0 = the output peak voltage 
gc = conversion conductance 

Rn = the dynamic resistance of the tuned circuit 

[ E" ] Rn= R ~:, - 1 . 

If we can assume th:,t Ra• Rn we can now calculate conversion 
conductance for 

Eo 
g =--
c EsRn 

5.16. 

5 .6 .5. Measurement of Oscillator Harmonic Response. 
Interference whistles from interaction between undesired signals 
and harmonics of the oscillator are normally more serious than 
undesired signal harmonic interference, and the ratio of conversion 
conductance for the second and third oscillator harmonics to that 
for the fundamental is a good indication of the interference capability 
of the frequency changer. 

The apparatus is the same as that used in the previous section, 
but the signal frequency is adjusted to give the I.F. by interaction 
with the particular oscillator harmonic under consideration. For 
example, if desired signal and I.F. frequencies are 700 and 465 kc/s 
respectively, the signal frequencies for measuring second and third 
harmonic responses are 1,865 (2 X 1,165 - 465) and 3,030 kc/s 
(3 x 1,165 - 465). It is essential that the oscillator voltage 
source be free from harmonics, and this may be checked with 
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oscillator amplifier at full gain by placing a potentiometer across 
the output and reducing the oscillator voltage applied to the 
frequency changer to about one-fifth of its optimum value. The 
oscillator harmonic response under these conditions should be 
not greater than 1 % of the fundamental. The percentage oscillator 

harmonic response ( gf h~rmonic 
1 

x 100%) is plotted in Fig. 5.15 
Ye un amenta 

against signal grid bias under normal conditions for the hexode 
type (full line), and the pentode with common electrode application. 
Increase of oscillator voltage increases both second and third 
harmonic response maxima and may change the position of third 
harmonic minima. The harmonic response for the hexode has 
generally lower maxima than the pentode and is less variable with 

-30 -20 -10 
Grid Bias floltage 

Fig. 5.15.-Typical Oscillator Harmonic Response Curves for a Pentode and 
Hexode Valve. 

{Dotted Line-Pentode. Full Line-Hexode.) 

bias change, because oscillator harmonics are caused by curvature 
of the laEuh characteristic, which is less affected by signal grid-bias 
variation than the laEu characteristic of the pentode. 

5.6.6. Signal Handling Capacity. The maximum modulated 
input signal and output I.F. voltage, which can be handled by a 
frequency changer, is defined as the carrier peak voltage modulated 
K¾ which gives 5% total harmonic distortion of the audio frequency 
envelope of the carrier. The modulation percentage is usually 
fixed at 80% in order to keep distortion low in the apparatus other 
than the frequency changer. The apparatus is substantially 
similar to that described in Section 7.11, except for the inclusion 
of the oscillator voltage at the appropriate point. 

Typical curves for a pentode with cathode application of the 
oscillator and for a hexode are illustrated in Fig. 5.16. The input 
and output carrier voltage curves for the hexode are lower than 
those for the pentode because of the semi-screened grid laEa char-
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acteristics of the former. Conversion conductance obtained by 
calculation from the input and output voltages is always higher 
at a large negative bias than conversion conductance measured with 
a small signal voltage. This is due to the fact that the input 
signal is large and the variable mu characteristic of the signal grid 

12~~---~~-~-........ -....--....----JZO 
~ ~ 
~ TO 1---+---+-+'+-+----l---+---+-,,'---i-=c=.e;.=+--+-----1!00 ? 
~ ~ 
~8 ~~ 
~ ~ 

~ ~ 
~6 ~~ 
·t -~ 
~4 ~~ 
\2 20} 
~ ~ 

_o50 -4[} -3[} -20 -TO O O 
Grid Bias Voltage 

Fm. 5.16.-Typical Signal Handling Capacity Curves for Pentode and 
Hexode Frequency Changers. 

(5 % A.F. Envelope Distortion and 80% Modulation of Carrier.) 
(Dotted Line--Pentode. Fu!, Line-Hexode.) 

causes the output voltage to increase at a greater rate than the 
input. The importance of these curves is discussed in Section 12.4.2 
on automatic gain control. 

5.7. The Properties Required of a Frequency Changer Valve. 31 

5.7.1. Introduction. Having discussed the salient features of 
frequency changmg, we can now specify the essential requirements 
of a frequency changer valve. It should have 

(1) A low value of anode and total current, and high slope 
res.stance. 

(2) A high value of conversion conductance, which is maintained 
in the short wave ranges. 

(3) Low oscillator harmonic response. 
(4) Minimum cross-modulation. 
(5) Minimum coupling between oscillator and signal circuits. 
(6) Minimum variation of signal grid-cathode capacitance for 

bias variations on the signal grid. 
(7) Low signal grid input admittance. 
(8) Small oscillator frequency drift. 
(9) Minimum microphonic effects. 
5.7.2. Anode and Total Current, Slope Resistance. Low 

values of anode and total currents aid economy of operation (this 
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is only an absolute essential in battery receivers), but their import
ance, in conjunction with gc, is their influence on shot noise. The 
equivalent shot-noise voltage at the grid of the frequency changer 

is approximately K vla. J 2 
· ,1f µ V ; where K is a factor de-

gc 10,000 
pendent on the type of valve and varying between 0·5 and l ·5, 
and 2,1/ is the pass-band width of the I.F. amplifier. The total 
current does not appear directly in the formula, but is actually 
contained in K, which is increased as the total current is increased. 
The importance of minimum Ia and IT is thus apparent. 

Since for the triode valve, anode and total currents are equal, 
signal-to-noise ratio is comparatively high, but this type of valve 
is quite unsuitable for frequency changing because of its low slope 
resistance, Ra, which results in low amplification and heavy damping 
of the primary of the I.F. transformer with consequent loss of 
selectivity. The tetrode or pentode valve is superior to the hexode 
or heptode because it has a lower ratio of total cathode to anode 
current, about l ·3 to 1 as compared with from 2 to 3 to 1 for the 
heptode and hexode. In certain beam tetrodes with aligned grids, 
screen current is reduced from the usual value of 25% of the anode 
current to 10% or less, and signal-to-noise ratio for these valves 
approaches that of the triode. Taking the signal-to-noise ratio of 
the latter as a basis of comparison, the beam tetrode with aligned 
grids, the normal tetrode or pentode, and the heptode or hexode 
have signal-to-noise ratios of about 0·8, 0·5 and 0·25 (respectively) 38 

of that for a triode. If the difficulties introduced by coupling 
between signal and oscillator circuits can be overcome, such as by 
using an untuned signal circuit, a tetrode with grid-cathode oscillator 
application is preferable to a hexode or heptode when there is no 
preceding R.F. stage, because of its greater signal-to-noise ratio. 
The effects of coupling on the short wave range can also be reduced 
by using a high I.F. and preset signal-tuned circuits, as occurs in 
some types of band-spread receivers. In the multi-electrode valve, 
any secondary emission currents to the anode add their quota of 
noise so that a high anode resistance Ra, which indicates small 
secondary emission from the screen or any other possible emitting 
surface (apart from the cathode) to the anode, is desirable; at the 
same time it increases the conversion stage gain, which leads to 
increased signal-to-noise ratio. 

5.7.3. Conversion Conductance. In order to obtain the 
highest signal-to-noise ratio the conversion conductance should 
have the highest possible value. As this tends to produce high 
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harmonic response, a compromise value of conversion conductance 
must be chosen, and generally it is about 85% of the maximum value. 

5.7.4. Oscillator Harmonic Response. For small oscillator 
harmonic response the curve connecting (Jc and oscillator voltage 
should be straight, and oscillator voltage limited to the maximum 
value which can be obtained on the straight part of this curve. 

5.7.5. Cross-Modulation. Cross-modulation is reduced by 
high R.F. selectivity before the frequency changer and by having 
minimum curvature of the g;E

0 
characteristic of the signal grid. 

Signal harmonic response is also reduced by this method. 
5.7.6. Signal and Oscillator Circuit Interaction. In an 

ideal frequency changer, variation in signal circuit tuning should 
have no effect on oscillator frequency and amplitude. Coupling by 
interelectrode capacitance and the common electron stream occurs 
in practice, and the signal circuit tuning always has some influence. 
Its effect is most pronounced at the higher short wave frequencies 
where the frequency ratio between oscillator and signal is smallest. 

5.7.7. Signal Grid-Cathode Capacitance Variation. A 
capacitance variation of about 2 µµF occurs when the signal grid 
bias is varied and is due to variation of the distance between the 
grid and the virtual cathode produced by space charge. It is a 
function of the total current passing through the control grid and the 
greatest mistuning effect occurs for small signal-tuning capacitances, 
i.e., at the high-frequency end of any given range. The effect is 
much less pronounced in the heptode than in the hexode valve. 

5.7.8. Low Signal Grid Input Admittance. The con
ductance component of the signal grid input admittance of a hexode 
frequency changer generally increases as the signal frequency 
increases due to the inductance of the cathode lead and feedback 
through the grid-cathode capacitance, and also due to transit time 
of the electrons. A heptode valve may show a negative input 
conductance, which decreases as the signal grid bias is increased, 
becoming zero at a particular bias voltage and finally asymptotic 
to a positive value equal to the losses in the valve-holder, etc., as 
measured when the valve-heater is open-circuited (the valve is 
cold). Both these effects are discussed in Section 5.8. Anode-grid 
capacitance coupling has little influence on input conductance 
because the value of capacitance is small and the anode circuit is 
an I.F. transformer offering a very low impedance to the signal 
frequencies. 

5. 7. 9. Oscillator Frequency Drift. Oscillator frequency 
variations due to the frequency changer valve itself are covered by 
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5.7.6 and are more fully discussed in Section 5.8.1. Those due to 
the oscillator and its component parts are dealt with in Sections 6.6 
and 7. 

5.7.10. Microphony. Microphony is largely affected by 
electrode structure and supports. The position of the valve with 
respect to the loud-speaker and the use of a shock-absorbing valve 
mounting can determine the extent of microphonic noises. Sound
wave coupling may also occur between the loudspeaker and 
rotor plates of the oscillator tuning capacitance, and to reduce this 
the complete tuning capacitance chassis is often mounted on rubber. 
Increasing the thickness and spacing of the rotor plates of the 
oscillator tuning capacitance also reduces the tendency to sound 
coupling. 

5.8. Special Considerations in Short Wave Frequency 
Changing. 25 

5.8.1. Introduction. Short and ultra short wave frequency 
changing is chiefly complicated by the increased effect of capacitive 
and electronic coupling, the reduced frequency ratio between signal 
and oscillator and increased signal grid input admittance, which 

becomes comparable with the resonant conductance ;D of the 

signal-tuned circuit. 
Capacitance coupling has the same effect in hexode or heptode 

valves. It normally precludes the use of common electrode applica
tion of signal and oscillator frequencies, though for special reasons 
(such as increased signal-to-noise ratio) a tetrode 38 may be used 
as a frequency changer with common coupling for ultra high 
frequency conversion (40 Mc/s). The signal circuit is then either 
untuned or preset tuned, and the oscillator voltage made as low as 
possible consistent with satisfactory frequency changing ; the 
oscillator frequency can be less than that of the signal. Inter
electrode capacitance coupling has a two-way effect which can be 
observed when the valve-heater is open-circuited (no emission). 
The signal circuit reflects through the signal grid-oscillator grid 
capacitance an impedance into the oscillator-tuned circuit, and both 
tuning and amplitude of the oscillator voltage are affected. In the 
reverse direction this coupling induces in the signal circuit an 
oscillator voltage component which is generally in phase with the 
initial oscillator voltage. Conversion conductance is consequently 
increased. 

Frequency and amplitude variations of the oscillator due to 
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signal circuit tuning changes are illustrated in Fig. 5.17. Assuming 
that fs < J,., tuning the signal circuit towards the oscillator fre
quency, i.e., reducing the signal circuit capacitance, causes the 
oscillator frequency to fall because the signal circuit appears as a 
capacitance and resistance in parallel (Section 4.2.2). The capaci
tance component reaches a maximum at a signal tuning setting of 
C 3 , and then falls to zero when signal and oscillator circuits are 
tuned to the same frequency. Below this value of O 2 the signal 
circuit is inductive and the oscillator frequency increases, reaches 
a maximum at Ci, where 0 2 - 0 1 = 0 3 - 0 2, and then falls as the 
signal capacitance is further decreased. Amplitude is a minimum 
at the signal tuning capacitance setting of 0 2 • 

The reverse direction effect of capacitance coupling causes an 
oscillator voltage component in the signal circuit, which adds to 

:..~-t+ ------------ ------:r·---
." '\/ Amplitude 
~ 

'I: 
~t---==::::--:,,,f::~-::-;-~~ 

FIG. 5.17.-Curves showing the Effect of the Signal Tuning Circuit Capacitance on 
the Oscillator Frequency and Amplitude with Capacitance Coupling between 
the two Electrodes. 

the true oscillator voltage when the signal circuit is capacitive, i.e., 
fs < J,., and opposes when the signal circuit is inductive, i.e., fs > f,.. 
For grid-cathode application of the oscillator voltage the reverse is 
true, i.e., the oscillator voltage component in the signal circuit 
opposes the true oscillator voltage when the signal circuit is capacitive 
(fs < J,.). A voltage in the grid circuit in phase with that in the 
cathode circuit means that the net voltage from grid to cathode is 
reduced. The magnitude of the oscillator component voltage 
depends on the value of intermediate and oscillator frequencies, 
the interelectrode capacitance, and to a less extent the Q of the 
signal circuit. As an example let us assume the following signal 
circuit constants Ls = 2 µH, Cs = 125 µµF, fs = IO Mc/s, Q = 100, 
/1 = 465 kc/s, Csio.-osc. e1ec. = 0·2 µµF. Using expression 4.8a 
(Section 4.2.2), the impedance of the signal circuit at the oscillator 
frequency 10·465 Mc/s is 

z Rn _ W 8L8Q _ 12,560 

= l+jQ(w" _ ~;)- - 1+9·lj - 1+9·lf 
W 8 Wh 
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The reactance of the signal to oscillator interelectrode capacitance is 
. - j1012 . 

JXs;g. osc. = &fsx-10~465 -x --1o"ii_x_O~ = - 76,000J 

and the ratio of oscillator voltage across the signal-tuned circuit to 
oscillator electrode voltage is 

12,560 = 12,560 = 0·0 1762 
- 76,000j(l+9·lj)+l2,560 712,000 ' 

which is negligible. The undesirability of grid-cathode oscillator 
application under normal conditions can be demonstrated by 
assuming a grid-cathode capacitance of 3 µµF when the voltage 
ratio becomes 0·213. 

Electron coupling and transit time give different results in the 
hexode valve from those in the heptode and they will be considered 
separately. 

5.8.2. The Hexode as a Short Wave Frequency Changer. 
Since the signal grid of the hexode is next to the cathode, increase 
of operating frequency causes increased input admittance due to 
cathode lead inductance and electron transit time (Sections 2.8.3 
and 2.8.6 show that input conductance is proportional to the square 
of the signal frequency.) The inclusion of a series resistance Rk in 
the cathode circuit decreases input capacitance and conductance 
and their variation with signal grid bias change. A resistance of 
from 20 to 50.Q may so reduce input conductance at high frequencies 
that the loss of amplification due to negative feedback (the equivalent 

conversion conductance is reduced to - Ye 17 ) is more than offset, 
I+g<Pk 

and overall amplification may actually be increased, as described 
in Section 4.10.3. Coupling from the signal to the oscillator circuit 
due to the common electron stream is not very important in the 
hexode, but in the reverse direction (from oscillator to signal) signal 
circuit performance is adversely affected by the repulsion of electrons 
from the neighbourhood of the oscillator grid back to the signal 
grid region. Some of these electrons (e.g., those repelled at the 
time when the oscillator voltage has its maximum negative value) 
may gain sufficient velocity to be collected by the signal grid. The 
effect occurs at all operating frequencies, but the occasions, when 
conditions favourable to the collection of electrons by the signal 
grid are realized, are multiplied as the oscillator frequency is 
increased. This electron collection causes grid current to flow in 
the signal circuit, and to prevent it the negative grid bias must 
be increased-about - 2·5 volts may be required at 20 Mc/s as 
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compared with - l·O volt at 1 Mc/s. This increase in minimum 
negative bias means a lower conversion conductance in the short 
and ultra short wave ranges. The collection of electrons by the 
signal grid is proportional 34 to the square of the amplitude of the 
oscillator voltage, and to the square of the distance between the 
first screen G2 and the oscillator grid G3, and inversely to the D.c. 
voltage on G2• Hence excessive oscillator voltage must be avoided, 
and the distance between G2 and Ga should be as small as possible. 
Raising the screen voltage on G2 has disadvantages since G2 and 
G, are connected together, and increasing E

0
, reduces the anode 

slope resistance, thus causing damping of the I.F. transformer. 
5.8.3. The Heptode as a Short Wave Frequency Changer. 

A frequency changer having an oscillator in the same electron 
stream suffers from a number of disadvantages. A high oscillator 
mutual conductance is difficult to obtain, so that oscillation at the 
low frequency end of a short wave range requires tight coupling, 
which tends to produce a large oscillation amplitude and possibly 
squeggering at the high-frequency end. Another defect is that 
mentioned in Section 5.3.2, viz., the oscillator anode current is 
affected by bias on the signal grid and therefore application of 
A.G.c. bias varies oscillator amplitude and frequency. The second 
defect is largely eliminated by the constructions shown in Fig. 5.8a 
and 5.8b, or by using "electron coupling" 15 for the oscillator with 
a cathode coupling coil as in Fig. 5.18. The current in the cathode 

Fro. 5.18.-A Heptode Frequency Changer with Cathode Coupled Oscillator. 

coil is independent of signal grid bias. Both defects are largely 
overcome by employing a separate oscillator valve. 

The signal grid input admittance of the heptode valve may be 
positive or negative. It is often negative at low signal grid biases, 
i.e., it appears as a negative capacitance and negative resistance in 
parallel. This is due to the fact that there is no reservoir of electrons 
in the space between the two screens, Ga and G6 (Fig. 5. 7), and the 
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space current tends to be constant and independent of signal grid 
bias variation (the shape of the JaEu characteristics of the signal 
grid are similar to those of the oscillator grid of the hexode as shown 
in Fig. 2.10). Let us consider an A.O. voltage applied to G,; as 
this is increasing (the signal grid voltage is becoming less negative) 
electrons in the G3G, space are accelerated and their velocity 
increased. Since the electron space current is the product of electron 
density and velocity, it follows that constant space current entails 
reduced electron density when velocity is increased. The reduced 
electron density means reduced negative charge in the neighbourhood 
of the signal grid, which is equivalent to reduced positive charge 
on the grid, i.e., the charge on the grid is 180° out of phase with 
the signal voltage producing it. If we assume that the signal 
voltage is 

E8 = ft sin wt, 

the charge on the signal grid is 

Qu = - Q sin wt. 

The current in the grid circuit due to this charge is the differential 
of Qu with respect to time so that 

Ju = d~u = - 1 cos wt = 1 sin (wt - 90). 

The phase relationships between E 8 , Qu and Ju are shown in 
Fig. 5.19a. Ju lags behind E 8 by 90° and the input admittance 

Fw. 5.19a.-The Phase Relationship of the Signal Voltage and the Grid 
Current due to Electron Mot10n. 

appears as a negative capacitance, - Gu, as shown by the vector 
diagram of Fig. 5.19b. Electron transit time causes a lag in the 
charge so that 

Qu = - Q sin (wt - ef,) 
where cp = angle of lag due to the time of travel of electrons 
between G3 and G 4 (the signal grid) 

and Ju = 1 sin [wt - (90+</>)]. 

This modifies the vector diagram to that of Fig. 5.19c, which means 
an input admittance with a negative conductance ( - G

11
,) as well 
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as a negative capacitance component ( - 0 04 ). The actual value of 
input admittance is determined by the voltage on the oscillator grid ; 
it is generally negative for low negative voltages on Gi, becommg 
smaller, and finally positive to a value equal to losses in the valve 
base and holder, as this bias is increased. Under normal conditions 
the signal grid input admittance varies considerably over a complete 
cycle of oscillator voltage and measurement gives an average value 
of input admittance. For television reception, the signal circuit 

Fro. 5.19b.-The Vector Diagram for 
the Signal Voltage and Grid 

Current. 

$sfG94) ~"'jlr---~•• l!.,. 

19 J!sj..,(-C94} 

Fro. 5.19c-The Vector Diagram for 
the Signal Voltage and Grid 
Current showing the Lag due 

to Electron Transit Time. 

connected to the frequency changer may require damping in order 
to prevent the negative input conductance from reducing to too 
great an extent the width of the pass-band. The average value of 
negative input conductance is generally decreased as the oscillator 
voltage amplitude is increased, because the latter increases the 
n.c. self-bias on the oscillator grid and also carries the frequency 
changer current into cut-off during some part of its negative half
cycle. Whilst the valve is cut off, the instantaneous input con
ductance is positive. The improvement to be obtained in this 
manner is limited and it has the disadvantage of increasing oscillator 
harmonic response. 

It is interesting to note that the above description of the cause 
of negative input admittance can also be used as a basis for explaining 
positive input admittance when the signal grid is next to the cathode, 
as in the hexode. In this instance increasing signal voltage means 
increased density of electrons in the neighbourhood of the grid (the 
cathode forms a reservoir of electrons which can be drawn upon as 
required) and therefore increased positive charge on the grid, i.e., 
the signal voltage and induced charge due to the motion of the 
electrons are in phase and 

E 8 = I sin wt 
Qo = a sin wt 

:. 10 = 1 cos wt 

so that 1
0 

leads upon E8 by 90°, or the input admittance is equivalent 
to a positive capacitance. Similarly transit time introduces a lag 
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in Ju and a positive conductance component in the admittance. If 
the heater voltage is reduced so that current saturation is approached, 
the input admittance of the hexode signal grid can become negative, 
because the cathode electron reservoir disappears. 

Electron coupling from the signal to oscillator grid has a tendency 
to start grid current at increasing negative biases on the oscillator 
grid as the operating frequency is increased, but electron repulsion 
from G, to G1 is much less than in the hexode since the signal 
voltage is usually much less than the oscillator voltage, and in any 
case grid current is required on G1 for self-bias purposes. Hence this 
form of electron coupling is unimportant. In the reverse direction, 
oscillator to signal electrode, a very undesirable form of coupling 
exists. It can be shown 33 by varying the signal circuit tuning ; 
as this frequency, initially lower than that of the oscillator, 
approaches the latter, the anode current of the frequency changer 
decreases to a minimum, from which it rises to its normal value 
when fs = f,.. From this point it increases to a maximum and then 
falls back, becoming asymptotic to its normal value as fs is further 
increased. This can be explained if the oscillator voltage com
ponent induced in the signal circuit is out-of-phase with the true 
oscillator voltage for fs < J,. and in-phase for fs > J,.. This is the 
reverse of what happens with capacitive coupling between the two 
circuits (Section 5.8.1, Fig. 5.17). Electron coupling must therefore 
be equivalent to a negative capacitance from G1 to G,, and it may 
be explained by considering the charge induced on the signal 
grid G 4 by electron movement due to the oscillator grid voltage. 
Increasing voltage (less negative) on the latter increases total 
current and the electron density in the G3G, space. The increased 
negative space-charge induces an increased positive charge on G ,, 
i.e., the charge on G, is in-phase with the voltage on G1 • This is 
the reverse of positive capacitance coupling which, for increasing 
positive voltage on G1 , induces an increasing negative charge on G 4 • 

The equivalent negative capacitance coupling, which has a value 
from - 2 to - 0·5 µµF, can be neutralized by the addition of 
capacitance externally between G1 and G,. Neutralization is, 
however, only complete at one particular set of operating conditions, 
and change of the D.C. voltages on the electrodes, or oscillator 
voltage amplitude varies the electron coupling negative capacitance 
value. 

The coupling current flowing from G1 to G, lags behind the voltage 
applied to G1 and the vector relationship is as shown in Fig. 5.19b 
when Es = E01 and 10 = l 0iut· Transit time of the electrons causes 
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a lag in the current vector and at high frequencies the vector 
diagram is similar to that of Fig. 5.19c; the coupling admittance 
includes a negative conductance component and neutralization 
involves the use of a series RC circuit between G1 and G ,. Another 
factor complicates the problem; the negative conductance com
ponent increases as the operating frequency increases so that elec
tron coupling is dependent on the oscillator frequency as well as 
on the electrode voltages. Only partial neutralization can therefore 
be achieved when operating over a range of frequencies. 

Owing to the negative capacitance coupling the oscillator 
frequency is affected by signal tuning, but in the reverse direction 
to that due to positive capacitance coupling. A curve of oscillator 
frequency variation against signal-tuning capacitance shows the 
change in J.,,, to be positive when fs < J.,,, and negative when / 8 > J.,,, ; 
the curve is the reverse of Fig. 5.17. 

5.9. Image Signal Suppression Circuits. 11 , 26 

5.9.1. Introduction. Section 5.1.3. indicates the necessity for 
discrimination against the image signal (f,. +/1) in the R.F. circuits 
preceding the frequency changer, and a special filter is sometimes 

fs /4 fi: 
Frequencg Increasing -

Fm. 5.20.-The Required Selectivity Curve for the R.F. Circuits preceding the 
Frequency Changer. 

included to attenuate particularly this frequency. The effect of 
the filter is to give a selectivity curve with a pronounced dip at the 
image frequency (Fig. 5.20). There are two important methods of 
achieving image suppression, (1) by the use of series or parallel 
circuits tuned to the image signal and (2) by feedback of the image 
frequency component from a later stage into the input so as to 
neutralize the input component. 

5.9.2. Series and Parallel Suppression Circuits. The 
simplest form of series circuit is obtained by tapping the output 
circuit down the coil of the parallel tuned signal circuit as shown 
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in Fig. 5.21. The top part of the coil and the tuning capacitor 
form the series resonant circuit rejecting the image frequency. The 
particular case shown is that of the aerial circuit and for the output 
voltage we have, neglecting resistance components 

EAB = 1[jwL.+ j;c] + IjwM 
and for E AB to be zero 

1 
!=2:n:V(L~)O 

. 5.17a. 

If the input generator is a tetrode valve instead of an aerial, the 
constant current generator conception (Section 2. 7) gives £ 1 in 

B 
Fm. 5.21.-The Equivalent Circuit for the Tapped Coil Image Suppressor. 

parallel with L 2C, and as L 1C are a short circuit at their resonant 
frequency there can be no current in £ 1 , so that 

f = l . 5.17b. 
2:n:-v' L 1C 

is the condition for E AB to equal 0. 
Generally M <1{,_L2 and 5.17a and 5.17b are almost identical. 
This method suffers from two disadvantages ; it reduces the 

amplitude of the desired signal, and it can only give maximum 
image suppression at one particular signal tuning frequency since 
variation of Cover the tuning range makes it impossible to maintain 
the rejection frequency equal to the image frequency. We will 
illustrate this point for the aerial generator case. Let us assume 
that currents 18 and Ii flow in the circuit at the signal and image 
frequencies respectively. If tapping down is not employed, the 
image discrimination is given by the ratio of signal to image voltages 
across C and this is 

Eas ls jwp / 9 Ji 
Eai = jwsc·----y; = Ti"Js 5.18 

where fs = -v' 
1 ,Ji =fs+2f1, andf1 = intermediate 

2.n (L1 +L2 +2M)C 
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frequency. Across the points AB the signal to image discrimination 
• EABs 
18 --

EABi' 

but EABs = 1{ R2.+i(w.(L2+M) - w:o)] 5.19a 

where R28 = resistance of the L 2 part of the coil at Js 
E =IR [1 +jw.(L,+M)(1 - 1 )] 

ABs s 2s R2s w
8
2(Ls+M)O 

=I.R2{ I +jQ2s( I - ~::)] . 5.19b 

I 1 JL 1+L2 +2M 
whereJa= 2nv'(La+M)O = 2;v'(ML:+2.M~)O. La+M 

= kJ. 

h k 
_ J~L-

1 
+-L-

2 
+_2_M_ 

were - La+M . 

If we assume the total resistance R1 + Ra to be proportionally 
divided between L1 and La 

and 

Q
28 

= ws(Ls+M) = w.(La+L1 +2M) = Q •. 
R2s R1.+R2s 

EABs = 18Ra{ 1 +jQ.( 1 - ~::)] 

EABi = liR2{ I +jQ{ 1 - ~;:)] 

E ABs _ l 8R 2{ I +jQ.( 1 -% ) ] 
EABi - JiR 2{1+jQ{l -~::)] 

The improvement in rejection due to tapping down is 

20 log10 I EABs I_ I ECi I db. 
I EABi I I Ecs I 

[ 
( J 2)2] 

[
R J.J2 I+Qsz I -fa 

= 10 log10 /{J~ · ( Js 2) 2 
2t ' 1 +Q.2 1 - _2 

• J i 2 

If there is only a small variation in Q from Js to Ji 
R28 = ,b_ and 5.21 reduces to 
R2i J, 

J.4+Q2(f.2 _ J22)2 
10 log10 Ji'+<iV/' - J;2y2 

5.20. 

5.21. 

. 5.22. 
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Curves in Fig. 5.22 show the increased image attenuation achieved 
by the tapped coil in comparison with the full coil over the medium 
wave-band of a receiver. The I.F. is 465 kc/s, the coil inductance 
156 µH and Q = 100. Curve 1 gives f 2 = Ji = 1,530 kc/s at 
fs = 600 kc/s, and curve 2 gives f 2 = Ji = 1,930 kc/s at 
fs = l,000 kc/s. Curve 1 is more satisfactory because attenuation is 
greatest for image frequencies either in the medium wave range or 
close to it. Curve 2 actually has less discrimination for these same 
image frequencies and gives greatest attenuation on frequencies 
well outside the medium wave range. If the optimum suppression 
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Fm. 5.22.-Image Frequency Rejection Curves for the Tapped Coil 
Suppressor. 

point is chosen at too high a tuning frequency, the tapped coil 
may give less discrimination against the image than the full coil 
as the tuning frequency approaches the low-frequency end of the 
range. This occurs when 

f,'+Qz(j,2 -/22)2< 
1 

f;'+Q2(ji2 _ /22)2 

or (fi2+fs2)1 ~~2 > 2f22 . 5.23a. 

By noting that Ji = fs+2f1,f2 = kfs and 
1 ~~

2 

~ 1, expression 5.23a 

reduces to 

f 2f1 
s < V2k 2 - I - I 

. 5.23b. 
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If an R.F. amplifier precedes the frequency changer, a better average 
image rejection curve is obtained by tapping down the aerial input 
and anode coils of this valve by differing amounts so as to stagger 
the frequencies of optimum rejection. 

Tapping down the coil has the disadvantage of reducing the gain 
at the signal frequency and the loss is 

Since 

also 

Thus 

201 I Ecs I 
ogio I E.ttBs I 

ws(L1 +L1 +2M) = 1
0

, expression 5.19a may be rewritten 
Ws 

E.ttBs = ls[R2s+jws(L1+M)] 

Ecs = l 8w8 (L1+~a+2M). 
J 

201 I E 08 I_ 20 l ws(L1+L.+2M) 5 24a og10 --
1
- og10 . • 

I E.tl.Bs VR28
2 +w8

2(L1+M) 2 

_ 20 l L 1+L1 +2M 
- og10 L1+M 

I 
= 20 log10 L M 

1 - .+ 
L 1+L1 +2M 

1 = 20 log1o --
1 

. 
1- -ka 

. 5.24b. 

The loss for curves 1 and 2 (Fig. 5.22) is l ·4 and 2·72 dbs. respectively. 
5.9.3. Image Suppression by Neutralizing Feedback 

Voltage. 26 Image suppression by feeding back part of the output 
voltage into the input, or vice versa, necessitates some form of 
selective circuit (accepting the desired and rejecting the image) 
between input and output. Let us suppose that equal amplitudes 
of desired and image frequencies are applied to the input of the 
band-pass filter of Fig. 5.23a. 

In the second tuned circuit of the filter the signal voltage is 
increased and the image voltage decreased owing to the selectivity 
characteristic of the first tuned circuit. By coupling to this circuit 
a coil connected to the input, signal and image voltages may be 
injected into the second tuned circuit direct from the input. By 
correct adjustment of the amplitude and phase of the image voltage 
complete cancellation may be obtained. Some reduction of the 
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signal voltage must also occur, but this may be made quite small 
with coils of normal Q value. Generally no attempt is made to 
secure accurate antiphase conditions, and maximum image sup
pression is obtained by adjustment of the number of turns of the 
coupling coil. A single turn, wound on the earthed end of the 
second tuned coil, is often adequate. 

By assuming the resistance components to be zero, and the 
coupling reactance between the two tuned circuits to be small in 

Fm. 5.23a.-Image Suppression by a Neutralizing Voltage applied from the 
Aerial to the Second Tuned Circuit. 

comparison with the reactances in the tuned circuits at the image 
frequency, we have for the voltage transferred to the second circuit 
across the coupling capacitance C0 

where 
and 

IaejwiMx. IC 

Ee, - [ ( /w' ; )] 5.25 
j wiL - -+~ 

wiC wPo 

Jae = current in the aerial circuit 
M 1 = coupling from aerial to first tuned circuit. 

The neutralizing voltage transferred to the second circuit by direct 
coupling from the second aerial coil is IaejwiM a and for cancellation 

I Mx 
• ae (Jo 

Ia,JwiMS = ·( c+co) 
J w-L- --

• w;CCo 

Mx 

. M Co 
Jw; 2 = ( c+c ) 

jw;L 1 - w~2cc;L 
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c+co 
W 82 = LCC0 

wi2M 2£(1 - Ws:) = ~_!_ 
wi Ca 

M1 (wi2 - Ws2) = ~~
M2LC0" 

Combining the above with 5.26 

/i 2 
_ 1 = M1C 

fs'' M2(C+Co) 
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5.26 

5.27. 

Only one point of maximum suppression is obtained, but a second 
can be produced by tapping the output from a part of the second 
coil as described in Section 5.9.2. 

CJ 

FIG. 5.23b.-An Alternative Circuit to Fig. 5.23a for Image Suppression 
by a Neutralizing Voltage. 

An alternative circuit is that of Fig. 5.23b. The current and 
voltage equations are 

Eae = laeZ1 +lzjwM1 +l3jwM3 
0 = IaejwM1+l2Z1 +13jwM1 

0 = laejwMa+l2jwM1+l3Z 3 

where Z1 , Z1 and Z 3 are the series impedances of each circuit, e.g., 
Z1 = Rao+R1+j(Xaa+wL1), where Ra0 +jXao is the aerial terminal 
impedance. If the resistance components are negligible / 3 = 0 at 
the optimum rejection frequency, thus 

from which 

l 2Z 2 = - laejwiM1 

I zjwiM 2 = - 1 aejwiM a 

z. _ Ml 
jwiMa - Ma 

5.28. 
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But 

where 
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Z 2 = j( wiL -- w~C) = jwiL( 1 -{;:) 

/ 8 = ~• the desired frequency. 
2:ii LC 

Replacing Z 2 in 5.28 

[CHAPTER 5 

5.29. 

Again only one point of optimum suppression is obtained since the 
R.H.s. of the equation is a constant. The actual optimum suppres
sion frequency may be set by sliding the coupling coil in the last 
circuit so as to vary M 3 and M 8 in opposite directions. Generally 
the aerial coil is wound on the earthed end of the first tuning coil, 

FIG. 5.23c.-Ime.ge Suppression by e, Neutralizing Voltage Applied from the 
Aerie.I to the Cathode Circuit of the First R.F. V e.lve . 

.J.nd the coupling coil in the last tuned circuit is arranged to slide 
over it. 

A circuit permitting two points of optimum suppression in the 
wave range is shown in Fig. 5.23c. The neutralizing voltage is 
inserted in the cathode-earth lead of the first R.F. valve by a coil 
coupled to the aerial circuit, which is broadly tuned to the centre 
of the wave range to be accepted. By neglecting the resistance 
components, the rejection frequency may be calculated as follows: 
the equation for the tuned circuit is 

(Jae - 11)~0 = I1(jwiL + . 10) +IaejwiMl 
JWi 1 JWi 

ldwiL(1 -;::) = - laej(wiM1+ :c-;) 
where /, = ---~_! __ _ 

s 2:iiJWC1. 
0+01 
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0 1 is a comparatively large capacitance (about 0·005 µF) and its 
reactance is low enough to allow the impedance on the aerial side 
in parallel with it to be neglected, i.e., the tuned circuit frequency 
is determined by LO and 0 1• 

Voltage between grid and cathode = E 0 - EL, 

when 

But 

where 

11 I . M = -. -- aeJWi 2 
Jw.;0 

w-01 

[ 

( wiM1+-
1 

) ] 

=0 

2Lo(1 _f.2) - M1+ 1 
W; f2 -M 2MO" i 2 wi 2 1 

LO= 0 1 +0 
W8

201 

r fi 2 
_ 1]01 +0 = M1+fa

2 

lJs 2 01 M1 fl 
1 

fa=---. 
2nv' M 1O1 

5.30 

Two points of optimum suppression may be achieved over the wave 
range because the R.H.s. of equation 5.30 contains two independently 
variable terms. The first term is of importance at high frequencies. 
The circuit can give a fairly constant suppression over the wave 
range and has the advantage of introducing little damping from the 
aerial into the tuned circuit. The grid-cathode capacitance should 
be as low as possible as it modifies considerably the image suppression 
characteristics. 

In all image suppression circuits the maximum reduction varies 
between 20 and 30 dbs. 

5.9.4. Image Suppression on the Short Wave Range. The 
need for image signal suppression on the short wave range is even 
greater than on the long and medium wave ranges because the 
signal-tuned circuits are less selective, and the image-to-real signal
frequency ratio is less. For example, at a signal frequency of 
1 Mc/s and an I.F. of 465 kc/s, the image signal is reduced by 
43 dbs. (see expression 4.8a) for a single R.F. tuned circuit ofQ = 100 
(an average value), whereas for a signal frequency of 15 Mc/s and 
Q = 50 (an average value) the image signal is only reduced by 
15.8 <lbs. Methods of image signal rejection outlined in 5.9.2 and 
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5.9.3. are not successful for the short wave band because the 
frequency ratio between the image and real signal is so much 
smaller. The rejection of the image signal (10·930 Mc/s) for a signal 
frequency of 10 Mc/s is equivalent to the rejection of an image 
spaced 93 kc/s from a signal at 1 Mc/s. There have been no 
special developments for image suppression when a receiver is 
tuned over the whole of the short wave range, but two methods 
have been successfully applied with band-spread receivers having 
preset signal tuning. 

One method 37 is illustrated in Fig. 5.24a. The preset signal 
circuit consists of a transformer, the primary and secondary of 
which are tuned to the centre of the band to be received. The 
aerial circuit is tuned by the series capacitance 0 1 and the inductance 
£ 1, and the latter is coupled to the secondary coil £ 3 by combined 

Fm. 5.24a.-Ima.ge Suppression on the Short Wave Band by Combined 
Mutual Inductance and Series Capacitance Coupling. 

positive mutual inductance and series capacitance coupling (05 in 
Fig. 5 24a). The capacitance 0 2 tunes the secondary circuit. 
Section 3.4.10 shows that the equivalent shunt coupling for this 
form of coupling is 

z = -[R1w(L1 -M)+Riw(L1 -M)+w2(Li-M)(L2 -M)(Ri+R2)] 

C Bi Bi2 

+i[ wM _ w
2
(Li - ~~(L2 - M)] 

and the rejection frequency is obtained when the reactive com
ponent of Z0 is 0, i.e., 

when wM - w2(L1 - M)(Lz - M) = 0. 
Bi 

Replacing B 1 by--~ - w(L1+L2 - 2M) 
wC5 

wM[w~
6 

- w(L1 +L1 - 2M)] = w 2(Li - JJ1)(L 1 - M) 
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or 5.31a 

J MO{l :2 k2). 
. 5.31b 

M 
k=-=· 

VL1Lz 
where 

The method of adjusting the image rejection is as follows : 
With 0 5 disconnected, 0 1 and 0 1 are tuned to give maximum signal 
frequency output at the centre of the band-spread range, the 
modulated input signal voltage being obtained from a signal 
generator through a standard dummy aerial. 0 6 is next inserted 
between L1 and L 2, so connected to give positive mutual inductance 

B 
Fm. 5.24b.-Image Suppression on the Short Wave Band by a Series 

Parallel Suppression Circuit. 

(see Section 3.4.2), and the signal generator is tuned to the image 
frequency (f8 +2f1). 0 6 is adjusted to give minimum audio output 
from the receiver. An average value for the extra image rejection 
is about 12 dbs. 

Another circuit 40 for obtaining image suppression is shown in 
Fig. 5.24b. 0 1 is the normal coupling capacitance (0·0001 µF) from 
the anode of the R.F. valve to the frequency changer. A capacitance 
0 1 is inserted between the top of the preset tuned-signal circuit and 
the grid of the frequency changer. It forms a series resonant 
circuit, at some frequency lower than the signal frequency, with 
the inductive reactance of the LO circuit, which itself is tuned to 
the signal frequency. In this instance it means that the image 
frequency must be less than the signal frequency, and the oscillator, 
contrary to normal practice, has a frequency of ls - f 1 • This 
causes no particular complication as the signal circuits are preset 
and no ganging problems therefore arise. The use of an inductance 
in place of O I would enable the more normal oscillator condition 
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of A = fs+/1 to be realized, but satisfactory rejection is difficult to 
obtain owing to resistance in the inductance, and stray capacitance 
from the grid of the frequency changer to earth. The series im
pedance of the LC circuit is (expression 4.4) 

z _ R .wL(l - w2LC) - wCR2 
DB - (l - w2LC) 2 +(wCR) 2 +J (l - w2LC) 2 +(wCR) 2 

z .,.._ R . wL 
DB - (l - a,2£0)2 +J(l - a,2£0) 

since R is usually much less than wL. For series resonance at the 
image frequency 

and then 

where 

wiL l ---
1 - w?LC wiO• 

l W 8 W·=------,:==== 
' VL(C+0 2) Ji+~• 

Z - R 
AB - (1 - w/·LC) 2 

R 

1--[ w?J2 
a,2 

8 

In the absence of the capacitance C 2 

L 

5.32 

OR 
ZAB(c,=O> = ZDB = - ------- [Expression 4.8a] 

l +jQ
8
(Wi _ W8 ) 

Ws wi 
so that the increase in image rejection is 

20 I 
z DB 20 1 L [ 1 - (f )2] 2 db 

oglO - = oglO --✓ . 
ZAB 0R2 I+Qsz{fi -~)2 

Vs f, 
But _I:_ - w.L 1 = Q. 2 

OR 2 - R 0

w
8
CR 

Q 2[ l -(li)] 2 

and increased image rejection = 20 log10 --•=,-= -- t _ --c • 5.33. 

j1+Q8
2,li-~] 2 

Us t, 
For fs = 15 Mc/s, Q = 50 and f 1 = 465 kc/s 
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502[ 1 - (14·07)] 2 

llloreased image rejeotion - 20 log,.✓ 10 

1 +502[14·07 - ~] 2 
15 14·07 

= 15·34 dbs. 

The ratio of g 2 for this signal frequency is given from 

expression 5.32. 
02 = (b) 2 

- 1 = 0-135 
0 /1 

or 0 2 = 10·8 µµF ifO = 80 µµF. (An average value 
for band-spread signal tuning.) 
The above represents the maximum image suppression for a signal 
tuned to the centre of the band-spread range and the average 
rejection over the whole range would be about 13 dbs. Higher 
values of image suppression are obtained at lower frequencies due 

to the increased ratio of ~ ; thus at 6 Mc /s for the same Q the 

maximum extra image suppression is increased to 21 ·6 dbs. Expres

sion 5.32 shows that the ratio ~ must be changed when the range 

is varied, and it has to be increased as the central signal frequency 
is reduced. The required increase in O 2 is less when L is switched 
and O is fixed than when O is switched. Usually the first condition 
applies for reasons discussed in Section 4.10.2. 

Stray capacitance 0
8 

across the points AB should be reduced to 
the smallest possible value as it affects adversely the image rejection 
performance, chiefly by reducing the impedance to the signal 
frequency across the points AB. Thus, denoting the dynamic 
impedance of the LO circuit at the signal frequency by Rn, 

1 
ZAB(Os = 0) = Rn+.---o 

JW I 

[ Rn+-1 ]-1 
z (O :;± O) = jw02 jw08 

AB s l l 
Rn +.---a +.---a JW I JW s 

= (Rn+-~)~ jw02 02+0s 

5.34. 
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5.10. Push-Pull Frequency Changing. Push-pull frequency 
changing possesses certain advantages over single valve frequency 
changing. 

(1) The signal or oscillator frequency currents in the anode 
circuit can be cancelled. This is of most advantage when the signal 
or oscillator frequency approaches that of the I.F. 

(2) The interaction between the signal and oscillator circuits 
due to electrode capacitance and electron coupling 39 may be 
considerably reduced. 

(3) All even oscillator harmonic responses may be cancelled. 
If the oscillator grids of the two valves are connected in parallel 

and the anode circuits are in push-pull, matched valves give no 
resultant oscillator current in the anode circuit. Even oscillator 
harmonic responses are therefore cancelled ; this may be proved by 
assuming the IaEu relationship of each valve to be represented by 

Ia = (a 0+a1Eg1 +a2E01
2+ ... )(b0 +b1E 03 +b 2E03

2 + ... ) 
if E01 = 28 cos w_t 

E 03 = Eh cos wht 

(the bias voltage for simplification is assumed to be ,,ero) 

the coefficient of I.F. current in the first valve = EhEsaibi 
2 

" " " " 
,, 

" 
,, second 

" 
Since the valves are in push-pull with regard to their anode circuits 
we must subtract the two currents, hence the total I.F. current 
= llsEha1b1. 
The coefficient of the 2nd harmonic response current in the first valve 

Eh 2E.a1b2 2 

2 

The coefficient of the 2nd harmonic response current in the second 
valve 

(- Eh) 2Ep1b2 2 

2 

Eh 2llsa1b2 2 

2 

Subtraction of these terms gives zero coefficient, and this will be 
found to occur for all even harmonic responses. If the valves are 
not matched, ai' ¥: ai" and b/ ¥: b2" and some oscillator harmonic 
response is found. 
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CHAPTER 6 

OSCILLATORS FOR SUPERHETERODYNE 
RECEPTION 

6.1. Introduction. 1 Any reversible system which is capable 
of storing and releasing energy, i.e., changing its form from potential 
to kinetic and back again, can be made to oscillate. If the release 
and storage can be achieved without loss of energy the system will 
continue to oscillate when once set in motion. This condition 
cannot be realized in practice because energy is always dissipated 
when any interchange takes place, and the oscillation amplitude 
decays according to an exponential law unless the loss is made 
good. The simplest form of oscillator is the pendulum, which 
stores energy when rising and releases it when falling. The potential 
energy is a maximum at the top of the stroke, when the pendulum 
is momentarily stationary, and storage is complete. Kinetic energy 
is maximum at the centre of the stroke, a~d the potential energy 
is then zero. The pendulum has as an electrical counterpart, the 
LC circuit, for energy storage is possible in the capacitance and 
energy release in the inductance. A fully charged capacitance 
corresponds to maximum potential energy in the pendulum at the 
top of its stroke, whilst maximum current in the inductance corre
sponds to maximum kinetic energy in the pendulum at the centre 
of its stroke. The energy stored in the capacitance is ½OE 2, and 
is a maximum when the voltage is maximum and current through 
the system is zero. The energy released in the inductance is ½LJZ 
and is zero when I is 0, i.e., when ½OE 2 is maximum. It is maximum 
one-quarter of a period later (90°) when E is zero. The analogy 
with the pendulum is therefore exact, for the potential energy and 
kinetic energy maxima are separated by one-quarter of the oscillation 
period. 

In the pendulum, energy is lost mainly in friction at the bearings, 
and this loss is made up by energy transferred through a suitable 
impulsing mechanism to the pendulum from the unidirectional driv
ing source, a tensioned spring, a suspended weight, or an electrical 
power supply. This impulsing must be made in the right direction 
and at the correct instant so as to restore the decaying amplitude 
to its original value. Correct timing or phasing of the impulse is 
essential if the natural oscillation of the pendulum is to remain 

241 
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unaltered, and it should be applied when the pendulum is at the 
centre of its stroke. An impulse given at any other position 
increases or decreases the frequency of oscillation. If the impulse 
is given on the down stroke in the direction of pendulum motion, 
the frequency is increased, whereas it is decreased if given in the 
opposite direction. 

Energy loss in the tuned circuit occurs due to the resistance 
component of the inductance and of the capacitance. The former 
is generally far more important than the latter, which can be 
reduced to a very low value by the use of suitable dielectrics. 
Make-up energy to compensate for these losses can be derived 
from a D.C. source, and the impulsing action may be supplied 
mechanically by a buzzer or electrically by a valve. In the case 
of a buzzer the impulse is of short duration and at intervals separated 
by perhaps many cycles of the W circuit oscillation frequency. 
The result is a train of oscillations of decaying amplitude built up 
to the initial amplitude at regular time intervals, when the buzzer 
contacts close and connect it to the D.o. power source. Conditions 
are different in the case of a valve, which is able to sustain oscillations 
by virtue of its amplifying action. An essential condition is that 
energy is fed back from the valve output circuit to the input circuit. 
This input energy is amplified in the valve and helps to make up 
the losses in the output circuit, which is usually directly or indirectly 
the LC circuit. The decay of an oscillation once started in the 
W circuit is prolonged by the energy feedback and amplification, 
and if sufficient feedback occurs oscillations can be prolonged 
indefinitely. The make-up energy may be supplied to the LC circuit 
during a part or the whole of the oscillation cycle. Short period 
impulsing (Class C operation) over about a third of the cycle is the 
most efficient method of operation, and is consequently widely used 
for transmitting oscillators. For a superheterodyne receiver oscil
lator, Class C impulsing is not normally employed and Class B 
operation is more usual. The impulse is applied over about three
quarters of the cycle and this has the advantage of causing less 
harmonic production. Low harmonic content is essential to prevent 
whistle interference in the frequency changer (Sections 5.4.3 and 
5.4.4), and oscillator efficiency is of little consequence. 

An essential component of the valve oscillator is the feedback 
impedance between the anode and grid circuits, which allows the 
valve to apply the make-up energy in the correct phase relationship. 
If the phase angle of the feedback voltage is not correct the 
oscillation frequency is different from the natural frequency of the 
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LC circuit and the frequency is decreased or increased in the same 
manner as that of the pendulum. 

In a valve-driven circuit oscillation occurs as soon as the ratio 
of the energy feedback to the output energy exceeds the energy 
gain of the valve, and oscillation amplitude builds up to larger and 
larger values until balance is restored by a reduction in the energy 
gain of the valve. The efficiency of the valve as an energy amplifier 
is only independent of oscillation amplitude for small amplitudes, 
and usually the energy gain progressively falls when the amplitude 
is increased beyond a certain value. The limit of oscillation 
amplitude is determined by cut-off of anode current at one end, 
and either by grid current damping or saturation of anode current 
at the other. Grid current is usually the more important limiting 
factor. The non-linear action of the valve is essential to the 
stabilisation of amplitude and it is clear that harmonics of the 
oscillation frequency cannot be avoided. The amplitudes of the 
individual harmonics in comparison to the fundamental can, how
ever, be made very small by careful design and operation. 

6.2. Types of Valve Oscillators and the Conditions for 
Self-Oscillation. 

6.2.1. Introduction. There are five chief types of valve
maintained oscillators. In the tuned anode oscillator (shown in 
Fig. 6.2a), the LC circuit is connected to the valve anode, and a 
coil coupled to the inductance branch is used to return energy 
to the grid circuit for amplification by the valve. The tuned grid 
oscillator is similar to the tuned-anode oscillator of Fig. 6.2a 
except that the positions of the LC circuit and feedback impedance 
are reversed, i.e., the former is connected between grid and earth. 

The simplest form of back-coupled oscillator is the Hartley 
(Fig. 6.4). The tuned LC circuit, connected between anode and 
grid, is its own feedback impedance. The position of the tapping 
point of the cathode on the coil governs the amount of feedback, 
and is such that the latter is in the right direction to increase the 
energy supply from the anode of the valve to the LC circuit. 

The Colpitts oscillator of Fig. 6.5 is a variant on the Hartley, 
the only difference being that the capacitance branch is split to 
provide a tapping for the cathode instead of the inductance branch. 
The LC· circuit is again its own feedback impedance. 

In the last form of oscillator (Meissner) shown in Fig. 6.1 the 
LC circuit is not inserted in either grid or anode circuit. Coils 
La and Lu, coupled to the tuned circuit, supply energy to the latter. 
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We will now proceed to an examination of the conditions neces
sary to start oscillations in all the above types of oscillator except 
the Meissner. One assumption is made, viz., that the valve is 

H.T.+ 

H.T.
Fm. 6.1.-The Meissner Oscillator. 

functioning as a linear amplifier. In actual fact, once oscillation 
has started, constant amplitude can only be maintained if the 
valve has non-linear characteristics. 10 • 13 Nevertheless, the linear 
theory is most useful in giving an understanding of the principles 
underlying valve oscillators, and is helpful in indicating the effect 
of the valve on the frequency of oscillation. 

6.2.2. The Tuned Anode Oscillator. The actual and equiva
lent circuits for the tuned anode oscillator are shown in Figs. 6.2a 
and 6.2b. Making the assumptions of linear 21 operation and high 

H.T.+ 
fL Fe 

C 

R.a, 

Cb) 
H.T.-

(a) 

Fm. 6.2a and 2b.-The Tuned Anode Oscillator and its Equivalent Circuit. 

grid input impedance, the current-voltage equation for the anode 
circuit is 

6.Ia 

where-E0 = voltage induced in the grid circuit, the negative sign 
must be included since the vector direction with reference to the 
cathode is opposite to that for the generated anode voltage, i.e., 
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when µE0 is increasing in a positive direction, E
0 

is increasing in a 
negative direction. Hence the voltage equation for the grid circuit is 

- E0 =jwMIL . 6.2. 

Combining 6. la and 6.2. 

- µjwMIL = IaRa+IL(R+jwL) 6.lb 

but Ia= IL +10 

and IL(R+jwL) = .10c 
JW 

From 6.3 and 6.4 

6.3 

6.4. 

Ia= IL[l+(R+jwL)jwC] 6.5 

replacing Ia in 6.lb by 6.5. 

- µjwMIL = IL[Ra[(R+jwL).jwC+I)]+R+jwL] 
IL[R+Ra - w2LCRa+j(µwM +wL+RRawC)] = 0 6.6. 

Since IL = 0 is obviously not a possible solution, the term in the 
bracket must be zero. Equating real and imaginary terms separ
ately to zero we have 

1 ✓~ ✓~ W = V- l+- = w 0 l+- 6.7 
LC , Ra Ra 

where w0 = 1 
- the natural pulsance of the LC circuit 

v'LC 

and M = - [L+~RRa] = - [~+ ~J] 6.8. 

The negative sign for M is to be expected since the grid voltage 
E0 with respect to the cathode must be in antiphase to µE

0 
also 

referred to the cathode. The physical significance of - M is 
treated in Section 3.4.2, and the grid coil L

0 
is shown reversed in 

Fig. 6.2a to emphasise this feature. Two points of interest arise 
from expression 6. 7 ; the valve slope resistance affects the oscillation 
frequency, making it higher than the natural frequency of the 
LC circuit, and the difference in frequency is least with smallest 
coil resistance and largest valve resistance. The increase of oscilla
tion frequency means that the impedance of the LC tuned circuit 
is capacitive, and this is clearly shown from the vector diagram of 
Fig. 6.3, in which all voltage and current vectors are referred to 
the cathode. The generated voltage vector µE

0
, shown as horizontal 

to the right, is taken as the datum. It has two components (see 
expression 6.la), that represented by IaRa across the valve resistance 

and that, E 0 = IL(R+jwL) = _I0

0
-, across the tuned circuit. Since 

JW 
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the oscillation frequency exceeds the natural frequency of the 
tuned circuit, Ia is capacitive with respect to µE

0 
and leads it as 

shown. Of the two current components of Ia, Ia leads E 0 by 90° 
(assuming the capacitance O to have no resistance component) 
and IL lags behind E 0 by less than 90° due to the coil resistance R. 
The grid voltage E0 lags behind IL by 90° and is at 180° to µE

0
; 

i.e., for continuous oscillation IL must always lag behind µE
0 

by 
90°. This is not possible if Ia is inductive, for E 0 then leads on 
µE0 , and as the angle betweenE0 and IL cannot exceed 90°, IL can 
never be at 90° to µE 0• The effect of an increase of Ra is shown 
by the dashed vectors of Fig. 6.3, Ia is reduced to Ia', but the vector 

lr,R 
IL 
Ii 

Fm. 6.3.-The Vector Diagram for the Tuned Anode Oscillator. 

IaRa is increased to Ia'Ra' because Ia' is reduced to a less extent 
than Ra' is increased. Since IL', and therefore Eo', must remain at 
the same phase angle relative to µE0 it follows that Ia'Ra' and 
therefore la' must have a smaller phase angle with respect to µE

0
• 

la' must have a smaller angle of lead on Eo', which means that the 
LO circuit impedance is less capacitive and the oscillation frequency 
closer to the natural frequency of the tuned circuit thus confirming 
expression 6. 7. The same process can also show that decrease of 
R reduces the difference between the oscillation and natural 
frequencies. 

Let us now consider the effect of a finite grid input impedance 
due mainly to grid current. If 1

0 
is the current in the grid circuit 

and R
0 

represents the grid input impedance (assumed to be resistive), 
the equations become 

µE0 = - pl~0 = IaRa+lL(R+jwL)+l0 jwJ1 6.9 

la = IL +la 6.10 

IL(R +jwL) +l(ljwJf ~~ .
1
'o' . 6.11. 

)W 
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From 6.10 and 6.11 

Ia= IL[l +jwC(R+jwL)] - Igw 2MC. 6.12. 

But lLjwM = Ig(Rg+jwLg) 

lg= I£iwM . 
Rg+jwLg 

6.13. 

Replacing Ia and lg in 6.9 by 6.12 and 6.13. 

-µjILRgmM 
Rg+jwLg 

=IL[Ra(I+jwC(R+jwL))+R+jwL+ Rjw~ L (jwM-w 2MCRa)] 
g+Jw g 

l L[µjwMRg+[Ra+jwC(R +jwL)Ra+R +jwL](Rg+jwLg) 
+jwM(jwM - w 2MCRa)] = 0. 

Equating the real term to zero gives the value of w 

Rg(Ra - w 2LCRa+R) - w 2LL0 - w 2LpRRa - w 2M 2 = O 6.14. 

Hence w = J--- Rg(R_+_R_a--'---) ___ _ 
LCRaR0 +LL0 +LgCRRa+M2 

I 1+;-
=Wo✓ Lg LgR M2 

I+CR R +LR+ LOR]{ a g g a g 

6.15. 

It will be seen that expression 6.15 reduces to 6.7 when R
0 

is infinite. 
The frequency of oscillation is least affected when Rg is as large as 
possible, i.e., grid current should be small ; Lg should also be as 
small as possible. The larger the value of G the less effect has R

0
, 

so that we should expect the departure from the natural frequency 
to be less at the lower frequencies of a given tuning range. 

6.2.3. The Tuned Grid Oscillator. If the effect of grid 
current is neglected the following equations are obtained for the 
tuned grid oscillator. 

µE0 = Ia(Ra+jwLa)+IjwM . 6.16 

where I = the circulating current in the tuned grid circuit 

I 
- Eu= jwG 

IajwM +I[R+j( wL - ~~)] = 0 
6.17 

6.18. 
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Combining 6.16 and 6.17 

J = fa(Ra+jwLa) 

-j(wM+ :a) 
6.19. 

Replacing this value of I in 6.18 

. 6.20. 

Equating the imaginary term to zero gives the oscillation frequency 
as 

1 
w=--===== 

JLc(1+1f) 
Wo 

- -------.=== 

JI+LaR 
LRa 

. 6.21a 

. 6.21b. 

This is less than w0 and the LC circuit is thus an inductive 
impedance at the oscillation frequency, exactly the reverse of the 
tuned anode oscillator. Least frequency variation is obtained 
when Ra is large, and R and La small. 

Equating the real term to zero and replacing w by expression 
6.21a gives a quadratic in M 

where 

and 

M 2 µM RR La La - 0 
LO(l+cx) +a+ a+G - C(l+cx) -

M = - µL(l+cx)± V[µL(l+cx)]2 - 4[LaLcx+RRaLO(I+cx)]. 6_22a. 
2 

The minimum value of M required to start oscillation is that wifo 
the positive sign before the root. 
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_ L(l+cx)+ L(l+cx)[l _ 4[LaLcx+RRaLC(I+cx)_]]• 
Thus M = µ µ [µL(I +cx)] 2 

2 

expanding the last term by the Binomial theorem. 

M === =-_[L_,,__Lcx+RRaLC(I+cx)] 
µL(I +ex) 

...,.,_ _ [ Lacx + CR] 
µ(l+cx) Ym 

6.22b. 

Expression 6.22b is similar in form to 6.8 and Mis again negative. 
The value of ex is unlikely ever to be greater than 1 and La is usually 
much less than L, so that a smaller valua of M is required to initiate 
oscillation for the tuned-grid oscillator than for the tuned-anode 
oscillator. 

6.2.4. The Hartley Oscillator. The fundamental equations 
for the Hartley oscillator (Fig. 6.4), neglecting grid current., are 
as follows: 

µEu= laRa+l1(R1 +jwL1) - l 2jwM. 

In this equation and in all others that follow, M denotes the 

.----------o~r.+ 

.._..---~H.T.
Fro. 6.4.-The Hartley Oscillator. 

numerical value of mutual inductance and the negative sign, which 
the circuit clearly indicates is necessary, is placed outside M. 

- Eu= l2(R2+jwL2) - ldwM 

Ia= 11 +12• 

Hence 
- µ[llR2+jwL2) - l 1jwM] = (11 +l2)Ra+I1(R1 +jwL1) -l2jw1lf. 

But 11(R1 +jwLx) - 1 dwM = 12(R2 +jwL2) - l 1jwM + .12
0 JW 

l 2[Ra+R1+jw(L1 - µM)][ R2+jw(L2+M)+Ja] 

+[Ra+µR2+jw(,uL 2 - M)][R1 +jw(L1 +M)] = 0 6.23. 
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Equating the imaginary term to zero we have 

R.w(Li - µM)+(Ra+Ri{ w(L1 +M) - :c] 

[CHAPTER 6 

+Riw{µL 1 - M) +(Ra +µR 2)w(Li +M) = O 

w2[Ra(Li+L.+2M)+R1(µ+I)Li+R 1(µ+I)L 2] = Ra6Ri, 

Generally Ra(Li +L1 +2M) • R 1(µ+I)Li and Ri{µ+I)L 2 so that 

J I+Ri 
w""'"' Ra _ ~ 

- (Li+L.+2M)C - Wo✓ I+Ra . 6.24 

where Wo = the natural frequency of the LC circuit. The oscillation 
frequency, as in the case of the tuned anode oscillator, is higher 
than w0, but the frequency difference is small when Ra is large 
and Ri small. 

The condition for oscillation is obtained by equating the real 
part of expression 6.23 to zero. 

(Ra+Ri)Ra - w2(Li - µM)(L 1+M)+ Li -;M_ 

+(Ra+µR 1}R1 - w2(µL 2 - M)(Li+M) = 0 

L -µM 
Ra(R1+Ra)+RiRa(I+µ)+ i C - w2(LiLa - M 2)(µ+I) = O. 

Neglecting RiRa(l +µ) and replacing w 2 by 6.24 

(L1La - M2)(µ+1{1+!i) Li - µM 
------~-~a = C +Ra(Ri+Ra)-

(Li+L.+2M)C u;1~1. 
a 

(LiL 1 - M 2)(µ+l) = (Li - µM)(Li+L 2 +2M) 
+CRa(Ri +R2)(Li +L2 +2M) 

which reduces to 

- Li +M + CRa(Ri +R2)(L1 +Lz+2M) 
µ - L 1+M (Li+M)(L 1 +M) 

. 6.25a 

for continuous oscillation. 

B h · h · f Li+M . h h d . y c angmg t e ratio o L.+M' 1.e., t e cat o e tappmg 

point on the coil, it is possible to adjust the oscillating conditions. 
A larger inductance between the grid and cathode makes for easier 
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oscillation. The frequency requirement of high Ra points to the 
need for a high grn for expression 6.25a approaches 

µ O(R1+R2)(L1+L2+2.ilf) 
R~ = g.,,, = (L1 +.ilf)(Ls+M)- . . 6.25b. 

6.2.5. The Colpitts Oscillator. The conditions for start of 
oscillation may be determined in the same manner as for the previous 

,------OH. T. + 

Fro. 6.5.-The Colpitts Oscillator. 

circuits. Referring to Fig. 6.5, we find the following current and 
voltage relationships (neglecting grid current) : 

Ia= l 1 +l2 

µE0 = laRa+. 
1
0
1 = l 2Ra+l1(Ra+. 

1
0 ) 

JW l JW 1 

- Eu=. IOa . 
JW 2 

j_.!:_ = l 2(R+jwL+-. -
1 

) 
JW01 JW02 

- fw~
2 

= 1{( R+jwL+j~o)( Ra+jw
1

0 )jw01+Ra} 

l2[µ+jRaw02 - w2RaR010a+jwOa R- jw 3LRa0102 
- w2L02+jw01Ra+I] = 0 6.26. 

Equating the imaginary term to zero 
Raw02+w02R - w 3LRa010 2+w01Ra = 0. 

w2 = _l_+_l_+_!_ 
L01 LOa RaL01 

= I (1+ R01 )· . 6.27a 
L0102 Ra(01+0a) 

01+0. 

or w=w0 J1+:a(01~ 0 .). 6.27b 

where w 0 is the natural frequency of the LO circuit. 
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The condition for start of oscillation is obtained by equating the 
real term to zero. 
I.e., µ+I = w 2(L01 +RRa01G2) 

Replacing w by the value in 6.27a 

µ+I= [01+0a+RaR(01+01)J[i+ ROs ] 
0 1 L Ra(01 +Os) 

If ROa ~ 1 
Ra{01+0a) 

µ+I= l+O•+RaR(01+G2) 
01 L 

or for oscillation to be sustained 

µ=Ga+ RaR(01+G,) 
01 L 

. 6.28a. 

The ease with which a Colpitts circuit may be made to oscillate 
is very clearly indicated by expression 6.28a. In practice 0 8 ~ 0 1 , 

so that for normal values of circuit components even a very low 
µ valve can be made to sustain oscillation. 

We also note that for small frequency variation due t.o the valve, 
RR 0 

R should be small and Ra large. When L ( 0 1 +o 2) }, 
0

: the valve 

parameter determining oscillation is Ym for expression 6.28a becomes 
µ R(01 +01) 

R = Ym = L 
a 

6.28b. 

Summarizing the results of the examination assuming linear 
operation we find that for minimum frequency variation due to the 
valve, Ra and R

0 
(the grid circuit input resistance) should be as 

large as possible, whilst R, 1
0

, and the inductance of the feedback 
coil should be as small as possible. The valve makes the oscillation 
frequency greater than the resonant frequency of the LO circuit 
for the tuned anode, Hartley and Colpitts oscillators and less for 
the tuned-grid. 

Ease of oscillation is secured in all cases by a low value of R and 
high value of Ym and oscillation conditions for the Hartley and 
Colpitts circuits are particularly easy to fulfil. 

A lower value of M or µ is required as the tuning capacitance 
is decreased, i.e. frequency is increased. 

6.3. The Conditions to be fulfilled by a Superheterodyne 
Receiver Oscillator. An oscillator supplying the oscillator 
voltage to a frequency changer must fulfil the following requirements 
if satisfactory operation is to be achieved : 
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1. The conditions for self-oscillation must be easily realizable. 
An oscillator requiring a feedback coil comparable in inductance 
to the LC circuit inductance is obviously unsatisfactory. Exces
sive anode current in the normal oscillating condition cannot be 
tolerated. 

2. Oscillation must be maintained over the required frequency 
range without " blind spots ", frequencies at which oscillation 
ceases. 

3. The variation in amplitude over the frequency range should 
be as small as possible. The necessity for this is clearly indicated 
in Section 5.5. 

4. The oscillator must not have a number of degrees of freedom, 
and must not be liable to parasitic or squegger oscillations. 

5. Supply voltage variations should have minimum effect on 
the oscillation frequency. 

6. The frequency should be independent of bias or supply voltage 
variations on the frequency changer. 

7. Harmonic frequency voltages generated by the oscillator 
should be small. 

8. Temperature and humidity variations should have minimum 
effect on the oscillation frequency. 

Each of the four types of oscillator fulfils some of the require
ments, and generally by careful design those not normally fulfilled 
can be approached. 

The tuned anode oscillator, for example, has generally less 
harmonic content, a larger amplitude, and is more stable to supply 
voltage fluctuations than the tuned-grid, whilst the latter has a. 
more constant amplitude as the oscillator frequency is varied over 
the tuning range. 2 The tuned anode oscillator has the added 
advantage of being less affected by bias variations on the frequency 
changer valve, when the oscillator grid of the frequency changer 
and grid of the oscillator valve are connected together. 

The Hartley and Colpitts circuits, on the other hand, can be 
made to oscillate without difficulty even at high frequencies in the 
short wave range. 

We will now consider requirement 3 in detail. 
6.4. The Maintenance of Constant Output over the Fre

quency Range. In Section 5.5 it is shown that the oscillator 
voltage at the frequency changer must not be allowed to exceed a 
given value, otherwise harmonic interference whistles are produced 
by the frequency changer. Conversion conductance is rapidly 
reduced if the oscillator voltage falls much below the optimum 
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value. Hence it is essential to maintain the oscillator output 
voltage close to the required value over the frequency range. 

The tendency in most oscillators is for the amplitude to increase 
as the frequency increases. The conditions for start of oscillation 
given in Section 6.2 indicate that this is to be expected, since 
decrease in the tuning capacitance C reduces the value of M or µ 
reqmred to start oscillation. It is not practicable to reduce the 
value of M or µ as C is decreased. The decrease in C is offset to 
some extent by an increase of coil resistance R, but this is not 
sufficient to prevent increasing amplitude. The only alternative is 
to insert an impedance which increases the damping of the tuned 
circuit or reduces the feedback as the f~o.quency rises. A normal 
method of achieving this is to include a resistance between the grid 
of the valve ... nd the self-bias resistance and capacitance. This is 

H.T.+ ---------lMJ\A,.~ 

H.T.-
Fm. 6.6.-The Tuned Anode Oscillator with Series Grid Resistance as an 

Amplitude Stabilizer. 

shown in Fig. 6.6 for the tuned-anode oscillator. The resistance 
R 1 forms with the grid input impedance a potentiometer which 
reduces the proportion of voltage transferred to the grid as the 
frequency increases. Its chief effect as an amplitude stabilizer 
is, however, in combination with the grid-earth capacitance for it 
produces across the grid coil a parallel damping resistance, which 
decreases as the frequency increases. For example, if R 1 = 1,000.Q 
and the grid earth capacitance 0 1 = 10 µµF, the admittance of 
these two in series is 

y = I = jwC1(I - jw(!__1R1) 
R1 +-. _I_ I +w2c12R12 

JWC1 

R1w 2C1 2 jwC1 

I +w2c12R12 + l+w2c12R12 

= +GjB. 
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The damping resistance across the grid coil is therefore 

- 1 -- 1 +w2012R12 R ----
u G R 1w 201 2 

= 0·84 M.Q at 550 kc/s 
= 0· 113 M.Q at 1,500 kc/s. 

255 

A typical curve showing the amplitude correction obtained by this 
method is given in Fig. 6.7. A value of 500 to 1,000.Q is suitable 
for long and medium waves and 50.Q for the short waves. R 1 and 
0 1 are R.F. decoupling components in the anode circuit and have 
values from 20,000 to 50,000.Q and 0·l µF, respectively. Limitation 
of amplitude variation in the tuned-grid oscillator can also be 
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Fm. 6. 7 .-Curvo~ showing the Stabilizing Effect of the Series Grid Resistance 
in the Tuned Anode Oscillator. 

achieved by inserting a resistance between the anode and feedback 
coil, and the values given above are suitable. 

Negative feedback, by inserting a small coil Lk in the cathode 
lead, can be applied to limit amplitude variation when the oscillator 
valve is separate from the frequency changer. The increasing 
impedance of Lk reduces the effective mutual conductance of the 

valve to gm' = ~m L as the frequency increases, and so 
1 +JYmW k 

reduces oscillator output. 
Amplitude variation in a tuned anom.J oscillator may be reduced 

by using resistance-capacitance coupling to the LC circuit as in 
Fig. 6.8. The anode resistance R0 reduces the gain variation due 

to the increase in the tuned circuit impedance (JR) as the oscillation 
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frequency increases. This resistance has the disadvantage of damp
ing the LC circuit and increasing the possibility of harmonic produc
tion in the oscillator itself. It also reduces oscillator frequency 
stability with respect to changes of H.T. voltage, because R0 is 

.-------~H.T.+ 

Fm. 6.8.-Amplitude Stabilization of the Tuned Anode Oscillator by a Shunt 
Resistance. 

effectively in parallel with the tuned circuit ; it increases R in 

expression 6. 7 with the result that : is increased and variations 
a 

of Ra produced by changes of H.T. voltage have greater effect. 
Amplitude stability may be increased for the tuned-anode 

oscillator by using a diode connected to the tuned circuit to supply 
the grid bias. A suitable circuit is shown in Fig. 6.9. This method 
considerably reduces the maximum amplitude, and a long grid-base 

---------oH.T.+ 

\.,_ _ __;;;.__.. __ --oH.T.-
Fm. 6.9.-Amplitude Stabilization of the Tuned Anode Oscillator by Grid Bias 

derived from the Tuned Circuit with a Diode. 

valve may be necessary to obtain sufficient voltage for the frequency 
changer. 

6.5. Frequency Stability .3 , 8 One of the most important 
requirements in an oscillator is that its frequency should remain 
constant. Any variation of frequency from the correct setting 
causes the I.F. carrier to be displaced from the centre of the pass
band of the I.F. amplifier. For an amplitude modulated wave, 
frequency distortion, producing high-pitched shrill reproduction, is 
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the chief result, but if the off-centering is excessive the equivalent 
of single side-band transmission is obtained and amplitude distortion 
occurs. Rapid fluctuations of H.T. voltage, due to hum, interference, 
etc., are more serious in the frequency modulation receiver, since 
they cause frequency modulation of the oscillator rather than 
amplitude modulation. The detector system in the amplitude 
modulation receiver has no response to a frequency modulated 
I.F. carrier. In the case of frequency modulated reception, slow 
variation of oscillator frequency is serious because it limits the 
permissible frequency deviation of the carrier and causes amplitude 
distortion at high modulation levels. 

Frequency variation may be separated into long- and short
period effects. Long-period changes, i.e., slow drift of oscillator 
frequency, are generally the most troublesome and produce greatest 
frequency variation ; heat and humidity are the chief causes by 
varying the inductance and capacitance of the tuning circuit. 
Increase of temperature normally increases inductance and capaci
tance and lowers the oscillation frequency. Heating of the valve 
also adds its quota by producing a change in the parameters, 
µ, gm and Ra, and in the electrode spacings. Short-period changes 
are chiefly due to H.T. supply voltage fluctuation from hum, mains 
interference or feedback from the audio frequency stages, but an 
important source is also the frequency changer. Frequency varia
tions from the latter are mainly a result of A.G.c. and coupling 
(electronic and capacitive-Sections 5.8.2 and 5.8.3) to the signal 
circuit. For this reason A.G.c. is often not applied to a fre
quency changer operating on the short and ultra short wave 
ranges. 

Though long- and short-term fluctuations form a convenient 
classification it is preferable to analyse under the headings of the 
components, causing the frequency variations, e.g., the valve, the 
LC circuit and its associated components, such as the range switch, 
coupling capacitors, etc., and frequency changer. 

6.6. Frequency Variations due to the Valve. 21 

6.6.1. Introduction. Frequency variations due to the valve 
may be ascribed to four causes : 

I. The valve is not functioning as a pure negative resistance, 
but has a reactive component, the value of which is affected by 
power supply voltages. This reactance is in parallel with the LC 
circuit and directly affects the resonant frequency. 

2. Harmonics are present. They are ess~mtial to stabilized 
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oscillation, but the smaller the harmonic content the less is the 
frequency variation. 

3. Interelectrode capacitance change. This capacitance is made 
up of two components, one due to the electrode dimensions and 
spacing, and the other to the space-charge distribution of the 
electrons. Change of the former due to heating of the electrode 
structure is a long-period effect, whilst the latter may have a long
period effect due to heating of the valve changing the emission 
properties, and a short-period effect due to H.T. supply voltage 
variations. Greatest space-charge capacitance is usually in the 
neighbourhood of a negative electrode, and hence grid-cathode 
space-charge capacitance is greater than anode-cathode space
charge capacitance. A tuned grid oscillator therefore shows greater 
frequency variation than a tuned anode for given fluctuations of 
supply voltage. 

4. Variation in valve slope resistance Ra resulting from power 
supply fluctuations. The frequency formulae developed in pre
ceding sections indicate that changes of Ra affect the oscillation 
frequency. 

6.6.2. Valve Reactance. The valve has the effect of reducing 
the resistance component of the LC circuit to zero so that the 
slightest random disturbance sets up oscillation. At the same time 
it introduces a reactive component which modifies the equation for 
start of self-oscillation to 

R+j(wL - 0;10)- (R1 +jX1 ) = 0. 

If X 1 = 0 we see that the oscillation frequency is f = 
1 

and 
2nvLO 

is independent of the valve. The frequency/ is J 1 

2n ( L -:
1
)0 

or 
2
n J L(: +¾,) if X, is respectively inductive or capacitive. 

From the above it would appear possible to neutralize the frequency 
variation due to X 1 by inserting a suitable correcting reactance in 
series with the grid or anode lead. An improvement in frequency 
stability can be brought about by the inclusion of a neutralizing 
reactance but, since the latter must be varied when the LC circuit 
frequency is varied, it is not feasible for correcting oscillators 
covering a large frequency range. Furthermore, owing to non-
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linear operation of the valve, reactance neutralization cannot 
prevent, but can only reduce frequency variation due to the valve. 
The effect of valve reactance can be reduced by using very loose 
coupling between the valve and tuned circuit, and one way is to 
tap the valve connection into a part only of the tuning coil, rather 
than across the whole coil. 

6.6.3. Harmonics. In oscillators there must be an energy as 
well as power balance. The latter entails neutralization of LG circuit 
resistance whilst the former requires equality of inductive and 
capacitive energy. Harmonic currents, generated by the valve, flow 
more easily through the capacitance than the inductance branch of 
the LG circuit so that the capacitive energy tends to exceed the 
inductive energy. To restore energy balance the current through 
the inductive branch must be increased. This may be realized by a 
reduction of fundamental oscillation frequency. Experiment has 
tended to show the opposite effect, viz., that increase of harl1"-:nics 
result in an increase of frequency, and it is assumed that another 
effect is occurring simultaneously in the opposite direction. Never
theless, better frequency stability is registered when the harmonic 
content is low. A valve having a high Ra, a coil resistance as low 
as possible, a low L/G ratio, and minimum grid current all con
tribute to low harmonic content. 

6.6.4. Interelectrode Capacitance Variation. Variation of 
interelectrode capacitance due to space-charge effects is greatest 
between grid and cathode. There is usually an increase in grid
cathode capacitance of about 2 µµF from the cold to hot condition 
(filament on and off), but the variation under operating conditions 
is much less than this, being of the order of 0·04 µµF. The magni
tude of the variation is dependent on the anode current, grid voltage, 
heater voltage, and mutual conductance. A valve with a high 
anode current and mutual conductance generally produces large 
capacitance change. The space-charge capacitance change is not 
linearly proportional to grid voltage so that there is a mean as well 
as periodic change of capacitance. Any change in the oscillation 
amplitude therefore affects the interelectrode capacitance. This 
may be minimized by using a large value of tuning capacitance in 
the LG circmt, by employmg a tuned anode in preference to a tuned 
grid oscillator, and by tapping the valve into a part of the tuning 
coil. Interelectrode changes between anode and cathode are usually 
less than 0·01 µµF, and their effect on the osmllator frequency may 
be reduced by the insertion of a resistance, R 3 in Fig. 6.10, between 
the anode and tuned circuit. This has the advantage of reducing 
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the effect of changes of Ra, but it is not very suitable for the short 
wave ranges because of stray capacitance across the resistance. 

6.6.5. Valve Internal Resistance. The linear theory of 
oscillation shows that frequency is dependent on Ra, which should 
be as high as possible consistent with a high gm value. One method 
of reducing the influence of changes of Ra is to use loose coupling 
between the valve and tuned circuit, i.e., tapping across a part 
instead of the whole tuning inductance. The series resistance 
mentioned in 6.6.4 helps in this direction, but the use of two valves, 
as in the Franklin oscillator of Fig. 6.12, is a better solution. 

,----------oH.T.+ 

~---------oH.r-
Fm. 6.10.-Reduction of Valve Effects on Frequency Stability by a Series 

Resistance. 

6.6.6. Miscellaneous Effects causing Frequency Variation. 
Rapid fluctuations of the H.T. voltage may be prevented from 
influencing frequency by a resistance-capacitance decoupling circuit, 
R 1C 2 in Fig. 6.6. The decoupling resistance is also useful in reducing 
long-period variations in H.T. voltage, because it acts as one arm 
of a potentiometer with the oscillator valve D.C. resistance as the 
other, so making the D.C. anode voltage change less than the H.T. 

voltage change. 
Frequency variation due to valve temperature change is a com

paratively short-period effect occurring in the first 5 or 10 minutes 
after switching on, for the valve internal temperature settles down 
quite rapidly to a value not greatly affected by normal external 
temperature changes. 

6.6.7. Special Methods of Reducing Frequency Variations 
due to the Valve. Various methods may be used to reduce the 
effect of the valve on frequency. One is by negative feedback; an 
impedance, consisting of a resistance, or a resistance and inductance 
in series, is inserted in the cathode circuit of the valve. The series 
RL circuit is preferable since it is a better amplitude stabilizer than 
the resistance alone, across which there is stray capacitance tending 
to make negative feedback less effective at the higher oscillating 
frequencies. A triode oscillator with the tuned circuit connected 
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between grid and H.T. negative, the cathode tapped partway up the 
tuning mductance, and the anode connected to H.T. positive is an 
example of negative feedback control. 

The electron coupled 4 oscillator is another alternative. A 
screened-grid or pentode valve is used with the grid and cathode as 
the active oscillating elements. Negative feedback compensation is 

---.--------~T.+ 

Fm. 6.11.-The Electron Coupled Oscillator. 

realized because the cathode is connected to a tapping point on the 
LO circuit. The diagram of connections is shown in Fig. 6.11, and 
the normal anode merely serves as a means of developing the 
oscillator voltage for application to the frequency changer. The 
screen carries no R.F. voltages (capacitance 0 2 has a high value-
0·1 µF), and therefore reduces the capacitance coupling between 
the oscillator proper and the anode. Two advantages are gained 
from this type; the voltage applied to the frequency changer is 
not obtained directly from the oscillating circuit so that variations 

------------oH.T.+ 

Fm. 6.12.-The Franklin Oscillator. 

in frequency changer conditions have almost no effect on oscillator 
frequency. The second advantage is that the frequency variation 
due to increase or decrease of screen voltage is in the opposite 
direction to that for increase or decrease of anode voltage. Hence 
by suitably adjusting R 2 and R 3 the oscillation frequency can be 
made almost independent of H.T. supply voltage changes. 

A very successful method of reducing valve effect is the Franklin 
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circuit 15 of Fig. 6.12. The capacitances O 1 and O 2 are very small 
(I to 2 µµF) so that the LO circuit is only very loosely coupled to 
the valves. Since two valves are required the method is not very 
suitable for use in broadcast receivers. 

6.7. Frequency Variations due to the LC circuit and its 
Associated Components. 

6.7.1. Introduction. The chief cause of variation of the 
inductance, capacitance and resistance of the LO circuit and its 
associated components is temperature change, though humidity can 
have a more serious effect if care is not taken in moisture-proofing 
the coils or fixed capacitors. By the use of high-grade waxes or 
varnishes, humidity variations can generally be reduced to a second 
order effect. Increase of humidity has much the same effect as 
increase of temperature, viz., it increases the capacitance (in the 
case of a coil, its self-capacitance) and reduces the oscillator fre
quency. The increase in capacitance is due to the displacement of 
air in the insulating material by water vapour, which has a higher 
dielectric constant. 

Variations in the values of inductance and capacitance of the 
LO circuit are largely responsible for the total frequency variation. 
Associated components, such as the padding and self-bias capaci
tances, the range switch and wiring, also add their quota to the 
frequency change but are much less important. The trimmer 
capacitance can cause very large changes of frequency when the 
tuning capacitance is small. 

6.7.2. Inductance Variations. Changes of temperature pro
duce a variation in the inductance, resistance and self-capacitance 
of a coil. The last two are not, however, important in comparison 
with the change in inductance. Taking the formula for a single
layer solenoid (the shape most likely to be used on the medium 
and short wave ranges) given by expression 4.12 

where 

L = r2N2 
9r+IOl 

l = length of winding 
r = radius of winding 

N = total turns in the coil 

we see that increase of length decreases L, whereas increase of radius 
increases L. Change of radius has the greater effect and increasing 
temperature therefore increases L. If we assume that the coefficients 
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of radial and axial expansion, ixr and ix1 respectively are equal, the 
inductance for an increase in temperature of t° C. becomes 

L L1L = r2(1 +ixt)2N2 
+ 9r(I+ixt)+10l(I+ixt) 

6.29a. 

L+L1L = r2N2 z<1 +ext) 
9r+l0 

i.e., the increase in inductance is directly proportional to the change 
in temperature multiplied by the coefficient of expansion of the 
conductor. E-cpressing the result in a more convenient form, the 
coefficient of inductance increase equals the co::ifficient of expansion 
of the conductor, or 

,1£ 
- = IX' 
L.t ' 

the value of ix for copper is 16 x 10-6 parts per degree Centigrade. 
But 

1 
f = 2nvw 

and 1 
f - L1f = 2nv(L+L1L)C 

where L1f is the decrease in oscillator frequency due to the increase 
L1L in L 

f-L1f - ✓-L 
-f- - L+L1L 

1 - ; = (I+ f )-l . 6.30a. 

Expanding by the Binomial Theorem and neglecting ( ~L) 
2 

and 

all higher powers-this is justified because ,1J; is so small

expression 6.30a may be rewritten 

L1f = !(L1L) 
f 2 L 

. 6.30b. 

Thus the ratio change in frequency due to the unhindered expansion 
of a copper coil is 8 x 10-6 parts per degree centigrade, or for the 
normal temperature rise of 30° C. the ratio change of frequency is 
240 in 106 • Frequency variations, due to coil expansion, of 240 
and 2,400 c.p.s. at oscillator frequencies of I and 10 Mc/s respec
tively, would be expected under these conditions. 
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Since increase of radius has the opposite effect to increase of 
length, it is possible by suitably choosing rx, and rx.1 to make induct
ance independent of temperature. Re-writing 6.29a with rx, and rx.1 

r 2(1 +rx,t) 2N 2 

L+L1L - ----------·--~-. . 6.29b. 
9r( 1 + rx,t) + 1 OZ( 1 + rx1t) 

Differentiating the above with respect to temperature t and equating 
the result to O gives the condition for no change of inductance 

d(L+L1L) 
dt 

when t = 0 

when 

r 2N 2
[ (9r( 1 +rx,t) + IOl( 1 +rx;t))(l +rx,t)2rx, 

- (I+rx,t) 2(9rrx,+10lrx1)] 

(9r( 1 +rx,t) + IOl( 1 +rx1t)]2 

d(L+L1L) 
dt = 9rrx, + lOl( 2rx, - rxt) 

=0 

~=2+~ 
rx., 1 oz 6.31. 

By satisfying the above expression for the ratio of axial to radial 
expansion, it is possible to make L independent of temperature. 
The practical application involves winding the coil turns loosely, 
and fixing the ends firmly to the coil former so that radial expansion 
is determined by the conductor, and axial by the coil former. 
Suitable coil-former materials, having coefficients of expansion 
greater than twice that for copper, are not easy to obtain, but 
experiments have shown the validity of the theoretical argument. 
An alternative is to reduce the radial and axial expansion, either 
by shrinking the coil on to a former having a lower coefficient of 
expansion, e.g., ceramic material having coefficient of 7 x 10- 6 parts 
per degree centigrade, or by using copper-plated low-coefficient 
material, such as invar, for the coil. The latter is not an economic 
proposition for receivers, and the best alternative is the ceramic 
coil former. Synthetic resin or bakelite coil formers are not to be 
recommended because they tend to show a non-reversible ageing, 
which results in a permanent change in inductance after several 
cycles of temperature change. They are also more affected by 
humidity variation than ceramic material. 

6.7.3. Capacitance Variations. Temperature variation has 
two effects in capacitors; it changes the permittivity of the 
dielectric and also changes the disposition of the plates. In fixed 
capacitors, mica is the most suitable dielectric and capacitance 
change is largely a result of pressure variation between the plates. 
This effect can be colll!iderably reduced by replacing the metal 
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plates by metal (silver) sprayed on to the mica dielectric. Both 
sides of the mica are sprayed and each side forms an active plate ; 
adjacent sides are connected together so that spacing variations due 
to changes of pressure become of little importance. This type of 
silvered mica fixed capacitor has a very small temperature coefficient 
and its effect on oscillator frequency variation is very small. 

Fixed capacitors (maximum value about 3 µµF) with a bimetallic 
plate can be constructed to give a decrease of capacitance with 
increase of temperature, and they may be used to compensate for 
the increase in capacitance and inductance of the main elements of 
the tuning system. 

Variable capacitors often have a high temperature coefficient 
and their effect on oscillator frequency is generally much greater 
than that of the coil. For this reason tuning by inductance varia
tion with fixed capacitors, which can be constructed with low 
temperature coefficients, is to be preferred, and is employed in some 
short wave band-spread receivers. By observing the following 
points the temperature coefficient can be reduced. The dielectric 
should be air, as the use of a solid dielectric, such as mica, tends to 
distort the plates and increase the high-frequency resistance com
ponent. The insulating end supports have an important effect, 
particularly when the capacitance is minimum, and ceramic material 
is best as it has a low permittivity change with temperature. 
Synthetic plastic materials are not usually satisfactory and have 
non-cyclical variation. The rotor shaft and stator frame should be 
of the same material, so that expansion allows the rotor plates to 
remain centrally disposed with respect to the stator. Initial 
accurate alignment of a rotor plate midway between two stator 
plates reduces capacitance change due to differential expansion, 
because a given change of spacing has much greater effect when the 
rotor-to-stator plate spacings are unequal. Increase of stator-rotor 
plate spacing also reduces capacitance change for a given change 
of spacing. Good mechanical rigidity and construction are essentials 
for small capacitance variation with temperature. 

Particular care is necessary in the choice of the trimmer capacitor, 
which can have a very large influence on the oscillator frequency as 
the temperature varies. Mica dielectric pressure-type capacitors 
are generally unsatistactory and show an appreciable increase in 
capacitance with increase of temperature. Air dielectric capacitors 
with ceramic insulation should be employed. 

6.7.4. Frequency Variations due to Associated Com
ponents. By the use of silvered mica construction, frequency 



266 RADIO RECEIVER DESIGN [CHAPTER 6 

drift due to fixed capacitors associated with the tuned circuit can 
be reduced to very small proportions. That due to the wave
change switch and wiring u can also be made a second-order effect 
by observing certain precautions. The switch should be of rigid 
mechanical construction with ceramic insulation, and the wiring 
rubber-covered or enamelled. Especial care is necessary to ensure 
that leads are securely fixed and not in tension. Preliminary 
cyclical heating is an aid to frequency stability. 

Stray capacitance between the tuning inductance and the 
feedback coil must be reduced to a minimum as this generally has 
a high temperature coefficient. It is preferable not to wind the 
feedback coil on top of the tuning inductance but to have an air 
space between them. 

Examples of the capacitance-temperature coefficients of typical 
insulating materials given below show the desirability of using 
ceramic 20 rather than other forms of insulation. 

Varnished cambric +2,100 parts in 106 per degree Centigrade 
Synthetic resin +1,600 ,, ,, ,, ,, ,, ,, 
Enamel + 470 ,, ,, ,, ,, ,, ,, 
Ceramic + 100 ,, ,, ,, ,, ,, ,, 

6.7.5. Compensation for Temperature-Frequency Change. 
Certain types of capacitors can be constructed to give a negative 
temperature coefficient, i.e., capacitance decreases with increase of 
temperature, and they may be used to compensate for the positive 
temperature coefficient of the normal tuning inductance and 
capacitance. Compensation is only complete, however, at one 
particular frequency, and the temperature of the corrector must 
follow that of the component it is intended to compensate. Two 
corrector capacitors may be used, one, with a heater winding 
generally supplied from the A.C. mains transformer, to compensate 
for the rapid initial frequency change due to the valve warming-up, 
and the other placed so as to follow the temperature of the tuning 
system and to correct for change in L and 0. The corrector 
capacitor may be connected in parallel with the tuning inductance 
or capacitance-the bimetallic construction described in Section 6. 7 .3 
has a capacitance change of the order of 0·5 µµF for 30° C. variation
or in parallel with the padding capacitance. Compensation does 
not obviate the necessity for aiming at the smallest possible frequency 
variation of the uncompensated oscillator. 

6.8. Frequency Variations due to the Frequency Changer. 9 

The input admittance at the oscillator grid of the frequency changer 
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includes three possible variables, grid current, space-charge capaci 
tance, and spac-e-charge and capacitance coupling to the signal grid. 
The effect of grid current variation due to bias changes on the 
frequency-changer valve is least important when the oscillator and 
frequency-changer grids are connected together, as in the triode
hexode. It is more important when an R.O. coupling is employed 
between the two grids, as for suppressor grid application in the 
pent.ode (Fig. 5.4), but the frequency variation can be reduced to 
small proportions by using a high resistance (1 M.Q) from suppressor 
grid to earth. 

Frequency variation due to capacitive and space-charge effects 
is largely beyond the receiver designer's control, because it is most 
dependent on valve construction. All the effects can be reduced 
by making the coupling between the oscillator-tuned circuit and 
the frequency changer as loose as possible consistent with adequate 
oscillator voltage. The greatest load effect is produced when the 
oscillator grid is directly coupled to the tuned circuit as for the 
tuned grid oscillator connection. By the use of a tuned anode 
oscillator a reduction in frequency variation of about 5 to 1 may 
be obtained for a given change of frequency changer bias. 

A reduction of load-frequency variation is achieved by using a 
low impedance LO circuit, i.e., a high capacitance and low inductance, 
for the addition of a resistance and reactance in parallel with any 
LO circuit has least effect when the L/O ratio is small. 

Space-charge coupling between signal and oscillator grids is very 
much less in hexode than in heptode type frequency changers. 
The use of a neutralizing capacitance about 1 µµF may be used in 
the latter case as described in Section 5.8.3. 

Stray capacitive coupling between the signal and oscillator grids 
must be avoided if the tuning of the signal circuit is not appreciably 
to affect the oscillator operation on the short wave ranges. 

6.9. Precautions Necessary to Preserve Frequency 
Stability. The following summarizes the steps which may be 
taken to increase the frequency stability of the oscillator. 

1. A valve having a high gm and high Ra is required. 
2. Grid current should be as low as possible, i.e., a high grid 

self-bias resistance, provided squeggering is not experienced, and 
feedback coupling only just sufficient to sustain oscillation at the 
required amplitude are necessary. 

3. The coil resistance should be as low as possible. 
4. The L/O ratio is required to be low so that variations of 

stray capacitance and load reflected from the frequency changer 
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have less effect. Too low a value, however, makes oscillation 
difficult. Except in band-spread receivers with fixed signal tuning, 
and push-button operated receivers, the values of Land Care fixed 
by ganging considerations, and little control is possible. 

5. The use of a phase-correcting reactance is not feasible as it 
is only suitable for fixed-frequency operation. 

6. The feedback coupling, if a coil, should have the smallest 
value of coil inductance with maximum value of mutual inductance 
coupling to the tuned LC circuit. 

7. The tuned circuit should be loosely coupled to the valve, 
i.e., the valve should be connected across a part of the tuning 
inductance, and tuned anode is preferable to tuned grid because 
space-charge capacitance changes are greatest at the grid elec
trode. 

8. The H.T. supply should be adequately decoupled and smoothed. 
The possibility of audio-frequency feedback from the power output 
stage may be reduced by a push-pull audio-output connection. 

9. Temperature-frequency variations are reduced by mounting 
inductances and capacitances away from such sources of heat as 
the mains transformer, the power output and rectifier valves. 
Low-loss coil formers of ceramic material are to be recommended. 
Different rates of radial and axial expansion for the coil are a 
possible means of reducing the temperature effect. High-loss 
insulators must be avoided as these almost always have high 
positive temperature coefficients. Rigid mechanical construction 
of coils, variable capacitors, range switches and wiring is very 
necessary. Variable capacitance values should be minimum, and 
inductance tuning with fixed capacitance is desirable. 

10. Compensation by a capacitance having a negative tempera
ture coefficient may be provided. 

11. Humidity effects demand the use of non-hygroscopic insulat
ing material, waxes and varnish. 

12. The optimum oscillator voltage required by the frequency 
changer should be as low as possible, as this allows loose coupling 
to and reduces the load reflected from the frequency changer into 
the oscillator tuned circuit. 

13. A frequency correcting device may be connected to the 
oscillator in order to introduce additional reactance in parallel with 
the LC circuit as the frequency tends to vary from its correct 
setting. The magnitude of the reactance is determined by the 
amount of error, and high initial frequency errors may be reduced 
to quite small values. Thus an uncorrected oscillator frequency 
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error of 20 kc/s can be reduced to a final error of on1y about 
200 c.p.s. Methods of automatically correcting frequency varia
tions by means of a variable reactance valve are discussed in 
Chapter 13. 

6.10. Squegger and Parasitic Oscillations. Two undesir
able effects, known as squegger and parasitic oscillations, may be 
met in self-oscillating valve circuits. Squegger oscillation is a 
regular or irregular interruption of the normal oscillation, and is a 
result of excessive amplitude. The large positive pulses of grid 
voltage produce sufficient grid current to charge the capacitor 
across the self-biasing grid leak to a negative voltage much greater 
than anode current cut-off. The anode current ceases and oscilla
tions cannot be maintained. The capacitor gradually discharges 
through the grid leak until the grid voltage is low enough to allow 
anode current to flow and oscillation to recommence. Grid current 
again bbses the valve beyond cut-off and the cycle is repeated. 
The squegger effect is equivalent to a 100 % modulation of the 
oscillator by an approximately square wave. The period of the 
interruption depends on the time constant of the capacitor and grid 
leak, and it may produce in the output of a receiver an audible 
note (if the interruption frequency is in the audible range), reduced 
desired output, excessive whistle interference and noise. It can 
normally be prevented by using a low value of self-biasing capaci
tance and grid leak, and feedback coupling only just sufficient to 
give the required oscillator amplitude at the frequency changer. 
Values of 100 µµF and 50,000 ohms are typical for the medium and 
long wave ranges, but for short wave operation the capacitance 
may be reduced to 50 µµF. A large H.T. decoupling resistance 
(R2 in Fig. 6.6) also helps to prevei:i; squegger oscillations, for the 
oscillator anode voltage is increased by decrease of mean anode 
current and this moves the cut-off voltag0 to a higher negative 
value. 

Parasitic 16 oscillations are oscillations at a frequency other 
than that of the controlling LO circuit. Generally they are at very 
high frequencies and are due to the inductance of the leads from, 
and the stray capacitance across, the valve electrodes. These 
inductances and capacitances form tuned-anode and tuned-grid 
circuits (Fig. 6.13) and the necessary feedback coupling is provided 
by the anode-grid capacitance. High-frequency parasitic oscillation 
is more likely with highµ and gn, valves, but it may also be produced 
by a negative resistance characteristw in the IaEu curve of the 
oscillator grid of the frequency changer. This negative resistance 
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effect more often occurs at appreciable positive voltages on the 
oscillator grid, and it can be reduced by preventing excessive 
oscillator amplitude. A small resistance (about 20.Q) connected 
close to grid or anode pin of the valve is helpful in damping the 
parasitic control circuits. The series grid resistance R 1 of Fig. 6.6 
performs this role as well as that of amplitude stabilizer. 

----------~H.r-
Fm. 6.13.-Parasitic Oscillation due to Lead Inductance and Stray Capacitance. 

The modified Colpitts oscillator for short wave operation 
(Fig. 6.14) uses the anode-cathode, grid-cathode capacitances as 
the capacitance tap, and parasitic oscillation is possible when the 
tuning capacitance O is large, for the lead inductances can act as 
the control inductance, and Oak and 00k as the control capacitance. 
A remedy is to connect the tuning capacitor as close to the anode 
and grid pins as possible. 

The Hartley oscillator may be troublesome at high frequencies 
by attempting to act as a modified Colpitts. The introduction 
of a small R.F. choke or resistance between the centre tap and 

.-----oH.T. + 

r. 

Fm. 6.14.-Parasitic Oscillation in the Modified Colpitts Oscillato~. 

the H.T. supply is a solution, for the oscillator functions as a 
Hartley for low frequencies and as a modified Colpitts for high 
frequencies. 

Parasitic oscillation not far removed from the desired frequency 
is possible when the feedback coil has an inductance comparable 



6.11] OSCILLATORS 271 

with that of the tuned LC circuit. Such a condition is unlikely to 
arise on the medium and long wave ranges, but it is quite possible 
on the short wave range. As the oscillator frequency is increased, 
i.e., the tuning capacitance decreased, a point is reached at which 
the oscillation frequency jumps to a value approximately given by 
the resonant frequency of the feedback coil and its stray capacitance. 
The original functions of the feedback and control LC circuit are 
now reversed, the former acting as the control. The remedy for 
this type of parasitic oscillation is to use the lowest possible value 
of feedback coil inductance and to obtain sufficient feedback by 
tight coupling to the coil of the LC circuit. 

6.11. Problems in the Design of Short Wave and Ultra 
Short Wave Oscillators. 19 Oscillators for the short wave and 
ultra short wave ranges present in a more acute form all the problems 
encountered on the medium and long wave ranges. In addition 
they are more prone to squegger and parasitic oscillations and, in 
the case of the tuned grid and tuned anode circuits, are more 
difficult to maintain in oscillation over a range of frequencies. 

A high gm valve is an essential as it enables looser coupling to 
be employed, and this reduces the tendency to squegger and parasitic 
oscillation. Wit}l tuned grid and tuned anode circuits the feedback 
coil is often interleaved with the main tuning coil in order to obtain 
high coupling with a small feedback coil. 

The ease with which the Hartley and Colpitts circuits can be 
made to oscillate is a great advantage at high frequencies, and the 
possibility of feedback coil frequency control is removed. The fact 
that the Hartley circuit tuning capacitor rotor is not earthed and 
that the Colpitts requires a split capacitor is no serious disadvantage 
on band-spread receivers with preset signal tuning. The negative 
feedback oscillator of Section 6.6.7, with the cathode tapped into 
the tuning coil, has the advantages of the Hartley circuit and also 
that one side of the tuning capacitor may be earthed. The modified 
Colpitts oscillator of Fig. 6.14 is satisfactory at high frequencies 
and obviates the necessity for a split capacitor, the anode-cathode 
and grid-cathode interelectrode capacitances performing this func
tion. The tuning capacitor rotor cannot, however, be earthed. 
The disadvantages of having neither side of the tuning capacitance 
connected to earth can be overcome by using inductance tuning. 
On the short wave range this may be accomplished by varying the 
position of an iron dust core in the tuning coil, and on ultra short 
waves by inserting a metal plunger of high conductivity material 
into the coil axis. 
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Frequency drift of the oscillator due to changes of temperature 
is more serious as the frequency is increased, partly because the 
W circuit components have to be reduced in value, but also because 
the frequency error Llf, even for a fixed ratio of frequency change 

( ;), increases as the oscillation frequency rises. Thus for a 

frequency ratio change of 1 part in 103 the frequency drift is 1 kc/s 
at a frequency of 1 Mc/s, whilst at 45 Mc/s it is 45 kc/s, sufficient 
to take the I.F. carrier outside the pass rao.ge of an I.F. amplifier 
for amplitude modulated sound signals. Since variable and stray 
capacitances are the chief offenders, it means that the frequency 
ratio tends to increase as the oscillation frequency is increased and 
the tuning capacitance decreased. A low L/0 ratio helps to reduce 
the frequency ratio, but at the same time makes oscillation more 
difficult to sustain. When the I.F. has a high value, as for the vision 
signals of a television programme, and the sound signals of a fre
quency modulated transmission, the use of an oscillator frequency 
(ih = fs - f 1) lower than the signal frequency is an advantage in 
reducing frequency drift. An alternative is to employ a harmonic 
of the oscillator to combine with the signal ; Section 5.5 shows that 
a 2nd harmonic response approaching 80 % of the fundamental 
oscillator response is obtainable when a large oscillator voltage is 
applied to the frequency changer. Provided the increase in possible 
interference whistle production is no disadvantage, oscillator fre
quency drift can be reduced to approximately one-half by using 
the second harmonic of the oscillator. For example, suppose 
temperature change produces an increase of capacitance by 0·05 µµF ; 
at 45 Mc/s, the maximum value of tuning capacitance 1s about 
40 µµF if adequate oscillation amplitude is to be realized, and the 
frequency drift is 

Llf =f ! LJO 
·2 G 

45 0·05 = -- X - X 1 000 kc/s 
2 40 ' 

= 28·1 kc/s. 

(The proof of this is similar to that developed in Section 6. 7 .2 for 
inductance change.) 

When the oscillator frequency is halved, the tuning capacitance 

may be increased to 80 µµF for the same /;R value (this is a measure 
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of the oscillation capability of the circuit, and doubling L and 

0 doubles the frequency with little change of ;R)· Thus the 

frequency drift of the oscillator becomes 

LJf _ 22·5 X 0·05 X l,000 
2 X 80 

= 7·025 kc/s, 

which is one-quarter of that at 45 Mc/s. The frequency drift for 
the second harmonic is twice this" value, i.e., 14·05 kc/s, so that 
the net frequency drift has been reduced to one-half of its original 
value for an oscillator of 45 Mc /s fundamental frequency. 

The need for short, firmly secured, leads from the valve to the 
control LO circuit cannot be over-emphasized, and adequate 
decoupling with non-inductive mica capacitors (0·001 to 0·01 µF) 
of leads carrying n.c. or mains A.c. voltages is essential. Only a 
very small inductance can provide undesirable coupling at ultra 
high frequencies, and decoupling capacitors should therefore be 
returned to the same point on the chassis. In a shunt-fed circuit 
(see Fig. 6.10) with a choke between the anode and H.T. positive, 
particular care must be taken in the construction of the choke, 
which, if used to cover a number of ranges, should be wound in 
separate sections, becoming smaller at the anode side. This is to 
prevent resonance of the choke with its self-capacitance, thereby 
causing absorption and dead spots at particular frequencies corre
sponding to parallel resonance of the whole or a section of the 
choke with self and stray capacitance. When this does occur, it 
may be possible by adjustment of the turns in the sections nearest 
the anode to remove the absorption frequency outside the range. 
When the oscillator is intended for operation at ultra high frequencies 
only, adjustment of the anode choke, and also of any other decoupling 
choke in the cathode or heater circuits, may have considerable 
effect on oscillator amplitude. too large a value of choke reducing 
the amplitude as well as too small a value. 

6.12. Ganging of the Oscillator and Signal Cir
cuits.5, 11 , 12 , 18 In order to reduce the number of receiver controls 
to a minimum, it is usual to couple mechanically the signal and 
oscillator capacitor rotor plates. Since the oscillator capacitance is 
required to tune its own circuit to a frequency greater than the signal 
frequency by a constant amount, a specially shaped rotor and 
stator are necessary to maintain the correct oscillator frequency. 
In certain types of receivers the oscillator capacitor is designed to 
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give the required capacitance law over the medium wave range, 
but then the same shaped capacitor is not correct for the long and 
short wave ranges. It is not economical to have a separate capacitor 
for each range and a compromise is obviously desirable. Such is 
possible by providing a number of preadjusted components in the 
oscillator tuned circuit, the term preadjusted or preset being applied 
to a component, the value of which is under the control of the 
designer. This component is constant for a given wave range, but 
is varied when the latter is changed. The oscillator frequency can 
be given its correct value at the same number of signal frequencies 
as there are preset components, and by using such a circuit an 
oscillator capacitor identical with that tuning the signal may be 
employed. 

A circuit having two preset components, the tuning inductance 
Lh and the padding capacitance Gp, is shown in Fig. 6.15. The 

C 

Fro. 6.15.-An Oscillator Ganging Circuit. 

padding capacitance may be placed between the high potential 
ends of Lh and the tuning capacitance 0, or it may be placed as 
shown between Lh and earth. The second position has the advan
tage of not adding to the capacitance in parallel with the coil, for 
in the first the capacitance to earth of OP is in parallel with 0 0, the 
coil self-capacitance (0, in Fig. 6.15). The oscillator frequency is 

I 
fh = --.========:=. 6.32. 

2nJ L{ Go+ 0~~o] 
For any two values, f hi and fh2, this equation may be satisfied 
simultaneously by suitably selecting Lh and GP. Suppose that 
these two oscillator frequencies correspond to two signal frequencies 
fs1 andf82 , for which the tuning capacitance O has values of 0 1 and 
0 2• The following simultaneous equations result 

I = I = Lh[oo+ opal ] 6.33a 
[2nfh1] 2 [2n(/81 +f1)] 2 GP +01 

[2n;hzJ2 = [2n(/s:+}1)]2 = L{ Go+ O~~~J 6
"
33

b 

where / 1 = the intermediate frequency. 
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Solving for Op gives a quadratic 

ov2[01-02-(00 +02)]-op[Oo(01 +02) +010 2]-0oOi:02=0. 6.34 
oc-1 

where oc = f.[,. 2
]

2 

= [ 1'2 +!1
]

2 

Uhl fs1+f1 
and 

J[Co(C1 +02) +0102]2 

Oo(01+02)+0102+ + 40oOi0{:1=~2 -(Co+02)] "' 
C =------- ----------- - ------ --6.3u. 

P 2[(}__1~-0: - (Oo+02)] 
oc - 1 

The second solution of OP with a negative sign before the square 
root is not a practical possibility. The value of L" is found by 
substituting expression 6.35 for GP in either 6.33a or 6.33b. 

I 
Thus Li = ---- --- 6.36 

• [2nfh1] 2(0 +--°p
0

l ) 
o CP+C1 

The most suitable values of f,1 and f 82 are those g1vmg the 
minimum error variation over the wave range, and to determine 
them the error curve shape must be known. The best choice is 

fat 
+ Error 

+d 

I 
ifc 
I 

Vz, 
I 

y l--"~-.---+----':.-<---1 

-, x-
0 +! 

Fw. 6.16.-The Ideal Curve for Two-point Zero Error Ganging. 

clearly either that which gives errors equal in magnitude at the 
en<ls and centre of the range, or least error at the low frequency 
end of the range where the signal circuits are normally more selective. 
Let us consider the first alternative and assume that the error curve 
is parabolic as in :Fig. 6.16, with equal errors at the ends and centre 
of the range. By designating the error axis as y and the frequency 
axis as x, the general expression for the parabola 1s 

y = ax 2 +bx+c 6.37. 

Taking J,., the frequency at the centre of the range, as the origin, 
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fa and fb the end frequencies, as x = - l and + 1 respectively, 
and the maximum error as d kc/s, the general expression reduces to 

y = ax 2 +c 
= d when x = - I and + I, 
= - d when x = 0 

so that a = - 2c = 2d and 

y = d(2x 2 - I) 6.38. 

The frequc,wies of zero error are obtained by equating 6.38 to 0. 

Thus x = ± V½ = ±0·707. 

The required signal frequency values are therefore 

fsi = fc - 0·707 Uc - fa) 
and f,2 = fc + 0·707 Uc - fa) 
for fc - fa = fb - fc• 

Let us now consider the above procedure applied to the design 
of an oscillator circuit to gang with a signal circuit of 156 µH 
inductance for an I.F. of 465 kc/s, and covering the medium wave 
range from 550 to 1,500 kc/s. The capacitance required to tune the 
signal coil at selected frequencies is given below 

j,(kc/s) 550 600 700 800 
O(µµF) 536·8 451 331·1 253·7 

j,(kc/s) 1,100 1,200 1,300 1,400 
O(µµF) 134·48 112·76 96·1 82·84 

900 
200·5 

1,500 
72·17 

1,000 
162·38 

Not all the tuning capacitance is found in the tuning capacitor and 
some is made up of stray capacitance due to the range switch, 
wiring, self-capacitance of the coil, and the trimmer capacitance 
(required for signal circuit ganging) across the coil. An average 
value for each of these capacitances is 10 µµF, making a total stray 
capacitance of 40 µµF. Hence the actual value of the tuning 
capacitance is obtained by subtracting 40 µµF from the values 
given in the above table. We will make the assumption that the 
oscillator tuning circuit has similar stray capacitance values, except 
that there is no trimmer capacitance, and that OP is located close 
to L,,. and permanently connected to it, i.e., the range switch and 
wiring is on the tuning capacitance side of OP- The value of 
0 at a signal frequency of 550 kc/s U,. = 1,015) is therefore the 
value of the tuning capacitance (53{i•8 - 40) plus the stray capaci
tance (20 ,,,,F) due to the wiring and range switch, i.e., equals 
516·8 ,,µF. The centre signal frequency of the range is 1,02:i, so 
that the signal frequencies of zero error are 1,025 ± 0·707 (475), 
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j89 and 1,361 kc/s. The oscillator frequencies fhl and A2 for zero 
error are 1,154 and 1,826 kc/s, the tuning capacitances 0 1 and 0 2 

are 322 and 67·6 µµF; if the oscillator coil self-capacitance 0
0 

is 
IO µµF the quadratic for CP (expression 6.34) is 

9.2 op 2 - 2,564·6 op - 21,1so = o 
OP= 288 µµF. 

Hence Lh = 117·3 µH. 
The actual oscillator frequencies at different signal frequencies 

may be calculated by replacing 0 0, 0, OP and Lh in 6.32 by their 
appropriate numerical values. An error curve for the I.F. is plotted 
in Fig. 6.17 and it is seen that the parabolic shape is approached. 
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F10. 6.17.-The Calculated Error Curve for Two-point Ganging. 

A greatly improved error curve is obtained by adding another 
preset component, a trimmer capacitor Gt, in parallel with the coil 
Lh. It is more usual to place the trimmer Ct directly across Lh 
rather than across Lh and Op, since in the first position it can com
pensate for variations in coil self-capacitance and stray capacitance. 
In the formulae given below, Gt is the total value of capacitance 
across Lh, including self and stray capacitance. Zero error can be 
realized at three signal frequencies f 81 , f 82 and f83 , and from the 
following three equations the values of Op, Ct and Lh can be 
calculated. 

1 _ 1 _ L [o opol] 
[2nfh1]2 ·-[2n(fs1+f1)]2 - h t+0P+01 

I = I = Lh[ot+ Ov02 ] 6.39. 
[2nfh2] 2 [2n(fs2+f1)] 2 Ov+02 

I 1 L, [c,+__!;Oa_] 
[2nfh3]

2 [2:t(f83 +!1)]2 
' GP +Ga 
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Eliminating Lh and 0 1 we have 

Op = :1-01(g_2_ - Oa) +BOlOa - 01) +Oa(01 - 02) 6.40 
A(Oa - 0 2)+B(01 - Oa)+(02 - 01) 

where A = [t:J and B = [J~T-
Solving for 0 1 

O _ ·l-A030p _ 0 1CP ] 1 
1 

- Oa+Ov 0 1 +0v 1 -A· 
6.41 

I-A Lh = -··---~-·--··---··-
[2nfh3]2[ OaOp - 010p ] 

0 3 +0v 0 1 +Cv 

6.42. 

Now we must fix the optimum signal frequencies of zero error, 
and this we can do by assuming the error curve to be a cubic as 
shown in Fig. 6.18. The general expression for the curve is 

y = ax3 +bx2 +cx+d . 6.43a 

and it is clear that the optimum error curve should be symmetrical 

Fm. 6.18.-The Ideal Curve for Three-point Zero Error Ganging. 

about the centrrl frequency fc with zero error at this frequency. 
The maximum errors (y = ± e) should all be equal at the four 
frequencies fa, fb, fa and fe• By letting x = 0, + 1 and - 1 corre
spond to the centre and end frequencies, fc, fb and la respectively, 
we find that d = 0 (for y = 0, when x = 0), b = 0 (y = ± e, when 
x = =i= 1) and (a+c) = - e. Thus expression 6.43a reduces to 

At le there is a 

and 

y = ax 3 +cx . 6.43b. 

point of inflection so 

dy = 0 = 3ax?+c 
dx 

-c J
-

:i· 1 = + 3a · 
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Replacing this value in 6.43b and noting that y = e = - (a +c) 

(- C); (- c)½ -(a+c) = a 3a +c 3a . 

A cubic equation is obtained by squaring 6.44 
4ca 
-+ac2 +2a2c+a3 = 0 
27 

d 1 t . f thi · - 3a an one sou 10n o s 1s c = -
4
-. 

Inserting this value in 6.43b we have 
y = ax(x 2 - ¾) 

6.44. 

. 6.43c. 

Zero error is obtained when expression 6.43c equals 0, i.e., when 
x = 0 and ± v'¾, and the signal frequencies of zero error are 
therefore 

fs2 =Jc 
fs1 = fc - V£(fc - fa) 

fsa = fc + v'£(fc - fa)· 
Hence for the medium wave range (550 to 1,500 kc/s) the signal 

frequencies of zero error are 

f 82 = 1,025 kc/s, fsi = 614 kc/s, f 83 = 1,436 kc/s. 

Again assuming a stray and trimmer capacitance in the signal 
circuit of 40 µµF and a stray capacitance of 20 µµF across tho 

.--r--.----,,--.----,,--.----,,-~--,,-~+10 ;:,, 

~ 
k':-+-+--+-+--+:--":+----,,.11,~--1.::-----+-~+5 ~ ";;-

~ ';i-
t-f'--+---+---+---+---+---+-..~o~~ 

\ ~ ~ 
1-+___:~="3:~~:......+-+-:......+--+--t-----.;l' -5 ~ .s 

] 
._.,_.....___,__.....___._....._----1 _ _,__----1 _ _,-/0 ~ 

550 GOO 800 IYl(J(J 1200 /lfQO 15(JO 
Signal Tuning Frequencg ( lrc/s) 

Fro. 6.19.-Calculated Error Curves for Three-point Ganging. 

oscillator tuning capacitor, the values of 0 1 , 0 2 and 0 3 are 410·5, 
134;58 and 58·74 µµF respectively. Replacing these in expressions 
6.40, 6.41 and 6.42, and noting that fhi, fh2 and fha are 1,079, 1,490 
and 1,901 kc/s respectively, we find that 

OP = 601 µµF, 0 1 = 36·5 µµF and Lh = 77·4 µH. 

The calculated error curve is curve 1 of Fig. 6.19. A very con
siderable reduction of maximum ganging error (from 35 to 5 kc/s) 
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has been achieved by employing three instead of two preset com
ponents, and the form of the curve shows the use of the cubic 
expression for it to be justified. 

Inspection of equations 6.39 indicates that variations of 0 1 affect 
the error curve at the high frequency end, whilst GP controls the 
error curve mainly at the low-frequency end. This therefore 
suggests the procedure for ganging a receiver. The receiver should 
first be set to the highest required zero error signal frequency 
(f83 = 1,436 kc/s), and 0 1 adjusted to give maximum audio output. 
The tuning is next changed to fsi = 614 kc/s and GP adjusted to 
give maximum output. Returning to 1,436 kc/s, 0 1 is readjusted 
if necessary and the procedure is repeated until the best results are 
obtained. 

If we assume that this is the method employed for ganging 
we can calculate the error curve resulting from manufacturing 
errors in the value of Lh> and curves 2 and 3 (Fig. 6.19) show the 
result when Lh is 5 % below and 5 % above its correct value. High 
accuracy in calculating these errors is not easy to achieve as the 
difference between the actual and correct oscillator frequencies is 
very small (less than 1 %) in comparison with the oscillator frequency 
itself. The values shown should therefore only be taken as indicative 
of the trend of the error curve against frequency. GP and 0 1 have 
values of 665 and 41·5 µµF for Lh = 73·53 µH, and 546 and 
32·9 µµF for Lh = 81 ·27 µH. In both cases maximum error is 
increased, and the central zero error frequency is changed to a 
lower value when Lh is 5 % low and a higher value when Lh is 5 % 
high. Curve 2 (Lh 5 % low) has the advantage that the error is 
less at the low-frequency end of the range, where the signal circuits 
are usually more selective. 

The effect of errors in the value of the tuning capacitance C 
cannot easily be assessed because it is unlikely that the error can 
be represented by a constant percentage over the wave range, as 
is possible for Lh. 

6.13. Graphical Determination of the Oscillator Tracking 
Capacitances Cp and Ct.6 ' 17 Graphical methods for determining 
GP and 01 have been developed, and they are particularly helpful 
when a rapid calculation of GP and 0 1 is required for a number 
of signal circuits having differing LG values. Their accuracy is, 
however, limited. 

The method is well illustrated by taking the three numerical 
values 0 1 , 0 1 and 0 3 given above. The first step involves the 
construction of a diagram giving the total capacitance of 0 1 and 
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GP in series. Vertical lines, AB and DE in Fig. 6.20, are scaled in 
equal values of capacitance from A and D and are separated by 
any convenient distance. A and D are in the same horizontal 
straight line, AB is the G axis and DE tr.e GP axis. The O axis is 

B E C(µµF) Cp(ffF) 

6001---,---,---,------,--r--~-..---,---,------,1 

Fm. 6.20.-Graphical Construction for the Determination of the Padding and 
Trimming Capacitances. 

projected below A and the reason for this is shown later. The 
length of a perpendicular on to the line AD from the intersection 
of lines drawn from A and D to particular points on the 0

11 
and 

G scales respectively gives the capacitance for 0
11 

and O connected 
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in series. Thus if C = 410·5 µµF and CP = 601 µµF, we join D to 
410·5 µµFon the C scale and A to 601 µµFon the CP scale and find 
that the capacitance of C and CP in series is GH = 244 µµF. The 
procedure for finding CP and Ct is as follows. Join D with 
C = C1 = 410·5 µµF, C2 = 134·58 and Ca = 58·74 µµF; the line 
from A to the CP scale cannot yet be drawn because CP is unknown. 
We do, however, know that the total oscillator capacitances, 

C Q ul ]2 

Ct+ C 1 C' , etc., must be proportional to - , etc. The next 
1+ p hl 

step is therefore to draw three lines on transparent linear graph 
paper, the vertical intercepts XXi, XX2 and XX3, of which from 

the base line ST are in the ratio of G~J 2 : G:J 2 : [iJ 2• The 

transparent sheet is placed over Fig. 6.20 and manceuvred until a 
" vertical " line on this sheet passes through A and the intersections 

P, Land G of the G~J 2

, etc., lines with DC3, DC2 and DC1 lines. 

The point where this line SG cuts the CP axis gives the required 
value of Cp, viz., 601 µµF. A line parallel to AD through S cuts 
the C axis below A, and this point gives the value of C1, viz., 
36·5 µµF. The proof is as follows: 

Triangles SP R, SLN and SG K are similar so 

but 

and 

SP: SL: SG = G:J 2

: G:J 2

: G:J 2 

=PR:LN:GK 

= (PQ+QR): (LM +MN): (GH +HK) 

QR = MN = HK = C1• 

G:J2 = G:J2 = G:J2 
= [c,+ CaCp ] : [c,+ C2Cp ] : [c,+ C1CP ]· 

~+~ ~+~ ~+~ 
The value of CP can be found with reasonable accuracy, but C1 may 
be difficult tq read exactly. The value of C1 may, however, be 
checked by substituting the graphical value of CP in expression 6.41. 

No particular difficulties are met in ganging band-spread receivers 
with signal tuning, and the design proceeds on the lines set out 
above, the formulae 6.40, 6.41 and 6.42 g;ive the values of the 
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oscillator tuned circuit components. The values of the tuning 
capacitance for different signal frequencies are decided by the 
degree of band-spreading and may be calculated as indicated in 
Section 4.10.2. 

6.14. Approximate Expressions for Ganged Oscillator 
Circuit Components for Different Intermediate Frequencies.7 

If the assumption is made that the oscillator tuning capacitance is 
equal to the total tuning signal capacitance, including strays and 

trimmer, expressions may be derived for the ratios 
0

°P , 
0 

O, 
max. max. 

and i!!., where Omax. is the maximum value of total signal tuning 
s 

capacitance at the minimum signal frequency, and Lh and £
9 

are 
the oscillator and signal inductances respectively. The above can 
then be given in terms of the ratios of the intermediate and the 
three zero error signal frequencies to the minimum signal frequency. 
The expressions defining the signal and oscillator frequencies for 
zero error are therefore 

I 
fsi = 2:n: V £/J: 

I 
fs2 = 2:n:y£s0z 

I 
ls3 = 2:n: vLlJ ~ 

where Lh = aL8 • 

Combining the above expressions 
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Solving for Gp, a and 0 1 

G = A101 2(0a - 02)+A202 2(01 - Oa)+AaOa2(02 - 01) 
JJ A101(02 - Oa)+A202(0a - 01)+AaOa(01 - Ga) 

. 6.45a. 

a = (A1G1 - A202)(0v+01)(0v+02) 

Ov 2(01 - 02) 
. 6.46a. 

G, == A101(0v+01) - a0v01. 
a(Gv+G1) 

. 6.47a. 

1 
But ., . = --=== 

Jmin. 2;,i; v1L G 
B max. 

Writing 

and dividing the numerator of 6.45a by (Cmax.) 3 and the denominator 
by (Omax.) 11, we have 

_!!_p_ = A1B12(Ba - B 2)+A2B22(13_! - II_a)±_Aa!3a2(B2 - B1). 6_45b. 
Gmax. A1B1(B2 - Ba)+A2B2(Ba - B1)+AaBa(B1 - B2) 

But 
A, - [tT- [,;f,J 

fsi 

for fA1 = fs1 +/1 
where / 1 = the intermediate frequency. 

where 

Similarly 

and 

1 
A1 = --------

[
1 +fmin. _ _h__]2 

fs1 fmin. 
1 

= (l+Vlli.D)2 

D = _h___ 
fmin. 

1 
A2=------

[l+VB2.DJ2 
I 

A a = --~ --c~_-_ - • 

[I+ v1B3 .D]2 
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Replacing A 1 , A 2 and A 3 in 6.45b 

B12(Ba - B1) + B22(B1 - Ba)+ Ba2(B2 - B1) 
!!.E_ = (l+DVEi) 2 (l+Dv'E;) 2 (l+DVBa)2 
Omax. B 1(B1 - B 3) + B 2(Ba - B1) + Ba(B1 - B1) 

(l+DVB1)2 (l+DvB2) 2 (l+DVB3) 2 

285 

. 6.45c. 

Hence 
0
°P is defined completely in terms of the ratios of the 
max. 

intermediate, and the three zero error frequencies to the minimum 
signal-tuning frequency. 

Dividing the numerator and denominator in expression 6.46a 
by {OmaxJ3. 

[ Bi - Ba ]<F+B )(F+B) 
(l+DvB1) 2 {l+DVB2) 2 

1 2 

a = p2(B1 - Ba) . 6.46b 

where F = _!!_p__ 
Omax. 

Dividing numerator by (Omax.l 2 and denominator by (Omax.l in 
expression 6.47a. 

B~- (F+B1) - aFB1 
01 (1 +D B 1) 2 

Omax. - a(F+B1) 
. 6.47b. 

Thus a and 
O 

01 can also be defined in terms of the frequency 
max. 

ratios. 
Expressions 6.45c, 46b and 47b are plotted in Fig. 6.21 against 

_.h_ for 
fmin. 

fs1 = 1•091 fs2 = 1•82 f,3 = 2·545 
fmin. ' fmin. ' f min. ' 

which means that for the medium wave range and fmin. = 550 kc/s, 
fs1 = 600 kc/s, f. 2 = 1,000 kc/s, j83 = 1,400 kc/s. These were the 
original zero error frequencies chosen by the authors of this method. 
From the curves in Fig. 6.21, the component ratios for an J.F. of 

465 kc/s are (/~ = 0·845) 
Jmin. 

- OP = l ·067 a = 0·535, _!l_ = 0·027 
Gmax. ' Omax. 

and if the maximam value of the total tuning capacitance is 
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536·8 µµF, and the signal inductance 156 µH as for the previous 
example in Section 6.12, 

GP = 572 µµF, Lh = 83·5 µH, 0 1 = 14·5 µµF. 

These are not very different from the values calculated in 
Section 6.12. The difference is partly due to the assumption that 
the oscillator tuning capacitor has a value equal to the total signal-
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Fm. 6.21.-Curves for Ganging Component Ratios against Intermediate to 
Minimum Signal Frequency Ratios. 

tuning capacitance, and partly to the fact that the zero error 
signal frequencies are different. If the latter are the same as in 
Section 6.12, viz., 614, 1,025 and 1,436 kc/s, the component values 
are 

op = 578 µµF; Lh = 81·2 µH, 0 1 = 13.3 µµF. 

In spite of these differences satisfactory ganging is obtained. 
The great advantage of the curves is that they may be used to give 
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oscillator component values for any intermediate frequency in the 
normal range, and for any maximum value of tuning capacitance 
having a capacitance range factor not less than 7 ·43. The ratio 
range of the extreme zero error signal frequencies is 2·33: 1, and if 
a. smaller range is desired, as for band-spread reception, a new set 
of curves is necessary. The curves of Fig. 6.21 are suitable for the 
long wave (165 to 450 kc/s), the medium wave (550 to 1,500 kc/s) 
and the short wave band (5·5 to 15 Mc/s). 
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CHAPTKH. 7 

INTERMEDIATE FREQUENCY AMPLIFICATION 

7.1. Introduction. The intermediate frequency amplifier is a 
special case of a radio frequency amplifier operating at a fixed 
frequency. The values of L and O forming the tuned circuits are 
not limited by the need for a variable capacitance range, but may 
be chosen to give the best performance as regards selectivity and 
amplification. High selectivity demands high Q values for the 
coils, and for a given selectivity the required Q value is linearly 
proportional to frequency. For example, a Q of 50 at llO kc/s 
gives the same selectivity as a Q of 2ll at 465 kc/s. Stranded 
wire generally becomes necessary in order to obtain the required 
selectivity at high intermediate frequencies. 

The amplification of an I.F. amplifier stage is largely fixed by 

the impedance of the I.F. tuned circuits, i.e., [;R' and it is greatest 

when L is large and O small. There is a limit to the possible 
reduction of C, for valve and stray capacitances must not form a 
large proportion of the tuning capacitance ; variation of valve 
capacitance due to A.G.C. and replacement of valves may otherwise 
cause serious detuning. Furthermore, these stray capacitances 
have resistive components which reduce the Q value and the 
impedance of the circuit. A typical value for O is between 100 
and 400 µµF. Too small a capacitance value not only meallJ 
greater liability to variation during service but also greater variation 
with temperature change, for stray capacitance usually has a high 
positive temperature coefficient. 

Inductance or capacitance tuning may be employed, but the 
former is preferable because a variable inductance is less affected 
by temperature change than a variable capacitance. Moreover, 
fixed capacitors, of the silvered mica type, may be made with very 
small temperature coefficients (Section 6.7.3). Inductance tuning 
is usually accomplished by a movable screwed iron-dust core at 
the centre of the coil. When capacitance tuning is employed, the 
dielectric should be air as this gives a much lower resistive com
ponent than mica and allows greater mechanical stability. Pressure
type mica capacitors are generally unsatisfactory owing to a high 
positive temperature coefficient and poor mechanical stability. 

Single-tuned circuits are not normally used in an I.F. amplifier 
288 
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since they give a selectivity curve with a comparatively narrow 
pass-band and poor attenuation outside the pass-range. Coupled 
circuits give a more satisfactory curve, approximating to the ideal 
of a flat pass-band with sharper attenuation outside the band. 
Often they have identical L, C and R values, an important advantage 
in manufacture. 

7.2. Types of Coupled Circuits. 15 Capacitance or inductance 
coupling between two tuned circuits may be used to give a band
pass selectivity curve. The coupling impedance may be in shunt 
connection (sometimes called common coupling), e.g., Z 1 in Fig. 7.1, 
or it may be in series connection (sometimes called top-end coupling), 
e.g., Z 2 in the same figure. Alternatively, both forms of coupling 
may be used as illustrated in Fig. 7.1. Combined coupling may 
occur unintentionally, and an example of this is provided by stray 
capacitance between two circuits having mutual inductance coupling. 

C L L C 

Fm. 7.1.-A Circuit with Combined Shnnt and Series Coupling. 

The I.F. valve is generally a pentode, so that the input source to 
the coupled circuits may conveniently be regarded as a generator of 
constant current la = gmE0 • If E 2 is the voltage across the second 
tuned circuit, the selectivity curve is obtained by plotting the ratio 

E
1

2 against frequency. This ratio, f 8, often called the transfer 
a a 

impedance ZT (note that gmE~T gives the secondary output voltage), 
may be calculated by normal procedure, but before doing so it is 
always advisable to estimate the frequency limits of the pass-band 
and any rejection frequencies. A rejection frequency can only 
occur for mixed inductive and capacitive coupling. If we assume 
the resistance components to be zero, the pass-band limit frequencies 

are obtained by making ~ 2 = oo, and the rejection frequencies by 
a 

making :~ = 0. Calculation from the transfer impedance formula 
a 

is laborious and a much simpler method (due to G. W. 0. Howe 1• 2) 

is possible. 
Taking the shunt coupling impedance case, Howe shows that 
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one pass-band limit frequency is found by series resonance in the 

outer ring of impedances excluding Z 1 i.e., 
1
_. The second 

2nvLG 
is obtained by separating the two circuits as in Fig. 7 .2, the coupling 
impedance being doubled in the separation. This is logical because 
on joining up the two impedances 2Zi, we have Z 1• The second 

TIU 
Fm. 7 .2.-A Circuit with Separated Shunt Coupled Circuits. 

pass-band frequency is given by series resonance of the LG circuit 
and 2Z1• Thus if Z 1 = jwL1 , the other limit frequency is 

1 

2nV(2£1 +L)G 

or if Z 1 = . 1
0 

, it is 
JW 1 

1 

2nJ LGG1 

20+01 
for the coupling capacitance 0 1 must be halved to double Z 1 • 

It is important at this point to introduce the term, 4 coupling 
coefficient, k. This is defined, for shunt coupling, as the ratio of 
the coupling reactance to the sum of the coupling reactance and 
the reactance of the same form in either circuit. Thus for inductive 
coupling. 

k = jwL1 = ~ 
jw(L+L1 ) L+Li' 

whilst for capacitance 
1 

k 
fwe1 C 

= _l_ +-1- = 0+01. 
jwG jw01 

If the highest frequency is designated / 1 , for inductive coupling 
1 1 

f, = 2nvW a
nd 

/ 1 = 2nv(2L
1 
+L)G 

and /12 -/12 = ~ = k. 
/2

2 +/1 2 L+L1 

If 
1 

fm = 2nV(L
1 
+L)G 
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(note fm is the primary resonant frequency with the secondary 
open-circuited or vice versa) 

For 

and 

f, - jm -,l°:-k and f, ~ .,,,{";_-,; 
L~L1 

1 f --···--
1 - 2nVLO 

If f - l 
m - 2nJ LC01 

0+01 
(Again, fm is the resonant frequency of the primary with the 

secondary open circuited.) 

f, - Jfm ~fmjl+-O_ =fmVI+k 
0+01 0+01 
20+01 

and f1 =fm Vl - k. 

The results for fa and J1 in terms of fm and k are different from 
those for inductive coupling. The 
difference is explained by the fact 
that capacitive reactance is the in
verse of inductive reactance and 
that 0 1 and Oare in series, so that 
the total capacitance is reduced. 

For series coupling, the coupling Fm. 7.3.-Separated Series Coupled 
Circuits. 

impedance may be halved, as shown 
in Fig. 7.3, and the centre point joined to the junction of L and 
C. The two half-coupling impedances are in series, and when 
added make the total coupling impedance Z 2 • The pass-band 

frequencies are given by resonance of the circuits, excluding ~2, and 

then by including it. If Z 2 = jwL2 

f - 1 . !1 = 1_ 
I - 211:J LL20 ' 2nv LC 

2L+L2 

k = Coupling susceptance (L or 0) 
circuit +coupling susceptance (L or 0) 
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The coupling impedance is virtually in parallel with Land C, hence 
the use of susceptance to define it. 

1 

le= Jw£. L 
_1_+_1_ - L+L1 

jwL jwL1 

/11 -/11 =~=le 
/12+/12 L+La 

1 
fm=-----

2nJ LL. C 
L+La 

I =/, /2£+L. =/, v'l+le 
I m✓ L¼ m 

/1=/mYl-le. 
The coupling inductance is in parallel with the tuning inductance 
L so that the total inductance is decreased, and / 1 and / 1 in terms 
off m and le are identical with the expressions for shunt capacitance 

coupling. When Z 2 = . 1
0 JW 1 

I 
f. = 2nv'W; 

le= jwC. = _!!_:._ =t•2 -!12 
jwC+jwCa C+Ca /12+f12 

1 
Im=---;==== 

2nv'L(C+C1 ) 

fa = f m ; / 1 = fm . 
v'r=1 vl+le 

These last expressions are identical with those for shunt inductance 
coupling. 

In all the above examples we see that only one of the limit 
frequencies is affected, and the results are best summarized in the 
form of a table. 

Type of Coupling. 

1. Shunt inductance 
2. Shunt capacitance 
3. Series inductance 
4. Series capacitance 

Frequency Peak 
Affected. 
lower 
higher 
higher 
lower 

Effect of increase in 
Component on 

Frequency. Peak Separation. 

decreases increases 
decreases decreases 
decreases decreases 
decreases increases 
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All possible forms of coupling have not been exhausted and 
there is yet mutual inductance coupling. The equivalent circuit is 
that of Fig. 7.4a, and the limit frequencies are 

l l 
la = ~----,--====• I 1 = ----====-

2nv' (L - M)O 2nv'(L+M\t; 
M laz-112 

k = L = ..c..,l~.2-+..c..,/1-2 

~ _ l / _ Im I _ f m 
Jm - 2nv'w' 1 

- v'l - k' 1 
- v'l+k· 

Both limit frequencies are dependent on the coupling impedance 
and the pass-band range increases as M increases. If k is small 
( < O·l), f 1 - fm ~ fm - Ji, so that symmetrical variable selectivity 
may be obtained by variation of M. With L and O coupling 
variation, fm varies and the I.F. carrier must be varied if it is to be 
located in the centre of the pass-band, i.e., asymmetrical variable 
selectivity is obtained. 

In Fig. 7 .4a the mutual inductance is given a positive value, 

Fm. 7 .4a.-Mutual Inductance Coup
ling with the Circuits Separated. 

L+M UM 

TifT 
Fm. 7.4b.--Combined Mutual Induc
tance and Shunt Capacitance Coupling 

with the Circuits separated. 

but it might equally be designated as - M. The horizontal 
inductances then become (L+M) and the frequencies J1 and f 1 

merely reverse values. As long as no other coupling exists between 
the circuits the sign of M is unimportant. If, however, there is 
capacitance coupling, as in Fig. 7 Ab, the sign of M is important. 

When Mis positive the coupling impedance is j( wM - w~) and 

the limit frequencies are 
l l 

J. = -----,c========== and !1 = -::----~=== 
2nJ<L+M)001 2nv'(L - M)O 

20+01 
with a rejection frequency 

l !3 =------=== 
2nv'M01 
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produced by series resonance of the coupling arm. If M is negative 

Z1 = - j( wM + w~) and 

I I 
l2 = -------,-c======= and Ii=-~===-=, 

2nJ(L - M)CC1 2nv'(L+M)C 
2c+c1 

but there is no rejection frequency, for f 3 is imaginary. The sign 
of M is changed by reversing the primary or secondary coil connec
tions as explained in Section 3.4.2. 

A typical selectivity curve for positive M is shown in Fig. 7 .4c, 
the rejection frequency Is can be varied by changing C 1 and can 
occur at any desired position. It may be used to increase attenua-

Amplitude 

:f increasing _. 
Fro. 7.4c.-A Typical Selectivity Curve for Combined Positive Mutual Inductance 

and Shunt Capacitance CoupliJ, 

tin· a the vdge of the pass-band, t 1 ough the tendency is then to 
rer ·ice the pass-..,and I, ,r and response nearest Is and to cause 
a<1T n>uetrical pass response . 

. f th~re is series capacitance as well to.I'.> r _utual inductance 
c- · ..1.p,ing, the equivalent circuit is that of Fig. 7 .5. One limit 
freqm•-cy is obtained from resonance of the circuit excluding the 
nut•1al inductance (C2 is doubled). Thus when .ff is pos.~1ve 

I 

la= 2nv'(L - M)(C+2C1)· 

The other limL frequency is given 'lY resr · 'I.nee of the circuit 
excluding the series capacitance. The mutual .ulductance is doubled 
in separation and 

I 
11 

= 2nv'[L+M)G
0 

Since there is mixeil ~oupling, a rejection frequency is possible and 
it~ value may be L ..nd as follows. 
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For zero voltage across the second capacitance in Fig. 

or 

also 

IJw 3(L - M)+IdwsM = o 

I - -I (L - M) 
1- IM 

. Io• +IJw1(L - M)+(I, - I 1 )jw1(L - M) = 0 
JWs 2 

jl{wa(2(L - M)+(L ~ M)2)- w:oJ = 0 
1 

from which fa = ------.========--
2:rr:J<L+M)(L - M)0 ' 

M I 

295 

7.5 

The selectivity curve is similar to that shown in Fig. 7 .4c. The 
frequencies for negative M are found by replacing + M by - M in 

Fm. 7.5.-A Circuit with Combined Positive Mutual Inductance and Shunt 
Cape.cite.nee Coupling. 

the above expressions and, as for shunt capacitance atld mutual 
inductance coupling, there is no rejection frequency. 

We see from this preliminary examination that variable pa.ss
band width is most satisfactorily obtained by mutual inductance 
coupling, because increase of M moves both limit frequencies away 
from the mid-frequency. We will therefore proceed to a detailed 
analysis of the I.F. tuned transformer with mutual inductance 
coupling. 

7 .3. The Design of an I.F. Transformer with Mutual 
Inductance Coupling. The equivalent circuit diagram for the 
double-tuned transformer with mutual inductance coupling is shown 
in Fig. 7.6; the valve is represented as a constant current generator 
of Ia = gmEc, and its resistance is assumed to be much greater than 
the impedance of the primary of the transformer. The procedure 

for calculating the transfer impedance Zr(f2
) is considerably 

simplified by replacing the actual circuits by Zi, Z 2, etc. 
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But 

Hence 

or 7.la 

7.lb 

-J 
Zs[ CzEz 

L--+-~---....-~-I 
Fm. 7.6.-The Equivalent Circuit for a Double Tuned I.F. Transformer. 

where Z81 and Z82 are the series impedances of first and second 
circuits taken separately, i.e., 

Z81 = Z1+Za+Za and Z 82 = Za+z,+z5. 

But 
1 

Z1 = jwO/ Za = R1 +jw(L1 - M), Z3 = jwM 

Z, = R1 +jw(L1 - M) and Z5 = . 1
0

. 
JW I 

It is assumed that the resistance components in the capacitive 
branches are negligible (this is usually true of air dielectric capacitors 
or of good quality mica fixed capacitors). 

where 

Z81 = Z1 +z2 +Za = R1+j( wL1 - w~) 

= R1(l +jQ1F) 

Ql = '!!_rri_Ll 
R1 

F = ~j[ (see Section 4.2.3) 
Jrn 
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and fm = central or mid-band frequency 

Hence 

for 

1 1 

- 2nvL
1
0

1 
- 2nv1ao~· 

Z 8 2 = Ra+j( wLa - w~-) 

= Ra( 1 +jQaF). 

jwM, 

z - -~2 
1

' - .R1R 2(l+jQ1F)(l+jQ2F)+w 2M 2 

jwM 

297 

where Rm = dynamic resistance of the primary when not coupled 
to the secondary circuit. 
Generally we shall be concerned only with frequencies close to 

fm (within ± 30 kc/s) so that ('./)!!' ~ 1 and 
(J) 
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Thus 
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- jRmQ2kJL2 
z _ Li 

T - (1 +jQ1F)(l +jQ2F) +Q1Q2k 2 

Rn1Q2kjf 

I Zr I= v[l+Q1Q2(k2 _ F2)]2+_(_Q_1+-Q-.~-)2_F __ ll 

[CHAPTER 7 

7.2a 

7.2b. 

The conditions for maximum value of I ZT I are found by differentiat
ing 7.2b with respect to F and equating to zero. 

Thus 2[1 +Q1Q2(k 2 - F 2)](- 2Q1Q2F) +2(Q1 +Q2)2F = O 

or F(max. / ZT ll = ± Jk2 - !(_1
_ +_1_)· 

2 Q12 Q22 

We have now to estimate the importance of k, Q1 and Q2 in deter
mining the behaviour of the coupled circuits. Three conditions 
arise, viz., 

k<J!(_l __ +-!__). k = J!(_!_ +-
1 

) and k > J!(_!__ +_!_)· 2 Q12 Q22 ' 2 Q12 Q22 2 Q/l Q22 

When k < JKd12 + Q~ 2), F(max.1 zT IJ is imaginary and a maxi

mum occurs at F = 0, when 

RniQ2kJ1
2 

I z I - 1 
T - 1+Q1Q2k 2 7.3a. 

Fork= J~((L2 +Q~2); F(max.lZTI) = 0 and 

RmJ!(Q=:+1)JL
2 

I z I = 2 Ql Li 
T Q 2 Q 2 

1+ 1 + 2 
2Q1Q2 

7.3b. 

The above value of k represents critical coupling and greater values 
produce a double-peaked response. 

When Q1 = Qz 

7.:k. 
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Two maxima result when k > Jt(-c};+-ci-;2) 

and F(max.) = ± J k 2 -1(Q: 2 ~~:2} 

This corresponds to off-tune frequencies 

iJf<max i z'I' I) of± 
1~2"'Jk~ = ~(__!:_-+_1_)· 

2 Ql2 Q22 

Replacing F by ± J k 2 
- ~(Q: 2 + Q:J in expression 

after simplification 

This reduces to 

7.2b gives 

7.3d. 

when Q1 = Q2, which is the same result as fork= J~(J;2 +-Q~'} 
i.e., after critical coupling is exceeded two-peaked response is 
obtained, but the two maxima have amplitudes equal to the 
amplitude at critical coupling. Increased coupling merely increases 
the frequency separation of the two peaks, but does not change 

their amplitude unless coupling is very large when the term w"' in 
w 

the expression -
20

'!!
0
J[__ - - given above can no longer be neglected. 

w 1 2R 1R 2 

The effect of this term is to increase the lower frequency maximum 
and decrease the higher frequency maximum. For couplings much 
less than critical, the transfer impedance at any frequency is 

RmQ2kJf~ 

Y(l +Q1Q2(=- F 2)) 2+(Q1 +Q2)2F2 

RmQ2kJL~ 
L1 
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The selectivity characteristic (Section 4.2.3), or the variation of 
I ZT I with respect to F, is equivalent to that of two circuits of 
Q1 and Q2 separated by a valve. The transfer impedance is how
ever directly proportional to k, so that under these conditions 
amplification (in association with a valve) is low. 

In most cases the primary and secondary circuits are identical 
and the expression for transfer impedance becomes 

I z I - RDQk 7 2 
T - V(l +Q1(k 1 - F 1)]2+4Q 2F 1 • C 

and its maximum value is obtained when 

F =±Jk2 _ _!__ Q• 
1 

when k < Q' F(maz. I zf' I> = 0 and 

I z I_ RnQk 
T - I+Q2k2 

1 
For k = Q' F<max. J Zf'I> = 0 

I ZT I= Rn 
2 

and k > ~ gives F(maz. 1 zf' ll = ± J k 2 
- ~ 2 and 

IZTI =~D. 

7.3e. 

7.3f 

I b ted th Qk 
_ wL M = wM = coupling reactance 

t may e no at - R . L R .1 . t c01 res1s ance 
This shows that the maximum amplification obtainable from a pair 
of coupled circuits is only one-half that obtained with one circuit. 
The loss of amplification is however offset by increased selectivity 
and pass-band response. 

7 .4. Generalized Selectivity Curves for Mutual Inductance 
Coupling. A series of generalized selectivity curves 5 may be 
obtained for a pair of identical coupled circuits by plotting 

20 log10 
1

1 ;T 
1

1 db against QF for selected values of Qk. The 
T ma.r. 

reference level, 0db, is conveniently taken as I Z 1, lcmaz.), i.e., R: and 

the decibel loss at any particular frequency f is 

20 log10 ~-~Zn = 20 log10 v'[l +QZ(k2 Q F2)]44Q2F" 7.4. 
2 I T 1, 2 k 
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This expression is independent of the sign of QF and it means 
that the selectivity curve is symmetrical a.bout f m· By plotting 
expression 7.4 against QF (to a logarithmic scale) we have the 
generalized curves of Fig. 7.7. The great advantage of these curves 
lies in the ease with which QF may be converted to the off-tune 
frequenoy ,1f as soon as we have fixed Q and fm• As indicated in 

0 ~• ic:::: K >( f\ [) I' XI\ 
2 II 

L> 
,,, 

4 
..... I\,, \) 

I' J)( ' ' 
I I 

I\ I I 

_,. 

~ 

I\ ,.,,,. 
I\ i> ' 'i' -8 \. -r'\ 1,1, 

'O 1 
!:I ~\ IW J;s Ok. ~ I\ ;;_,; 

12 \ I' I\ I\ I\ I\ I\ - I\ 1 \I\ 

6 ' 
~ ' ,, '\ 1\1\'' l\ 

8 

' \ \ 1\1\ \ \ \ \ 
0 

\ \\ 
2 \ \ \ \\ '4 ' 

\ \I\ I\\\\\ 
' "" \ \ \ I\\ 

\ ' \\\\ \ \' 

-2 

-z 
-:z. 
-2.i 

-28 

-JO, 
·2 ·3 4 -5 -6·7-8-!11 QF-2 3 4 5 6 78910 20 

2 ·3 -4 -s -6 .,. a-s} 2 J a s G f H ,~ lo Jo 40 
Llf (kc/s) 

Fm. 7.7.-Generalized Selectivity Curves for an I.F. Transformer with two 
Identical Coupled Circuits. 

Section 4.2.3, to obtain the selectivity curve against off-tune 
frequency it is only necessary to slide a logarithmic .t1f scale under-

neath the QF scale until {Q on the former corresponds to QF = 1. 

As tm example of the use of these curves, let us consider coupled 
circuits having Q = 120 and k = 0·025 at an LF. of fm = 465 kc/s. 

Qk = 3 and fm = 1·94 2Q . 

The logarithmic .t1f scale is adjusted so that .t1f = l ·94 lies 
immediately under Qk = I (Fig. 7. 7). The decibel loss at any 
off-tune frequency is read directly from the curve Qk = 3. Thus 



302 RADIO RECEIVER DESIGN [CHAPTER 7 

maximum I ZT I occurs at Llf = 5·5 kc/s, whilst at Llf = 15 kc/s 
the frequency response is reduced by 18 dbs. 

The assumptions made in order to obtain the generalized curves 
lead to only small errors with normal couplings at an I.F. of 
465 kc/s or over and off-tune frequencies up to ±50 kc/s. For lower 
intermediate frequencies (llO kc/s) and similar off-tune frequency 
limits, the generalized curves are useful but their accuracy is limited. 

7 .5. Generalized Selectivity Curves for Shunt and Series 
Coupling. Let us again assume that the primary and secondary 
circuits are identical, and that shunt capacitance (01 ) coupling is 
employed. The transfer impedance is found by inserting the 
following values for Zi, Z2 , etc., in expression 7.lb. 

1 1 
Z 1 = Z 5 = -.- ; Z 3 = -. -

JWO JW01 

Zs1 = Z8 2 = R+j (wL - w0~
1

) 

0+01 
From Section 7.2 

and 

I 0 
Wm= ✓ andk=-o 0 

L001 + 1 

0+01 
.'. Z 8 1 = Z8 2 = R( 1 +jQF) 

1 
- jwao102R2 

ZT = I 
(I+jQF)2+ w2012R2 

1 (Wm) 3 0+01 0 (0+01) 2 01 2 

w30102R 2 = w Wm001R'O+o1·w-,;:20 201 2R' (0+01) 2 

= (°: y.QkRD(0~
1

~
1

) 2 

=QkRD 

7.5 

since w,,. over the normal response range is nearly equal to unity 
(J) 

and 0 1 ~ 0. 
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Hence I z I - RnQk 
T - V[l +Q2(k2 - F2)]2+4Q2F2 

which is identical with expression 7 .2c. The generalized selectivity 
curves are therefore applicable to this form of coupling so long as 
we note that 

1 
1"' = JLco' 2:n: 1 

0+01 

i.e., it varies as the coupling k = c~cl is varied. 

The curves may also be used to estimate the performance of 
shunt inductance coupling L 1 and in this instance 

f,, = 1 
and k = ~-

m 2:n:v(L+L1)0 L+L1 

The generalized curves are also applicable to series coupling 
provided the coupling reactance is large compared with the reactance 
of the same kind in either of the tuned circuits. For series capaci
tance coupling 

fm = 
1 

and k=~ 
2:n:vL(0+02) C+Cs 

and for series inductance 
1 

f m = ------;:=== 
2:n:J LL2 G 

L+L2 

L 
and k = L+L

2
• 

7 .6. The Impedance of the Primary of Two Coupled Cir
cuits. In the solution of certain problems, e.g., the calculation 
of the voltage available for A.G.c., it is necessary to know the 
impedance (Zv) of the primary of two coupled circuits. Referring 
to Fig. 7.6 

where 

z = Z 1Z_ 
v Z 1 +z 

z = z
2
+ Za(Z,+Zs) 

Za+Z,+Zs 
z = Z1[Z1(~~+z,+Zs)+Za(Z,+Zs)] 

v (Z1 +Z2)(Za +z, +Zs) +Za(Z, +Zs) 
Z1[(Z2 +Za)(Za +z, +Zs) - Z 3

2] 

(Z1 +z.+Za)(Za+Z,+Zs) - Z 3
2 

7.6 
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Replacing Zi, Z 2 , etc., by their appropriate components 

. 
1
0 

[R1R 2(l +jQ1)(l +jQ2F) +R1R2Q1Q2k 2
] 

Z =J~W_1'------.-------~-~~~-
p R1R 2[(I +jQ1F)(l +jQ2F) +Q1Q2k 2

] 

h Q WmLi Q WmL2 d W I w ere 1 = --, 2 = -- an - = . 
R 1 R 2 Wm 

Since Q1 • 1 and • Q1Q2k2 

z = Q1(l +jQ2F) . __ -· 
v wO 1[( 1 +jQ1F)( 1 +jQ2F) +Q1Q2k 2

] 

Wm Rm(l +jQ2F) 
-"- w 

(1 +jQ1F)(l +jQ2F) +Q1Q2k 2 

-"- Rni(l +jQ2F) 

(1 +jQ1F)(l +jQzF) +Q1Q2k 2 

when Wm =w 

z _ Rm Vl +Q2
2F 2 

1 
p 

1 
- v1r1+Q1Q2(k2 - F 2)J2+(Q1+Q2) 2F 2 

- I ZT I v'l +Q.2F2 

- Q2kJL~ 
L1 

When the primary and secondary circuits are identical 

z = Rn(I +jQF) 
v (l+jQF)2+Q2k2 

At the mid-frequency fw F = 0 and 

j z ,~ _ Rm 
v Jm - 1 +Q1Q2k2' 

7.7a 

7.7b 

7.7c. 

7.7d. 

from which we see that the primary impedance decreases pro
gressively as k is increased. At critical coupling 

k = J!(_l +-1 ) 
2 Ql2 Q22 

I z, lfm ~ if!',' Q,) 
l+- -+-

2 Ql Qz 
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It is sometimes helpful to use the equivalent primary circuit 
developed from 

z Z1Z 
P = Z

1
+z. 

Now 

z2 
The term z j z can be separated into a resistive and 

s+ ,+ s 
reactive component connected in series. 

jw2M2Q2F 
R2(l +Q2 2F 2)' 

This result may be compared with that indicated by expression 3.18 
in Section 3.4.2. The equivalent primary circuit is shown in 

FIG. 7.8.-The Equivalent Circuit for the Primary of a.n I.F. Transformer. 

Fig. 7 .8, the total resistance and res.eta.nee in the inductive arm 
becoming 

when w,,. ~ l. 
w 

7.8a. 

7.8b 
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7.7. Variable Selectivity. 

7.7.1. Introduction. The degree of selectivity required to 
suppress adjacent channel interference depends to a large extent 
on the strength of the received signal. For local station reception 
the selectivity can be reduced with consequent improvement in 
fidelity, but for distant station reception very high selectivity is 
often necessary. Hence some means of varying selectivity is an 
advantage, and in a superheterodyne receiver a very simple method 
is to control the selectivity of the I.F. amplifier. 

Variable selectivity may conveniently be divided into asym
metrical (one side-band only is affected) and symmetrical variation 
(both side-bands are affected). Each has its merits and their 
advantages are listed below. 

Asymmetrical. 
1. One side-band only is reduced, 

that suffering from interference. 
2. Tuning is critical and the carrier 

must be located correctly. 
3. Amplitude (harmonic) distortion 

can be high if not tuned 
correctly. 

4. Frequency distortion is not so 
appreciable as only the high 
frequencies in one side-band are 
affected. 

Symmetrical. 
1. Both side-bands are reduced. 

2. Tuning is not very critical. 

3. Amplitude distortion is small. 

4. Frequency distortion may be con
siderable because the high fre
quencies in both side-bands are 
reduced. 

5. Selectivity is better for given 5. Selectivity is better when inter-
fidelity (audio frequency re- ference occurs on both sides of 
sponse) when interference is on the carrier. 
one side of the carrier. 

6. Signal to noise ratio is approxi
mately - 3 dbs. down on that 
for symmetrical variable selec
tivity. 

Amplitude distortion due to asymmetrical variable selectivity 
can be reduced to a low value if there is symmetrical response for 
side-bands up to ± 1,500 c.p.s.6 on either side of the carrier. The 
audio frequency output with two side-bands is +6 dbs. above that 
with one, whilst noise is only +3 dbs. up due to the increased band 
width. Sections 4.9.2 and 4.9.3 show that circuit and valve noise 
is proportional to the square root of the band width, whereas the 
audio signal is directly proportional. 

7. 7 .2. Asymmetrical Variation. Asymmetrical variation of 
selectivity is rarely used because of the need for skilled operation 
if satisfactory results are to be realized. It may be achieved by 
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detuning the oscillator so as to locate the carrier on the side of the 
selectivity curve, or by detuning one side of the I.F. coupled circuits. 
The second method varies the total pass-band, whereas the first 
varies only the relative widths of the pass region of each side-band. 

7.7.3. Symmetrical Variation. Symmetrical variation of 
selectivity may be accomplished by varying the mutual inductance 
coupling between the I.F. circuits, or the damping of the circuits. 
The latter is not very satisfactory as it appreciably reduces the 
discrimination against frequencies outside the pass-band. 

7.7.4. Variable Selectivity by Mutual Inductance Varia
tion.3, 9 , 10 • We have already seen from Section 7.2 that a double
peaked response may be obtained from two tuned circuits coupled 
by mutual inductance. Increase of coupling causes these two peaks 

ij---~---........,. ......... -
= :i: 
i 
~ 

Cle 

ABC O C A' -
_fm /increasing 

Fro. 7.!l.-Tho Overall Selectivity Curve for an Overcoupled I.F. Transformer 
and a Single ½Q Circuit. 

to travel by almost equal amounts from the mid-frequency fm• It 
is important to note that the mutual inductance coupling between 
the circuits can only be satisfactorily varied by changing the relative 
positions of the two coils. The insertion of a shielding coil, 14 

paralleled by a resistance between the two coils, is equivalent to a 
resistance shunting the mutual inductance arm. The effect is to 

reduce the lower frequency peak at J1 = 1 
.. , and if the 

2::i-V(L+M)C 
resistance is made small enough this peak is completely suppressed. 
One disadvantage of mutual inductance coupling variation is that 
a trough is produced bet~een the peaks and its depth increased as 
the peaks separate. This results in variable frequency response 
over the pass region between the peaks. It is, however, possible to 
overcome this difficulty if the overcoupled circuits are used in 
conjunction with a single tuned circuit of half the Q of the coupled 
circuits taken separately. The overall frequency response of the 
three circuits has three maxima of equal amplitude (see Fig. 7.9), 
and the frequency separation between the two outside maxima 
(contributed by the overcouplcd circuit8) is increased as the coupling 
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between the two circuits is increased. At the same time the two 
minima. are reduced in amplitude so that an absolutely flat response 
over the pass-band is not obtained by this arrangement. Neverthe
less, for normal pass-bands of± 10 kc/s the variation can be reduced 
to very small proportions, less than 2 dbs. The proof that the 
maxima have equal amplitudes is as follows : the frequency response 
for the two coupled circuits is 

20 log10 ~-- . RDQk - - -
v[i +Q2(k2 _ F2)]2+4Q2F2 

and that for the single tuned circuit 

20 log10 vi =~i2F 2• 

The overall frequency response of the two circuits coupled by a 
valve is 

20 1 RvQkRm 
oglO - 7.9. 

v([l+Q2(k2 - F2)]2+4Q2F2)(l+Q12F2) 

The variable factor is F, and since it occurs only in the de
nominator we can differentiate the latter and equate to zero in order 
to find the maxima and minima of the overall curve. We will 

replace Q1 by ~ and check the final result by noting if three equaJ 

maxima are obtained. 

(Denominator) 2 = ([l +Q2(k 2 - F 2)] 2 +4Q2F 2i( 1 + Q:F2). 7.10 

d(D)2 = (1 + Q2F2)(- 4Q2F(l +Q2(k2 - F2)) +sQ2F) 
dF 4 

+([l +Q2(k2 _ F2)]2+4Q2F2i(Q;F) 

= ~
2
F[(9 - 6Q2k 2+Q 4k4)+Q2F 2(12 - 4Q 2k2)+3Q4F 4] 7.11 

2 

=0 

when F = 0 ± Jk2 - ~ and ± Jk2 

_ _!__. ' Q2 3 Q2 

The three maxima in the overall frequency response curve, 
B, 0 and B' in Fig. 7.9, are given by the first three values of F 

( 0 and ± ~ and the two minima, C and 0', by the last 



7.7.4] INTERMEDIATE FREQUENCY AMPLIFICATION 309 

two values ( ± J~ -d2)- Replacing F by O and± J k2 

in expression 7.9 gives three equal maxima of 

1 RnQkRm 
20 OglO l +Qifi • 

3 
Q2 

7.12 

thus proving the statement that one circuit of ~ m conjunction 
2 

with two coupled circuits, each of magnification Q, gives three equal 
maxima in the response curve. The value at the minima, obtained 

by replacing F by ± J~2 

- ~
2 

in expression 7.9, is 

20 log10 
3-;3:/F1cf P-1 7.13. 

Thus the ratio maximum-to-minimum response is 

20 l (9 +Q2k2 )Qk 
oglO -

3v3(1 +Q2k 2) 

7.14 

and from this expression the decibel ratio variation of frequency 
response over the pass range can be determined for any value of Qk. 

/ 
Overall Amplification 

/ 
/ 

;Ratio 
, -, I 

/ I 

' I I 

' I '.( ,,,,t:':~x. Poss/range I 
I ' in. Response-
I ' V I ', .... I 

' V 
.... _ .... __ 

I --- - -- -
L--" 

/ 
2 4 6 

Qlc 
8 

Fw. 7.10.-The Overall Amplification and Pass-band Ratios for an Overcoupled 
I.F. Transformer and a Single ½Q Circuit. 

It is plotted in Fig. 7.10 against Qk. Expression 7.12 clearly shows 
that overall amplification is a function of Qk, and the condition for 

maximum is found by differentiating RnQ~~DI with respect to Qk . 1+ 2 2 

and equating to 0. This gives Qk = I and maximum amplification 
RnRm proportional to 

2 
The ratio loss of amplification from the 
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maximum value is shown against Qk as the dotted curve in 
Fig. 7.10. 

The pass-band is not strictly the frequency separation between 
the two maxima, Band B', but is more correctly that between the 
two points A and A' in Fig. 7.9, i.e., the extreme frequencies at 
which the response is equal to that at the minima, C and C'. The 
values of F corresponding to A and A' are found by equating 
expressions 7.9 and 7.13, which means that 

[[l +Q2(k2 - F2)]2+4Q2F2](1 + Q2F2) = Q2k2( +9Q2k2)2 
4 27 

or [ Q2F2+1 - Q;k]2( Q2F2+4 -
4

Q;k2) = o 

F = ± 2J~ -_!_ . 3 Q2 
7.15a. 

Since F = ~~• we may write for the maximum off-tune frequency 

✓k2 1 R JQ2k 2 __ _ 

,1f(max.) = f m 3 - Q2 = 2nL -3- - l . 7.15b. 

To illustrate the design of such a stage let us assume that the 
coupled circuits are preceded and succeeded by valves and that the 

'? single circuit is in the anode of the second valve. 
2 

Let gm1 = 1 mA/volt = mutual conductance of the first valve. 
gm2 = 3 mA/volt = ,, ,, ,, ,, second ,, 
fm = 465 kc/s 

iJf(max.) = 10 kc/s. 

The following requirements are to be met : 
The variation of the pass-band is not to exceed 2 dbs., the 

amplification (A 1 ) of the stage supplying the coupled circuits is to 
be 50 at critical coupling and that (A 2 } of the second stage 100. 

Figure 7.10 gives Qk = 5 for a 2-db. difference between the 
maxima and minima of the response curve. 

Hence from expression 7.15b. 

~ = 2n:o4J25 
;--~ = 4·31 X 10- 5 

Q = WmL = 126 R . 



7.7.4) INTERMEDIATE FREQUENCY AMPLIFICATION 311 

The amplification of the coupled circuit stage at critical coupling is 

or 

A WmLQ 
1 = gmi-

2
-

L = 2
A 1 = 272 µH 

gmlWmQ 

RD= wmLQ = 100,000.Q 
0 = 430 µµF 

R = WmL = 6·28.Q 
Q 

Qk = 5 = wmM 
R 

M = 10·75 µH. 

The amplification of the single circuit stage is 

thus 

A 2 = 100 = gm2WmL1 X ~[ Qi = f] 
L 1 = 181 µH 

Rm = 33,000.Q 
0 1 = 645 µµF 

R1 = 2wmL1 = 8·4 .Q 
Q 

Referring to the curve for overall amplification given in Fig. 7 .10, 
we note that the actual operating overall amplification at maxi
mum desired coupling is only 0·38 of its maximum value ; i.e., the 
operating amplification of the first stage is 0·38 x 50 = 19. If 
the pass-band is reduced by reducing Qk, overall amplification is 
increased as far as critical coupling, and the variation over the 
pass-band is reduced. When variable selectivity is obtained by 
this method there is often very little change in volume when 
Qk exceeds 1, because the increase in side-band width tends to 
offset the loss of amplification at the lower audio frequencies. 
Automatic gain control will also tend to compensate for the 
reduction in operating amplification. 

In order to obtain sufficient maximum selectivity, more than 
two coupled and one single circuit are required in an I.F. amplifier, 
but to preserve the flat pass-band we must maintain the ratio of 
two coupled to one single circuit. Using two pairs of coupled 
circuits and two single circuits each separated by a valve is not 
very practical, and it is essential to consider a compromise. If we 
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couple two tuned circuits loosely together, we obtain a selectivity 
curve which approximates to that of two separate tuned circuits 
connected by a valve, having zero anode-grid capacitance. It is 
therefore possible to couple the tuned circuit of ½Q to the secondary 
of the overcoupled circuits, and to obtain an overall selectivity 
curve which very nearly approaches that of the circuits separated 
by a valve. The actual effect of coupling on the pass-band response 
is to depress the side maxima below the mid-frequency maximum. 
The chief problem in design is to obtain a sufficiently high transfer 
impedance with loose coupling. 

By assuming that all three circuits have equal values of Land 0 
but that the Q of the last loosely coupled circuit is only ½ the Q of 
the overcoupled circuit, the current in the secondary of the over
coupled circuits is (from 7.la) 

where 

" 
" 

" 

" 
and 

12 = E2 = _____ !,,_Z1z__3 -· ' 2 • 7.16a 
Z 5 (Z1 +Z2+Za)(Z3+z,+zs+Z) - Za 

IawM1 ... 7.16b 
wC[R(I +jQF)(R(I +jQF) +Z') + w 2M 1

2) 

M 1 = mutual inductance between the overcoupled circuits 
R = effective series resistance of these two circuits 
Z' = impedance reflected into the secondary of the two 

circuits from the loosely coupled Q/2 circuit 

w2M22 . 
= z-,,- (Sect10n 7.6) 

Z" = series impedance of the Q/2 circuit 

M 2 = mutual inductance between the Q/2 circuit and the 
secondary of the overcoupled circuits 

Z" = 2R+jwmL(.!!!._ - Wm) 
Wm W 

= R(2+jQF). 

The current-voltage equation for the Q/2 circuit is 

l 3R(2+jQF)+l2jwM2 = O 

where / 3 = the current in the Q/2 circuit. 

The output voltage across the capacitance is 

E 
3 

= ~ = - I,jwM 2 

jwC jwCR(2+jQF) 
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and the transfer impedance is 

Zr =Ea 
la 

- w2M 1M 1 = ----
w2C2R(2+jQF{ R(l +jQF{ R( 1 BQF-;Rl/22!~;)] ~: 2M1

2
] 

- w 2M1Ma 

But 

where 

if 

w2M 2 
Similarly --1 

::::: Q2k 2 R2 i. 

Thus 
z - - Q2k1k2Rn 7.17a 

r - 2[ 1 +Q2( k12+ k~
2 

- 2F2)] +jQF[5+Q2(k12+k 2
2-F2)] 

or I Zr I 
- =========Q=2k=1=k=.R=n========= 7.17b 

✓ 4[ 1 +Q2(k12+ k/-2F2) r +Q2F2[5+Q2(k12+k22_F2)]2 

when Qk2 is small 

I z I _ . Q2k1k2Rn 
r - V 4[1 +Q2(k12-2F2)]2+Q2F2[5+Q2(k12-F2)]2 

. 7.17c. 

The square of the denominator of expression 7 .17 c can be expanded 
as follows 

4[(l+Q2(k12 _ F2) _ Q2F2)2+ Q2{\4+1+Q2(k12 _ F2))2] 

= 4[(l+Q2(k12 _ p2))2 _ 2Q2F2(1+Q2(k12 _ F2))+Q4F4 

+ Q2F2(1 +Q2(k12 - F2))2+ Q2F\16+8(1 +Q2(k12-F2))]] 
4 4 



314 RADIO RECEIVER DESIGN 

= 4[(1 +Q2(k1 2 _ F2))2( 1+ Q:2) +Q2F2(4+Q2F2)] 

= 4[(1+Q2(k1
2 - F 2))

2+4Q2F 2J[ 1 + Q:F] 

[CHAPTER 7 

and this is 4 X expression 7.10; I ZT I therefore reduces to 

Q2k 1k 2Rn 
IZTI= J 2 • 7.17d. 

2 [(l+Q2(k1 2 _ F2))2+4Q2F2J[1+ Q :] 

Hence the frequency response characteristic is the same as that 
when the overcoupled and single circuits are separated by a valve, 
and, provided Qk2 is small, the curves for the loss over the pass 
range, and overall amplification ratio in Fig. 7 .10 are applicable. 
The value of Qk1 at which maximum amplification is realized, is 
moved to a slightly higher value by the coupling to the single tuned 
circuit and it can be found by differentiating the value of I ZT I, 
for F = 0 (f = fm), with respect to k1 • Thus from expression 7.17b 

I z I = Q2k1k2Rn . 7.18a 

TI,. 2[1+Q2(k1
2+k;2)] 

and d 1_.Z~J .. = 0 when Qk1 = J-;+ 92!22 

dk1 
so that if Qk2 = 0·2, Qk1 = 1·01, which is not very different from 1. 

Replacing Qk1 in expression 7.18a gives 

I ZT It = Qk2Rn_ -

m 4Jl+Q2:22 
. 7.18b. 

If the required maximum overall amplification, A, of the stage is 
known, the value of Qk 2 may be calculated from 7.18b, for 

from which 

A = g . I z I = gmQk2Rn _ 
rn T I,. J -Q2k 2 

4 l+--2 
2 

4A 
Qk2=----;===== 

Ygrn2Rn2 - 8A2 
7.19. 

To illustrate the design of the circuits, let us consider the problem 
given in the previous example, viz., the overall response in the pass 
range (± 10 kc/s) is not to exceed 2 dbs., the amplification required 
at critical coupling is 50, fm = 465 kc/s, and gm = 1 mA/volt. If 



7.7.4) INTERMEDIATE FREQUENCY AMPLIFICATION 315 

it is assumed that the coupling k 2 is sufficiently loose to allow the 
curves in Fig. 7.10 to be used, the 2 dbs. variation gives 

L 
Qkl(max.) = 5, R = 4·31 X 10- 5 and Q = 126. 

The value of L must be as high as possible to obtain the highest 
transfer impedance. Let us assume that the maximum permissible 
value is 1,000 µH, which gives a tuning capacitance of 117 µµF. 

Thus £ = 1,000 µH. 
wL 

C = 117 µµF, R = Q = 23•2.Q. 

RD= wL.Q = 368,000.Q 
flm.RD = 368. 

From 7.19 
200 

Qk2 = _ = 0·588. 
v368 2 - 8(50)2 

This value of Qk2 is too large, and the single circuit will affect the 
response of the overcoupled circuits to too great an extent. A 
more suitable value of Qk2 is about 0·2. This entails increasing 
either RD or flm, or decreasing A. Increase of RD involves an 
increase of Land decrease of 0, and it is not very practicable since 
stray capacitance becomes an appreciable proportion of the total 
capacitance. A large ratio of stray-to-total capacitance increases 
the probability of mistuning during operation (due to valve or 
wiring lead changes, and to temperature effects). Furthermore, an 
increase in RD may not result in a proportionate increase in amplifica
tion, due to RD becoming comparable with the valve slope resistance 
Ra ; when RD approaches Ra the frequency response of the over
coupled circuits is affected and the variation over the pass-band 
increased. The only course is therefore to reduce A, if flm cannot 
l)e increased; let us therefore take A as 17 as this gives Qk2 = 0·2. 
The critical value of Qk1 corresponding to maximum amplification is 

Qk1(crit.) = J 1 + Q
2:z2 = l ·01 

M _ Qk1R _ 1·01 x 23·2 x 106 

l(cril.) - Wm - 6·28 X 4•65 X 105 

= 8·02 µH 
5 

M1(max.) = l·OlMl(cril.) = 39·7 µH 

Ma= Qk2R = 0·2 x 23·2 __ 0~-
wm 6·28 X 4·65 X 105 

= 1·59 µH. 
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The following component values satisfy all the requirements except 
that of amplification, the value of which cannot exceed 17 at critical 
coupling: 
for the overcoupled circuits 

L = 1,000 µH, C = 117 µµF, R = 23•2.Q, Rn = 368,000.Q 
Q = 126 

M 1 = 8·02 µH ( critical coupling) 
= 39·7 µH (for the required pass-band of ± 10 kc/s) 

and for the single circuit 

L = 1,000 µH, C = 117 µµF, R = 46•4.Q, Rn= 184,000.Q 
Q = 63 

M 1 = 1·59 µH. 

Another possible arrangement for reducing the number of stages 
is to follow two pairs of overcoupled circuits by a pair of loosely 
coupled circuits of magnification Q/2, each pair being separated 
from the next by a valve. Since the Q /2 circuits form the last 
stage of the amplifier, the detector is connected across the secondary, 
and an A.G.c. detector will probably be connected across the primary. 
As a basis of design let us assume that each circuit h..1s initiaJly the 
same Q as the overcoupled circuits, and that the detector damping, 
and A.o.c. detector and amplifier anode damping reduce the magni
fication of secondary and primary to Q/2. We must now decide 
on the minimum coupling. If it is made too small in order that 
the selectivity curve of the coupled circuits may approach that of 
two valve-separated circuits, there is considerable loss of amplifica
tion to the detector. As a compromise let us take the coupling 
coefficient as one half critical. From section 7 .3 critical coupling 
is realized when the coupling coefficient is equal to the reciprocal 
of the magnification of either circuit, therefore the required coupling 
coefficient is 

k = 0·5 = !_ 
Q/2 Q 

0·2 
A lower value of coupling, for example Q/

2 
= 0·4Q is preferable 

for approaching the selectivity characteristics of two separated 
circuits, but this reduces appreciably the voltage to the detector. 

The values of the circuit components are estimated as follows: 
Let RnET = parallel damping resistance due to the detector 

RP = parallel damping resistance. due to the A.G.c. 
detector and the amplifier valve resistance Ra 

and R 1 and R 2 = primary and secondary coil series resistances. 
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If the magnification of each circuit is reduced to one-half by damping, 
it follows that the initial resonant impedance of each circuit equals 
the parallel damping resistance, thus the circuit constants are 
(Section 4.2.2) 

wL1Q =RP; wL2Q = RDET 

where Q = initial undamped magnification of either circuit. 

L1 = Rp L1 = R DET 
wQ wQ 

Qk = wM = 1 or M = viiJf.. 
vR1R2 w 

The damping resistance due to the detector (RDET) and that 
in RP due to the A.G.c. detector may be taken as one-half of the 
A.C. load resistance (see Section 8.2.10). If the A.G.O. detector is 
delayed, its damping resistance only becomes fully effective when 
the R.F. voltage is much greater than the delay voltage. However, 
the maximum band width is not likely to be used unless strong 
signals are being received. Taking the value of Q obtained in the 
previous example, i.e., 126, and assuming that the A.C. load resistance 
of A.G.c. and detector diodes is 0·5 M.Q and that the valve slope 
resistance Ra is 1 M.Q, we have 

R = 1 x 0·25 = 0_2 M.Q. 
P 1·25 

0·2 X 1012 
L1 = --------------

6·28 X 4·65 X 105 X 126 

= 544 µH 
Rm = ½wL1Q = 100,000.Q 

0 1 = 215 µµF 
R1 = 12-6.Q 

M = v c3;:2 = 4·82 µH. 

RDET = 0·25 M.Q 

0·25 X 1012 
L2 = ----------~ ----

6·28 X 4·65 X 106 X 126 

= 680 µH 

0 2 = 172 µµF 
R 1 = 15-75.Q 

Owing to coupling between the two circuits there is a greater 
variation of overall frequency response over the pass-range, and the 
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maximum at fm is less than the maxima at the side frequencies. 
The effect is not very serious if a coupling of one-half critical is 
not exceeded. 

The number of stages may be still further reduced by coupling 
the two pairs of overcoupled circuits loosely together as shown in 
Fig. 7.lla. The equivalent circuit is shown in Fig. 7.llb and the 

Fm. 7.lla.-A Variable Selectivity I.F. Ampiifier with almost Constant Pass
band Response. 

transfer impedance can be calculated by the method used in 
Section 7.3. By replacing the impedances by Z 1 , Z 2 , etc., the 
general expression for Z T is 

ZT = Ez 
Ia 

(Z1 +z,+Zs)(Z~+z, +Z5)(Z5 +Za +z1 )(Z1 +Zs +Z9) .. 
-Za2(Z&+zs+Z1)(Z1+Zs +Z9 )-Z5

2 (Z1 +z2+Za)(Z1+Zs+Z9) 
-Z12(Z1 +z2+Za)(Z +z, +Z5)+Za2Z12

, 

L-K RC --1 
ZsE2 

.____ ____ ________, __ j 
Fm. 7.llb.-The Equivalent Circuit for Two Loosely Coupled I.F. Transformers. 

[For Z, read L - M 1 and R.] 

If all the circuits have identical component values, as indicated in 
Fig. 7.llb 

Z 1 = Z 9 = 
1
0

; Z2 = Zs = R+jw(L - M 1) 
JW 

Za = Z1 =jwM1; z, = z6 = R+jw(L - Ml - M2), Zs =jwM2, 
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Z1+Z2+z3 = R+j(wr -
1

) = z3+z,+z6 = z&+z,+z7 
wU 

= Z7+zs+Zs = R(I+jQF) 
.w 3M 1

2M 2 

J 202 . z - w 
•• 

7
' - R 4(l+jQF) 4 +R2w2Mi2(I+jQF)2+R2w2M 1

2(l+jQF)2 
+R2w2M 1

2(1 +jQF)2+w4M 1
4• 

Numerator of Zr = wM?M2 = .!!!__R'[wm~L
3 1 ~-( M,] 

0 2 W,n R 3 • W,n20 2R. L 2 • L 

= !1!___R'QsRnk12k. 
W,n 

=:= R 4Q3k?kaRD. 

Denominator of Zr 

= R'[(l +jQF)'+~w~1\1+jQF)2+ w
2
_!•\1 +jQF)2+~~.:1

] 

=:= R 4[(1+jQF)'+2Q2k1
2(1 +jQF)2+Q2k1

2(1 +jQF)2+Q4k1
4] 

=:= R4[(1 +Q2(k
1
2 _ F2))2 _ 4Q2F2+Q2k1 2(1 _ Q2F2) 

+j2QF(2+Q2k,2+2Q2(k.2 _ F2))], 

Hence 

I Z7, I = -'i===:==cc====;::===Q=3k=1=:=2k=·R==D===========;~:=== 
[(l +Q2(ki2-F2))2_4Q2F2+Q2k12(1-Q2F2)]2 

+4Q2F2[2 +Qllk,2 +2Q2(k12 _F2))2 

when k2 is small this approaches 

I z I Q3kl 2k.R» 
7' = [l +Q2(k12 - F2)]2+4Q2F2 

. 7.20a 

and the selectivity curve, which is determined by the denominator, 
is the same as that for two separated pairs. 

At the mid-frequency fm, F = 0 and 

I Z . - Qak12k2R» 1 20b 
TI -- (l+Q2k12)2+Q2k.2 • • 

differentiating this with respect to k1 and equating to zero gives for 
a maximum 

Qkl(<'rit.) = {,' 1 +Q 2k2 2 

Replacing Qk1 in 7.20b by this value 

I Z I Qk.R»Vl +Q2ka 2 

'..IT = (1 +v' 1 +Q2k12) 2 +Q2k12 

7.21. 

7.20c. 
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The overall amplification of the stage is 

A = g. I Z1, I = gmQ~"R:_I)_ -- -
"' 2(l+v1+Q 2k2

2) 

or 4 A 2(1 +Q 2k2 2) = (gmRnQk2 - 2A) 2 

whence 7.22. 

Taking the component values already used for the overcoupled 
circuits and loosely coupled single circuit, viz., 

L = 1,000 µH, 0=117 µµF, Q=l26, Qk2 =0·2, gm=l mA/volt 
R = 23•2.Q, Rn = 368,000.Q 

A = g,,. I Z1, I 

= 18·2. 

1 X 10- 3 X 368,000 X 0·2 

2(l+Vl·04) 

This represents the maximum gain which can be obtained from the 
stage with loose enough coupling between the pairs of overcoupled 
circuits. 

Qkl(crit.) = {/1+Q2k2
2 = {"1·04 

= 1·01 

M _ Qk1R _ 1·01 x 23·2 x 106 
I(crit.) - Wm - 6·28 X 4·65 X 105 

= 8·02µH. 

For 2db. loss at ± 10 kc/s, Fig. 7.10 gives Qki(max.) = 5 

Ml(max.) = 39·7 µH 

Mi= 0·2 X 23·2 X 106 = 1.59 H. 
6·28 X 4·65 X 105 µ 

The coupling reactance between the two circuits may, if desired, 

be a capacitance C1 , its value being determined from Qk 2 = -
0
1 

, 
w 1R 

106 106 
thus C1 = --- = 

wRQk2 6·28 X 4·65 X 105 X 23·2 X 0·2 

= 0·0738 µF. 

The three compromise circuits give a frequency response over 
the pass-band which is almost equal to that of the separated circuits 
if the loose coupling coefficient does not exceed appreciably the 
value given in the calculations. Stray capacitance coupling, in 
addition to the mutual inductance coupling, may occur and produce 
an asymmetrical overall frequency response. The effect can often 
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be reduced by reversing the sign of each mutual inductance element 
with respect to the preceding one. 

7.8. Valve Input Admittance and Frequency Response. 
In the preceding theory we have assumed that the input admittance 
of each valve amplifier is zero over the pass-band. In practice the 
input admittance due to the valve anode-grid capacitance may be 
comparable with that of the circuits across which it is connected. 
This input admittance may be separated into two parallel com
ponents, resistive and reactive (see Section 2.8.2). The resistive 
component is from expression 2.9a (neglecting Bu. in comparison 
with B 0) 

Ru= (Ga+Go) 2+Bo 2 

YmBu.Bo 
1 

where Ga = R = anode slope conductance 
a 

. 7.23a 

G0 = conductance of the external anode load admittance 
B O = susceptance ,, ,, ,, ,, 
Ym = mutual conductance of the valve " 

Bu. = susceptance of the anode-grid capacitance. 

" 

The sign of Ru depends on B 0 , being negative when B O is inductive 
and positive when B O is capacitive. With tuned anode circuits B 0 

is inductive at frequencies lower than resonance, and capacitive for 
higher frequencies. The value of Ru is minimum when B 0 = Ga+G0 

and, for single or coupled circuits of normal Q, the minimum occurs 
in the pass-band of the amplifier. This tends to produce an overall 
lop-sided frequency response curve higher on the low-frequency 
side of resonance where Ru is negative. The grid parallel reactive 
component is always capacitive with a value (see expression 2.9b, 
again neglecting Bu. in comparison with B 0 ). 

G = 0 [i+ Ym(Ga+Go) J 
U u. (Ga+Go)2+Bo2 

. 7.23b. 

The variation of this component over the pass-band is generally 
negligible and compensation for its mistuning effect can be made 
on the grid-coil tuning capacitance. The resistive component 
cannot be ignored, and the only satisfactory solution is to isolate 
each stage from the next by a semi-aperiodic circuit. The dynamic 
resistance of this circuit must be much less than the minimum input 
resistance component of the succeeding valve, and it must also 
have a sufficiently low value to make the input resietance component 
of the valve, to which it is connected, very much greater than the 
dynamic resistance of the preceding circuit.. The ratio of minimum 
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grid input resistance to tuned circuit dynamic resistance Rn should 
not be less than 10 : 1. In order, therefore, to obtain satisfactory 
results it is necessary to insert an isolator semi-aperiodic stage 
between the variable coupling and the fixed coupling stages. The 
modified circuit appears as in Fig. 7.lla. 

In order to determine the constants of the aperiodic circuit, we 
must calculate the input resistance component of valve V3, connected 
to the two Q/2 loosely coupled circuits. Using the equivalent 
primary circuit developed in Section 7.6, the series resistive and 
reactive components reflected from the secondary into the primary 
inductance branch are 

R = 2w2M2 and X = - w2M2QF 
s R2(4+Q2F2) s R2(4+Q2F2)° 

(Note that the equivalent secondary series resistance is 2R2 because 

the circuit is damped to Q/2, and that Q = wLi = wL2
.) 

R1 R1 
. 2w2M2 

The equivalent primary series resistance 1s 2R1 + Rz(
4
+ Q 2F 2) 

and the reactance of the inductive arm is 
. jw2M 2QF . 

JWL1 - Rs(4+Q2F2) -:!:::.JWL1 

when F is small, i.e., in the pass-band range. 
Hence the total equivalent parallel resistance of the primary is 

very nearly (see Section 4.2.2.) 
w2L12 

2w2M2 
2R1+----R2(4+Q2F2) 

and, as this includes the amplifier valve anode resistance and A.G.C. 

damping because the primary series resistance is taken as 2Ri, it 

is equal to 
1 

Ga+Go. 

or 

. 7.24a. 
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1 
B 0 = wC1 - -----~2M 2QF . 

wL1 - Ra(4+Q2F-2) 
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The reflected reactance term cannot now be neglected since wC 1 is 

comparable with LI 
(J) l 

BL C - I - w2M2QFwC1 
w l l Ra(4+Q2F2) 

Bo= w2M2QF . 

wL1 - R1(4+Q2F2) 

But w 2L10 1 - 1 = [::2 - 1] = F 

w2 

and QwC1 = w2L101 = Wm2 ..,.,_ _!__ 
R 1 R 1 R 1 

w 2M 2F 

. 7.24b. 

Note that Fis negative at frequencieB below resonance, and hence 
B 0 is negative (inductive). 

If we consider the case of the two loosely coupled Q/2 circuits, 
as shown in the anode circuit of V 3 in Fig. 7. I la, Qk = 1 and 
expressions 7.24a and 7.24b become 

Ga+G 0 = R:J1+ 4+~2F2 ] 7.25a 

and B 0 = 1:[ 1 - 4+~2F 2] 7.25b 

and replacing (Ga+G 0 ) and B 0 in expression 7.23a we have 
R = 4(5+Q2F2)2+Q2F2(3+Q2F2)2 

" gmBu.RmQF(3+Q 2F2)(4+Q2F2) 

_ 25+6Q2F 2+Q4F 4 

- g,nBu.RmQF(3+Q2F 2 ) • 
. 7.23c. 

To find the condition for a minimum value of Ru, it is necessary to 
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differentiate 7.23c with respect to F and equate to 0. A cubic 
equation in Q 2F 2 results: 

Q6F 6+3Q4F4 - 57Q 2F 2 - 75 = o. 
One solution of which is 

Q 2F 2 = 6·86 or QF = ±2·62. 

Replacing QF in 7.23c by 2·62 gives 
4·38 

Rg(min.) = B R • 
Ym 00 Dl 

If we assume that the anode-grid capacitance of V3 (Fig. 7.lla) 
= 0·005 µµF and Ym = 3 mA/volt and that the dynamic resistance 
of one Q/2 circuit is Rm = 100,000.Q (as calculated for the previous 
example), the minimum grid input resistance of Jl3 is 

4·38 X 1012 

Rg(min.) = 3 X 10- 3 X 6·28 X 4·65 X 105 X 0·005 X 100,000 

= lM.Q 

so that the dynamic resistance RnA of the isolator or semi-aperiodic 

tuned circuit must not exceed 100,000.Q if the ratio of !!(](mfr_i::l is not 
RDA. 

to exceed 10. 
We have yet to consider the minimum grid input resistance of 

the isolator valve V 2 , as this must not be less than 10 times the 
dynamic resistance of the circuit between grid and earth. The 
conductance and susceptance of the isolator anode circuit are from 
expressions 4. 7 in Section 4.2.2. 

R 1 
Go=~-= --

w2L2 RDA 

w 2LC - 1 F QF Bo - ~--- - - ~ --. 
wL wL RDA 

Note that XP in expression 4. 7 is positive and that a positive XP is 
equal to -- B 0 • Hence the change of sign in the numerator of n 0 • 

where 

( 
1 1 )2 ( QF )2 

R = _R-:+rt;;,_ + ~-
o QF 

YmBo.R~ 
DA. 

Q2F2+(1 +!!__nA)2 
Ra 

YmB0.QFRDA 
1 

Ra = ~ = the slope resistance of V 2• 

G" 

7.26a 
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At frequencies below resonance F is negative and R
0 

is negative. 
Regeneration of the input circuit therefore occurs. For frequencies 
above resonance R0 is positive and degeneration occurs. 

The condition for minimum R
0 

is found by differentiating 7 .26a 
with respect to F and equating to 0. Thus 

QF = l+ RDA • 7.27. 
Ra 

If Ra • RDA - in practice this is generally true 
2 

Rg(min.) = n B R-
11m g

0 
DA 

- QF =land 

. 7.26b. 

Taking t 1e maximum grid circuit resistance as the dynamic resistance 
of one L f the tuned circuits forming the two pairs of overcoupled 
circuits in the anode of V1, i.e., as 368,000.Q, the minimum grid 
input resistance of the isolator valve V 2 must not be less than 
3·68 M.Q. If the grid-anode capacitance of V 2 is 0·005 µµF and 
gm is 3 mA/volt, the maximum permissible dynamic resistance of 
the isolator-tuned circuit is from 7.26b. 

2 
RnA = -----

gnJJu. Rg(min.) 
2 X 1012 

3 X 10- 3 X 6·28 X 4·65 X 105 X 0·005 X 3,680,000 
= 12,400.Q. 

The amplification of this stage is gmRDA = 37·2. It is clear in this 
particular example that the factor limiting RDA is the input grid re
sistance of the valve V 2 , in the anode circuit of which it is connected. 
Having fixed the value of RnA it is necessary now to decide on the 
Q, L and O of the circuit. From 7.27, the grid input resi!.'tance is 

a minimum at QF = l, i.e., at an off tune frequency Jf = fQ 
and the only condition governing tJJ is that it should be as far outside 
the pass range as possible. Let us assume that Jf =30 kc/s, thei, 

Q = 465 = 7·75 
60 

and L RnA H = ~Q = 547 µ 

C = 214 µµF 
R = 206.Q. 

The isolator circuit does not give an absolutely flat response over 

the pass-band and the loss in decibels is 20 log V 1 +Q 2F2 = 0·44 db. 
for tJJ = 10 kc/s. The effect of the circuit on the overall response 
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may therefore be neglected. The variation of Rg (calculated from 
7.26b) over a range of modulation frequencies from 1 to 100 kc/s 
is shown in Fig. 7.12. The variation of Cg over the same range of 
frequencies is also shown ; its value from 7 .23b is 

C = C [1+ Ym(Ga+Go) J 
o 0

• (Ga+Go)2 +Bo 2 

~ C [1+ YmRDA J 
o. 1+Q2F2 7.28 

when 

Its variation over the pass-range is seen to be negligible ; since it 
is dependent on Ym, Cg is reduced if the Ym of the valve is reduced, 
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Fm. 7.12.-Curves showing the Variation of Grid Input Resistance and 
Capacitance for the Isolator Stage. 

e.g., by A.G.c. action. A variation of Ym from 3 to 0·l mA/volt 
causes a change of 0· 1798 µµF in Cg, and this represents a mistuning 
of approximately 0·358 kc/s for the over-coupled circuit having a 
tuning capacitance of 117 µµF, a not very serious tuning error. 

7.9. Cathode Feedback and Variable Selectivity. 18 , 18 

Cathode feedback may be used in an r.F. amplifier to give a level 
pass-band frequency response and to sharpen the attenuation 
outside this range, when variable selectivity is produced by changing 
mutual inductance between coupled tuned circuits. Two parallel
tuned circuits are included in series between the cathode and earth 
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as shown in Fig. 7.13a. One is tuned to (fm +9) kc/sand the other 
to (fm - 9) kc/s. (Medium wave stations are normally separated 
by 9 kc/s.) These circuits provide negative feedback with con
siderable attenuation at the two resonant frequencies. The figure 
shows the tuned circuits as transformer coupled, and this is done 

o--..._......., ________ -oH.T.-

Frn. 7.13a.-An I.F. Amplifier with Cathode Feedback. 

ih order to reduce the impedance at f m so that the loss over the 
pass-band range may be as small as possible. A fuller explanation 
is given at the end of this section. The coil L (of low inductance) 
and capacitance O (a small trimmer) are generally found necessary 
with the transformer coupling arrangement, in order to produce 
symmetry of the frequency response feedback characteristic. The 
frequency response due to feedbavk is shown in Fig. 7.13b, and by 

~ = 

"W ~ 

! '! . 
.fz .fn.J; f-

Frn. 7.13b.-The Frequency Response due to Cathode Feedback. 

suitable design it is possible to neutralize the trough normally 
produced by overcoupled circuits in the anode and grid of the 
valve. The principle underlying the method has already been 
discussed in Section 2.7, where it is shown that the output voltage 
in the anode circuit is (expression 2.5d) 

Eo = YmEgZT 
I+gmZk 

11 l'fi t' _Eo_ YmZT -g 'Z or overa amp 1 ca 10n - - --- - T - Eg I+gmZk m • 
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By plotting 20 log10 ::•, against frequency we obtain the frequency 

loss in decibels due to cathode feedback, and adding this curve to 
the ZT curve gives the overall response of the stage. To do this 
we must obtain the generalized expression for the cathode impedance. 
The expression for a parallel resonant circuit impedance (obtained 
by rationalizing expression 4.8b) is 

z = Rn(l - jQF) 
1+Q2F2 

L 2,1f' 
where Rn= OR; F = Ti and J1 = the resonant frequency. 

However, we do not wish to refer to J1 but 
frequency J111 • If f1 <fm 

to the intermediate 

2LJJ' - 2(t1f1 +LJJ) ---:r;_- - ~--.r;~ - 7.29 

where f m - f 1 = LJJ1 and LJJ is now referred to fm as zero, i.e., 
equals - Um - (!1 +N')]. 

That this is correct is proved by noting that LJJ = - LJJ 1 re
ferred to fm gives LJf' referred to f 1 . 

When LJJ1 is small, J1 =fm, and 7.29 becomes 

2 [,1f 1 + ,1JJ 
fm fm 

, Rn[ 1 - j2Q(fi+ t~)] 
and Z1 = ~-- ~~~~~~~ 

1 +4Q2(,1f1 + LJf\ 2 
fm l:.J 

rewriting 2f,1f1 as F 1 and 2

1
,1f as F we have 

m m 

z _ Rv[l - jQ(Fi +F)] 
i - 1+Q2(F1+F)2 . 7.30a. 

Similarly for the other circuit (!2 > f m and the j term is positive) 

z _ R1JI+jQ(F2 - F)] 
2 

- --1 +Q2 (F
2 

- F)2 

for 

Rv[l +jQ(F1 - F)] 
1 +Q2(F1 - F)2 

. 7.30b 
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z - z z - 2RD[I +Q2 (F12+F2) - jQF(l - Q2(F12 - F2)2] 
k - 1+ I - - --[I+Q2(F1+F)2J[I+Q2(F1 _ F)2] 
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2RDv[I+Q2(Ji\2+F2)J2+Q2F2[1 - Q2(Fi2 _:_ F2)i 7.31a 
zk = 1+2Q2(Fi2+F2)+Q'(F12 _ F2)2 · 

✓{(1+Q2(F12+F2)]2 - 4Q'F12F2) ----
- 2RD ___ +Q2F2([l _ Q2(F12 _ F2)]2+4Q2F12) 
- ~~ [l+Q2(F12+F2)]2 _ 4Q'F12F2 

✓[(l+Q2(F12+F2))2 - 4Q~,~F~l2~F~2_] _________ _ 

- 2RD +Q2F2[(l +Q2(F12+F2))2 - 4Q'F12F2] 
- [I +Q2(F12+F2)]2 - 4Q'F12F2 

2RDv1+Q2F 2 
. 7.31b. 

The above expression contains three possible variables RD, QF1 and 
QF, and it is desirable to reduce to two if generalized curves are to 
be obtained. It is possible to replace RD, if the permissible loss 
due to feedback at fm is fixed. Let us assume this to be 3 dbs. 

At f =fm, F=O, expression 7.31b becomes 
1
:g;>.Ji\2 ; for 3db. 

loss gm, = 1·414 
gm 

or 

or 7.32. 

Replacing this in 7.31b. 

z _ 0·414(1+Q2F1 2 )✓ 1 +Q2Fi 
I k I - gm [l+Q2(Fi2+F2)]2 _ 4Q'F12F2 

and the frequency response loss 

20 log10 (1 +gmZk) 

[ 
O·414(l+Q2F 12)vi+Q2F2 ] 

= 20 loglO 1+ v[l+Q2(Fi2-t-F2)]2-4Q'F12F2 . 7.33. 

This is plotted in Fig. 7 .14 against QF for different values of Q 2 F 1 
2. 

The QF scale can be converted to an off-tune frequency scale as 
shown for the generalized coupled circuit curves in Fig. 7. 7. To 
illustrate the use of the curves let us take the following example : 
f,,, = 465 kc/s, the cathode circuits are to give maximum attenuation 



330 RADIO RECEIVER DESIGN [CHAPTER 7 

at ±9 kc/s, and a flat pass-band is required over a maximum range 
of ±6 kc/s when the cathode circuits are used in conjunction with 
a pair of coupled circuits. The design procedure is as follows : the 
maximum permissible Q of the cathode circuits, which is the deter
mining factor, should be as high as possible for maximum sharpness 
of cut-off outside the pass-band. At the same time the maximum 
Q curve may not give the flattest pass-band in conjunction with 
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Fm. 7.14.-Generalized Selectivity Curves for Cathode Feedback. 

the coupled circuits, and a compromise may be necessary. Let 
Q = 225; this automatically fixes (QF1) 2 and the frequency scale 

(QF1)2 = [225 X 2 X 9]2 = 76 ~ 80. 
465 

For a flat overall pass-band response the shape of the cathode 
feedback curve must be the reverse of the coupled circuit curve, 
and the former reversed should fit exactly over the latter in the 
pass-band range. The curve for (QF1) 2 = 80 is therefore redrawn 
on tracing paper with the correct frequency scale but with the loss 
scale reversed. This curve is then placed on top of Fig. 7. 7 and 
moved along until it fits as nearly as possible over a generalized 
coupled circuit curve up to 6 kc/s. The most suitable curve is that 
for Qk = 6 with ,1f = 1 kc/s registering with QF = I on Fig. 7.7, 
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and the two curves are shown in Fig. 7.15. The overall response 
curve is obtained by plotting the difference between the two curves. 
The frequency scale for the coupled circuits is now fixed (QF = 1 
when LJJ = 1 kc/s), and Q and k are therefore 232·5 and 0·0258 
respectively. The required value of Q for the coupled circuits is 
rather higher than would normally be obtainable, and a more 
practical value is found by assuming that two pairs of overcoupled 

+30 

+20 

+10 

-10 

-20 

-30 
1 

I 
Reversed 
Cathode 

II 
l?espons~ yve 

J 

~ 
, \ 

"' ~ 
\ 

-~ \ ~ -h ', Coupled 

\ ~ 1/C,rcult 

' 
, Curve 

\ 

' \ Overall 

'i,,. 
,VResponse 

Cu,,.>e, 

11 ' ' --~ ' ..... , 
2 3 4 5 6 7 8 910 20 30 

Of"f Tune rrequencg, '1f' ( kc/s) 

FIG. 7.15.-The Overall Frequency Response Curve for Cathode Feedback 
Compensation. 

circuits (one in the grid and the other in the anode circuit of the 
valve) have to be compensated. The procedure then is to fit the 
curve from Fig. 7.14 over Fig. 7.7 with the loss scale of Fig. 7.7 
multiplied by 2. The required Q of the overcoupled circuits is 
then approximately halved. 

The constants for the cathode circuits can be determined by 
using 7.32. 

R = 0·414(1 +Q 2F 1
2

) = 0·414 x 81 = 16 800,Q 

D 2gm 2 X 10- 3 ' 

if flm = 1 mA/volt. 

L = Rn = 16,800 x 106 H 
wQ 6·28 X 4·65 X 105 X 225 µ 

= 25·5 µH. 
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It is almost impossible to realize practically at 465 kc/s a Q of 
225 for such a low inductance, and the most satisfactory method is 
to adopt transformer coupling to the tuned circuits. The resonant 
impedance of a transformer coupled tuned circuit is given in 

expression 4.29b (Section 4.4.2) as w
2
M

2 
and it can be written as 

Rr 
w 2M 2 w 2M 2 L 1Lr M 2 wLr -- = --.-- = --.wL1.-- = k 2wL1Q 
Rr L 1Lr Rr L 1Lr Rr 

where £ 1 = inductance of the cathode coil 
Q = the magnification of the tuned secondary coil. 

By adjusting k any value of secondary coil inductance may be 
chosen to give the required resonant impedance. 

Variable selectivity is produced in the normal manner by varying 
the mutual inductance between the coupled circuits, and an almost 
level pass-band response is maintained as selectivity is increased. 

The cathode feedback curve is affected by varying the gain of 
the valve, and increasing bias decreases the loss. It is therefore 
possible to obtain variable selectivity by varying the grid bias of 
the valve. For example, suppose that the coupled circuits are 
adjusted to give a double-peaked frequency response, and the 
cathode circuits are designed to overcompensate at maximum gain 
so that a single-peaked overall response curve is obtained. Increase 
of bias reduces the cathode compensation and widens the pass-band. 
At high negative biases the cathode circuits have practically no 
effect, and the overall frequency response is the wide band double
peaked curve of the coupled circuits. The application of A.G.C. to 
such a stage automatically produces variable selectivity, with high 
selectivity for weak signals and low selectivity for strong signal 
voltages. 

7.10. Automatic Variable Selectivity.7 , 11 , 12 Many types 
of circuits have been developed for varying automatically the 
selectivity of a receiver. The control may be exercised by the 
desired signal or the interference. The ideal arrangement is by 
differential control from both, so that either decreasing desired 
signal or increasing interference causes an increase in selectivity. 
Methods of achieving automatic selectivity may be conveniently 
divided into three groups. In the first, selectivity is controlled by 
varying the damping of the tuned circuits,8 in the second by varying 
the coupling reactance 13 between the circuits, and in the third by 
mistuning the circuits. 

Variation of damping can be obtained by paralleling the tuned 
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circuits with triode valves, the anode-cathode resistance of which is 
controlled by varying their grid bias. The valves are initially 
biased so that anode current is almost cut off and the anode-cathode 
resistance is consequently very high. Positive bias, increasing as 
the desired signal increases, is derived from the detector load resist
ance, and the anode current of the damping valves thus increases, 
their resistance falls and selectivity decreases. This method is not 
very satisfactory because the ideal selectivity curve shape cannot 
be produced by damping, and widening of the pass-band is accom
panied by appreciable loss of attenuation outside the band. In 
addition, owing to curvature of the valve characteristics, the anode
cathode resistance is not constant over the signal voltage cycle, 
and distortion of the latter occurs. 

Automatic selectivity control by coupling reactance variation 
may be obtained by a relay, varying the disposition of the coupling 
coils between the primary and the secondary of the I.F. transformers. 
The relay may be controlled by the n.c. component of the input 
carrier at the detector, increasing the coupling as the carrier increases. 
Polarized variable capacitors 17 (as described in Chapter 13) may 
be employed as variable shunt and series couplings between the 
primary and secondary circuits of the I.F. transformer. Their 
capacitance values are controlled by varying the D.C. potential 
between their plates. The series capacitance coupling chiefly 
controls the low frequency side of the selectivity curve, whilst the 
shunt coupling controls the high frequency side. Increase of 
selectivity results from a decrease in the series capacitance and an 
increase in the shunt capacitance. For the most favourable condi
tions of reception the pass-range is a maximum, and the selectivity 
curve has a double-humped frequency response. Decrease of the 
series capacitance increases the frequency of the lower frequency 
peak, thus narrowing the pass-band on the low-frequency side of 
the carrier, whilst increase of the shunt capacitance decreases the 
frequency of the higher peak and narrows the pass-band on that 
side of the carrier. The selectivity curve can therefore be narrowed 
from either side, r.,nd the control voltages for the capacitors are 
derived from a discriminator circuit (similar to that for automatic 
frequency control and described in Chapter 13) responsive to the 
interference. Interference on the low-frequency side of the carrier 
produces a voltage reducing the series capacitance value, and that 
on the high-frequency side increases the shunt capacitance value. 

Mistuning of the primary and secondary of the I.F. transformers 
in opposite directions, using these polarized capacitors, may also 
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be used to give the same result, but overall amplification is 
reduced. 

A circuit 19 which combines mistuning with increased selectivity 
in the I.F. amplifier is shown in Fig. 7 .16. The mistuning is brought 
about by moving the earner away from the centre of the I.F. 

amplifier pass-band and in the direction of the interfering voltage. 
This asymmetric expansion is produced by the discriminator circuits 
T 1 and T 2 (generally tuned to fm±9 kc/s), the detected voltages 
from which are connected in series with the automatic frequency 
correction bias voltage to the variable reactance valve across the 
oscillator-tuned circuit. These discriminator circuits T 1 and T 2 are 
also used to produce a flat pass-band response and sharp cut-offs 
as described in Section 7.9. The A.F.C. discriminator circuits T 3 and 
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Fro. 7.16.-Automatic Variable Selectivity Control by Differential Action of 
the Signal and Interference Voltages. 

T, correct for normal tuning errors and oscillator drift (see 
Section 13.4). The extra differential bias developed across the 
resistances R 1 and R 2 reacts on the oscillator frequency to move 
the interference more into the attenuating part of the I.F. amplifier 
frequency response. The overall width of the pass-band of the 
amplifier is controlled by a valve-operated relay connected across 
the resistance (Ra) in common with diodes D 1 and D 2 • The relay 
controls the mutual inductance coupling between the I.F. tuned 
circuits. The circuit T.C. is tuned to the I.F. carrier frequency and 
its output is detected by the diode Da, which is connected to Ra, 
so that the detected current opposes that due to the interference. 
Thus the I.F. selectivity is controlled by differential action of 
interference and desired signal, increase of the former and decrease 
of the latter increasing selectivity. 
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7.11. Signal Handling Capacity of the I.F. Amplifier 
Valve. For A.G.c. design purposes the signal-handling capacity of 
the I.F. amplifier valve requires to be known at different grid biases. 
The signal-handling capacity of a valve is defined as the maximum 
input (and output) carrier voltage, modulated at a given percentage, 
which can be accepted for a given percentage distortion of the 
modulation envelope. The percentage modulation should be as 
high as possible, and its maximum value is limited to some extent 
by distortion of the modulation envelope at the detector. A 
modulation percentage of 60 is a convenient practical value for 
measurement purposes, but 80 % may be used if the detector 
circuit is designed to reduce envelope distortion (mainly due to an 
A.C. to n.c. load-resistance ratio less than unity) to a minimum. 
A usual value for audio frequency harmonic distortion is 5 %, and 

Fm. 7.17.-A Schematic Diagram for the Measurement of Signal Handling 
Capacity. 

the results are expressed in the form of curves of input and output 
carrier peak voltage against grid bias for 5 % total harmonic dis
tortion of the audio output voltage from the detector. 

A schematic diagram of the apparatus is shown in Fig. 7 .17 and 
it is mainly self-explanatory. The modulating source has a fre
quency of 400 c.p.s., the normal test frequency for receiver measure
ments, and it is filtered so as to reduce distortion in the modulating 
voltage to very small values. The signal generator should be anode
modulated direct from the filtered 400 c.p.s., because modulation 
by anode voltage variation generally gives least modulation 
envelope distortion. An amplifier is required between the signal 
generator and I.F. valve because the maximum input signal carrier 
voltage is generally about 8 volts, and it may conveniently be a 
tetrode valve with an anode circuit tuned to the I.F. A diode 
detector, previously calibrated, is a suitable measuring device for 
the I.F. input carrier. The coupled circuits in the I.F. valve anode 
must be adjusted for single-peaked frequency response in order to 
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eliminate the possibility of asymmetrical side-band amplification 
due to mistuning. The diode detector has special features and the 
circuit is shown in Fig. 7.18. The D.c. load resistance consists of 
0·5 M.Q fixed resistance, R 1 , in series with a 20,000.Q potentiometer 
(R 2). A microammeter, which measures the mean current due 
to the output carrier voltage, is inserted in the detector cathode 
circuit. The A.F. output is taken from the potentiometer through 
a coupling capacitance 0 2 and R.F. filter R 30 3 to the grid of an 
A.F. amplifier. A 2 M.Q grid leak R, completes the D.C. path for 
the amplifier. 

These precautions are taken in order to prevent the modulation 

Input 
f'rom 

Amplif'ier-,---

~--------------oH.[+ 

r+Output 

Fm. 7.18.-The A.F. Valve and Detector Circuit for the Measurement 
of Signal Handling Capacity 

envelope distortion mentioned in Section 8.2.3. The maximum 
permissible modulation percentage is approximately 

2 
X 

106 
X 100 = 98·5<¼ 

2•03 X 106 o, 

so that distortion due to the detector A.C. load resistance is not 
likely to occur at a test modulation percentage of 80 %- The first 
A.F. amplifier valve is followed by a second, preferably a power 
output triode, the output from which is connected to a distortion 
factor meter. 

Care must be taken to ensure that distortion in the apparatus 
other than the test valve is as small as possible; a minimum value 
of about 1 % may be expected at 80 % modulation. Distortion in 
the A.F. amplifier may be checked by connecting the output from 
the 400 c.p.s. filter to the 20,000-ohm potentiometer. The diode 
detector valve must be removed from its socket when the test is 
made. Distortion in the amplifier following the signal generator 
may be checked by connecting the diode detector to its output. 
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The procedure is to increase the input signal until 5 % total 
harmonic distortion is registered on the distortion factor meter. 
Typical curves are shown in Fig. 7.19, and their usefulness is discussed 
in Section 12.4.2. A point which should be noted is that at high 
negative biases there may be two input voltages for 5 % distortion, 
one a high value and the other a very low one. The first should 
be regarded as the correct, since the low value can only be found by 
starting from zero signal at the high negative bias. The high value 
is always obtained when the input is (as is normal in A.G.c.) increased 
as the bias is increased. 

The mutual conductance of the valve under operating conditions 
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Fm. 7.19.-Typical Signal Handling Capacity Curves for an I.F. Amplifier 
for 5% Modulation Envelope Distortion and 80% Modulation of the Carrier. 

may be calculated from the grid input carrier voltage, the output 
carrier voltage a.cross the primary of the I.F. transformer, and the 
primary impedance. Thus 

PJ 
Ym =--v-

PJsRnv 
where PJP = carrier peak voltage across the primary 

PJs = ,, ,, ,, applied to the grid 
Rnv = resonant impedance of the primary. 

RDv may be measured by using a peak voltmeter and a non-inductive 
resistance as described in Section 5.6.4. The current in the diode 
detector across the secondary may be used as a measure of primary 
volts by calibrating it against peak primary volts as measured by 
the peak voltmeter. 

The signal handling capacity of an R.F. amplifier valve or a. 
frequency changer may be measured in the same way. In th case 
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of a frequency changer a local oscillator is required and the signal 
generator carrier frequency is adjusted to any convenient signal 
frequency. 

There are methods of measuring indirectly, and of calculating 
the signal-handling capacity of a valve, and a description of these 
is given in Sections 4.7.l and 4.7.2. 
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CHAPTER 8 

DETECTION 

8.1. Introduction. To obtain the audio frequency intelligence 
conveyed in an amplitude modulated carrier it is necessary to 
employ a detector to suppress or reduce the amplitude of one-half 
of the modulation envelope. An example of a modulated wave 
before and after detection has already been given in Figs. 1.1 and 
1.4. The suppression of the negative modulation envelope (shown 
in Fig. 1.4) produces a mean voltage which is an exact reproduction, 
to a smaller amplitude, of the modulation envelope. This mean 
voltage variation can be applied to an A.F. amplifier terminated by 

I 

E 

Fm. 8.1.-Detection with Linear (1) and Parabolic (2) Characteristics. 

telephones or a loudspeaker, from which sound waves conesponding 
to the original audio frequencies modulating the carrier will be heard. 

In the case of frequency and phase modulated transmission the 
modulation is first converted to amplitude modulation before 
application to the detector. 

All detectors possess one feature in common, viz., their current
voltage characteristic curve is non-linear over the operating range, 
having either a point of discontinuity (Curve I in Fig. 8.1) or a curved 
shape (Curve 2 in the same figure). A detector having a dis
continuous characteristic is generally called a linear 6 detector if it 
is biased to the point of discontinuity A ; the positive modulat10n 
envelope is reproduced without distortion and the shape of the 
mean current wave follows exactly that of the modulation envelope. 

339 
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A detector having a characteristic;: similar to that of Curve 2 is 
generally (somewhat loosely) termed a "square law " or parabolic 
detector because detection ._:_epends on the squared term (a2E 2 ) in 
the expression I = f(E) connecting current and voltage. Such a 
detector distorts the modulation envelope, and the shape of the mean 
current wave is not an exact copy of the modulation envelope. 

In this chapter we shall consider only valves as detectors, 
though it should be remembered that detection is not solely a 
property of valves but also of certain types of crystals and metallic 
surfaces (the copper oxide detector is an example of the latter). 
The fundamental principles are, however, the same whatever form 
the detector may take. 

Valve detectors may be conveniently divided into four groups 
as follows: 

(1) Diode 
(2) Cumulative or leaky grid 
(3) Power grid 
(4) Anode bend. 

We shall start with the diode as the simplest form of detector. 

8.2. Diode Detection. 
8.2.1. Introduction. A diode detector consists of a valve 

having two electrodes. Current flow is unidirectional from anode 
to cathode and a characteristic IaEa curve is shown in Fig. 2.3 
(curve 3). The characteristic approximates to a parabolic shape 
for small values of Ea due to space charge and electron velocity 
effects, but for large values of Ea it becomes a straight line. In the 
preliminary theory which follows we shall neglect this initial curva
ture and assume a straight-line characteristic. Now suppose we 
apply an A.O. voltage to the detector. If the generator supplying 
this voltage has zero internal resistance, the current through the 
diode consists of a series of pulses of a shape approximating to a 
half-sine wave, and a D.C. milliammeter placed in series with the 

diode measures a mean current of approximately £ * where 1 is 
:r,; 

the maximum current through the diode. 
·when the generator has an internal resistance R 0 , the pulses of 

* The mean current in a half-sine wave of peak current 1 

= _l_J" l sin 0 cl0 
2:n: 0 

= _!_[ - cos o]" = .
1. 

2:n: O :n: 
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current are still half sinusoidal in shape but reduced in amplitude, 
giving a lower reading in the D.c. milliammeter. 

Now let us assume that the voltage applied to the diode is a 
modulated R.J;'. carrier lJJ cos wt (l +1lf cos pt). The amplitude 
variations of the carrier produce corresponding variations in the 
detected current pulses, but a D.C. milliammeter will give a reading 
which is dependent only on the "average" carrier voltage and not 
upon the modulation. This is so because a decrease of carrier 

E cos wt(!+Mcos 

FIG. 8.2.-A Diode Detector. 

amplitude (due to modulation) at one time instant is exactly counter
balanced by an increase at another time instant. Since, however, 
the pulses of current are varying in amplitude at an audio frequency 
there must be an A.O. current of that frequency in addition to the 
n.c. current measured by the milliammeter. The presence of this 
audio frequency current can be proved by noting that a thermal 
milliammeter, connected in series with the D.C. milliammeter, gives 
a higher reading than the latter. 

An audio amplifier following the detector requires a voltage 
input so that a resistance (R1) must be inserted in the diode circuit 
as in Fig. 8.2, in order that the mean current fluctuations may be 
converted into mean voltage variations. The voltage developed 

+j Mean //oltage 
//ar/ation ~ 

' ~ . .§-._, C' 
r I :::•-ft-
' ' I 

LLLl1-l-1i
1
U: .L..LIY.,L-'--L-"W. I 

I :ljtz I I~ 
, : ,Ttme 

' : I I 

_ f.-R1 on!g--..+,.-R1 +C1 -+Ci too lar:qe-i 

FIG. 8.3.-The Wave Shape of the Voltage across the Load Resistance in a 
Diode Detector. 

across R 1 takes the form of half-sinusoidal pulses as shown to the 
left in Fig. 8.3. The reference point is A (Fig. 8.2), so that the 
pulses are in a positive direction. Their amplitude is dependent 
on R 1 , the diode resistance Rd, the generator resistance R 0 and the 
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modulation envelope. If R 1 • Ra+R 0 the mean value of the 
voltage across R 1 is the mean value of half the input modulated 
carrier, i.e., 

~(l +M cos pt)J-[r;,; ~ ~M ----- ---- cos wt.dt = - +- cos pt, 
2n " n n 

-2w 

the first term in the expression is the n.c. component and the 
second the A.C. component. 

It is clear that such a method of detection is inefficient since 
the available output A.F. signal is reduced to approximately 

one-third (~) of the input modulation envelope. The problem 

becomes one of increasing the mean voltage across R 1 by filling in 
the gaps between the pulses. This can be achieved by connecting 
a capacitance 0 1 across R 1• Owing to its low reactance at radio 
frequencies it effectively short circuits R 1 and allows almost all the 
R.F. input voltage to be applied to the diode. Hence, during the 
diode conduction period, the detected current is only limited by 
the diode and generator resistance. This current is used to charge 
the capacitance C 1 , the voltage across which rises nearly to the 
maximum value E 1 of the R.F. carrier, reached at some time instant 
t1 (Fig. 8.3). After the time instant t1 the voltage across R 1 tends 
to fall, but now the capacitance C1 charged to E 1 , begins to discharge 
through the resistance R 1 , thus tending to maintain the voltage. 
The capacitance C 1 continues to discharge until a point on the next 
positive cycle when the input voltage equals that across 0 1 , and 
the diode conducts charging C1 up to E 2 • Then discharge be
gins again and the cycle is repeated. It will be seen that the 
discharge of C1 has filled in the gaps between the voltage pulses 
and the mean voltage variation across R 1 is very little less than 
the peak voltage variation of the input wave. Thus the loss in the 
detector stage is almost entirely eliminated. The maximum per
missible value of capacitance 0 1 depends on the highest modulation 
frequency employed and the maximum modulation percentage, 
since if C1 is too large the voltage across R 1 may be unable to fall 
to a value lower than the next positive peak. In this circumstance 
the mean voltage variation across R 1 is not a faithful reproduction 
of the modulation envelope but will be distorted when the modulation 
envelope decreases as shown by the line ABC in Fig. 8.3. This 
distortion is often called "non-tracking " distortion. If the value 
of C1 is too small,7 the detected voltage will be reduced because the 
gaps between the pulses are inadequately filled. 
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8.2.2. Diode Detection Characteristic Curves. If we 
assume that 0 1 fills in completely the gaps between successive 
voltage pulses, the D.C. current through R 1 is determined solely by 
R1 and the diode conduction resistance Rd. This means that we 

~------1 
-Ea-

Fm. 8.4a.-The Circuit for Obtaining ImEa Curves for a Diode Detector. 

may replace R 10 1 by a fixed voltage, i.e., from a battery, and 
obtain a series of ImEa curves (Im is the mean D.C. current through 
the diode), which have properties similar to those of the IaEa 
curves for a triode. It is possible on these curves (just as for 
triode IaEa curves) to draw load lines corresponding to the load 
resistance R 1 and to determine the output voltage for given input 
conditions. The circuit for obtaining a series of these curves 
(Fig. 8.4b) is shown in Fig. 8.4a ; a low-frequency voltage 10 

-the 50-c.p.s. mains supply-may be employed, but if it is desired 
to include such effects as anode cathode and stray capacitance, 
these capacitances must be artificially increased to make their 
reactances at 50 c.p.s. equal to their reactances at the particular 
radio frequency being considered, e.g., 0·0001 µF at 1,000 kc/s is 
equivalent to 2 µFat 50 c.p.s. Care must be taken to ensure that 
the D.c. resistance in the circuit is much less than the diode conduc
tion resistance, Rd, or the curves will be incorrect. For this reason 
the microammeter measuring mean current should not be a multi
range instrument with considerable variation of D.C. resistance 
between ranges. The battery voltage simulating the voltage 
produced across R1 applies a negative voltage to the anode and 
each curve in Fig. 8.4b is obtained by maintaining the input signal 
voltage constant (at convenient peak values of, for example, 0·5, 
1, 1·5, etc.) and varying the battery voltage Ea. The curves of 
Fig. 8.4b are typical of indirectly heated diodes with conduction 
current beginning at a negative voltage. The curve for /£1 = 0 is 
not parallel to the other curves, which actually merge into this 
curve at certain positive voltages, and the reason for this is explained 
in Section 8.2.16. 

We can now draw across these curves a line corresponding to 
R1, making an angle to the horizontal axis of O = cot- 1 R1, and 
in the absence of any fixed biasing voltage this starts from Ea = 0. 
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Subject to the condition stated at the beginning of the section, 
viz., R1 • Rd+R 0 , we can determine the D.C. voltage, developed 
across R 1 in the actual detector circuit in which 0 1R 1 replace the 
battery, for any given peak input signal. If we consider the 
resistance R 1 to be represented by the line OB, an output peak 
voltage 1£1 gives a mean current in the resistance R1 of / 1 and a 
mean voltage across it of E 1 • If the input peak voltage rises to 
R2 or falls to Ra, the mean voltage across R 1 rises to E. or falls to 
Ea. The line OB is therefore the locus for any variation of carrier 
amplitude. For example, if the input carrier peak voltage R 1 is 

lnpvt Peak Yo/tage .E2 

B' 

X 

Fm. 8.4b.-Typical lmEa Curves for a Diode Detector. 

modulated such that at the peak of the modulation envelope 
it reaches R2 and at the trough falls to Ra, the mean voltage varies 
from E2 to E 3 • Since OB is a straight line, the mean voltage 
variations are an exact reproduction of the input modulation 

envelope reduced in amplitude in the ratio Ei 21 Eo (E 0 = voltage 

across R 1 when R1 = 0), provided the carrier voltage lines are parallel 
and equally spaced. The peak value of the audio frequency voltage 

R · E 2 -Ea · h d 1 . 1 . b h across 1 1s 
2 

, smce t e mo u at10n enve ope vanes y t e 

voltage difference between positive and negative peaks of the audio 

f Th d . . El - E O • 11 11 d requency wave. e re uct10n rat10 ---- 1s genera y ca e 
El 
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the detection efficiency f/d and for normal values of R 1 (0·5 M.Q) it 
is about 0·9. The resistance Ri, in conjunction with Rd, determines 
1Jd and the latter increases as R 1 increases. In most practical 
circuits 0 1 has a low enough reactance and high enough time 
constant with R 1 to permit Fig. 8.4b to be used, but when 0 1 is too 
small, mean detection voltage-carrier peak voltage curves can be 
used to estimate detector performance. The battery in Fig. 8.4a 
is replaced by the load resistance Ri, paralleled by a capacitance 0 1 , 

having a reactance value at 50 c.p.s. equal to the reactance of the 
actual value of 0 1 at the desired radio frequency. Typical mean 
detection voltage-carrier peak voltage curves for decreasing values 
of 0 1 are shown in Fig. 8.4c; the loss of detection efficiency as 0 1 is 
reduced is clearly indicated. The A.F. output voltage across the 
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Fro. 8.4c.-Typical Detection Voltage-Carrier Peak Voltage Curves for a Diode 
Detector. 

detector load resistance is estimated as follows : for a carrier peak 
voltage of 2 volts modulated 50%, carrier amplitude varies between 
3 volts and 1 volt peak and the mean detection voltage change 
corresponding to this carrier change is for the top curve from 0·7 to 
2·4 volts, a difference of l ·7 volts. Hence the A.F. peak output 

1·7 
voltage for a sinusoidal modulation envelope is 2 = 0·85 volts, 

i.e., detection efficiency is 85%. 
8.2.3. Effect of the Coupling Impedance from Diode to 

A.F. Amplifier. 23 The audio output from the detector is trans
ferred to the A.F. amplifier through a capacitance-resistance coupling 
such as 0 2R 2 shown in Fig. 8.5. Capacitive coupling prevents 
application of the D.c. component across R 1 to the grid of the 
amplifier valve, which is biased separately to the optimum point. 
In addition there is generally a resistance-capacitance filter (R30 3 ) 

to prevent the passage of R.:F. voltages to the audio amplifier, 
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where they are likely to produce over-loading and perhaps instability. 
The capacitance of 0 3 is about equal to 0 1 , so that its effect may be 
neglected at audio frequencies, and R 3 is usually much less than R 1 • 

Ra 

Fm. 8.5.-A Diagram of Connections for the Coupling from a Diode Detector 
to an A.F. Amplifier. 

The actual value of Ra is to a large extent controlled by R 2, since 
it forms with R 2 a potentiometer which reduces the A.F. voltage 

across R 2 to R R 2R of that across R 1 • Generally it has a value of 
a+ s 

about~;. Adequate R.F. filtering is then obtained without appreci

able reduction of A.F. voltage, or frequency discrimination against 

'.DL 
E1 E2, 

~Aua'io Frequencg "--t--i Wave Shape 

I 

H +Ea 

Fm. 8.6.-Ideal ImEa Curves for a Diode Detector showing the Effect of the 
Coupling Resistance R, and Positive Bias. 

[OH = Positive Bias Voltage.] 

the higher audio frequencies by C 3 • The coupling reactance of 
0 2 must be small in comparison with R 2 at the lowest audio fre
quencies or frequency discrimination results. The resistances 
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R 2 and R 3 are thus in parallel with R 1 for all audio and radio 
frequencies. Referring to Fig. 8.6 (the ImEa curves are for con
venience considered as straight lines) for a modulated input voltage 
to the detector of 2 1[1 +M cos pt] cos wt, the n.c. operating point 
is at A, the point of intersection between OB and the voltage line 
2 1 , and the modulation envelope will travel up and down OB on 
either side of the point A as long as R 2 is infinite. As R 2 is decreased 
the locus of the modulation envelope changes to the line DF, where 

F/n'"a R 1R 2 W O £ 0 li O th t R 0 

cot = R R . e are assummg or s1mp city a 3 1s 
1+ 2 

included in R 2 • The first effect of R 2 is to reduce the audio voltage 
from the detector. The second effect, which is much more serious, 
occurs when the modulation trough falls below the carrier value 
corresponding to OD. The modulation envelope is cut off and the 
audio frequency wave shape is distorted as shown. The modulation 
ratio which can be accepted without distortion is thus limited by 
R 2 • If we assume the ImEa characteristic curves for a diode to be 
straight lines as in Fig. 8.6, the critical modulation ratio is given 

DG 
by oa· 
But 

and 

DG = DE1 +E1G 
= AE1 cot rf>+AE1 cot tp 

OG = OE1 +E1G 
= AE1 cot 0 +AE1 cot tp. 

From 8.1 and 8.2, the critical modulation ratio is 

M = DG = cot rf>+cot v, 
OG cot 0 + cot v, 

R1R2 +R 1 

= R1+R2 d 

R1 +R/ 

8.1 

8.2. 

8.3. 

It is important to note that Rd', the inverse of the slope of the 
diode ImEa characteristic curve, is the diode equivalent resistance 
to changes of voltage across R 1 and is not the diode conduction 
resistance Rd of Section 8.2.5. Its relationship to Rd is discussed 
in Sections 8.2.15 and 16. 

S. d t t· ffi. . OE1 cot 0 mce e ec 10n e ciency 1'/d = OG = 
cot 0 +cot tp 

8.4 



348 RADIO RECEIVER DESIGN [CHAPTER 8 

8.5a. 

It is clear from expression 8.5a that a high critical modulation 
ratio requires a high value of R 2 • A reduction of detection efficiency 
also leads to a higher critical modulation ratio. This is to be 
expected since lower detec~ion efficiency means either a reduced 
value for R 1 or increased value for Rd', i.e., a smaller angle '1/J, which 
brings a lower carrier voltage line to the point D on Fig. 8.6. An 
equivalent increase in R 2 can be realized by tapping down the 
detector n.c. resistance R 1 • Suppose R 2 is tapped across a part 
KR1(K < 1) only, the A.C. load resistance is 

(l _ K)Ri + KR1R 2 = Ri _ (KR1)
2 

KR1 +R2 KR1 +R2 
and from 8.3 the critical modulation ratio is 

R1 - (KR1)2 +Rd' 
M = KR1+R2 

R1+Rd' 
K2Rl 

= 1 - 'Y)dKR1+R2 

= 1 - 'Y/dK·( R1R2) 
Ri+K 

8.5b; 

Not only is R 2 equivalently increased to ;2, but the negative term 

is also reduced by the multiplying factor K. 
The critical modulation ratio may also be increased by applying 

a positive bias 29 to the anode of the diode. The carrier locus line 
takes up a new position such as HK where OH is the positive bias 
voltage. The critical modulation ratio may be increased to 1 for 
any given value of R 2 and carrier peak voltage E1 by a suitable 
choice of OH. Expression 8.5a is modified by the addition of 
positive bias to 

M' = t: = l - 'Y/d -(R
1
!RJ 

h ME2 OE1 R1 · HK · 111 t OB w ere 'Y/d = 
00

- = -
0
--
0

-- = since 1s para e o . 
R1+Rd' 
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The 

thus 

DETECTION 

carrier modulation ratio, which is not M', 
LG LG HG 

M = OG = HG"OG 

M = M'(.E 1;Eb) where Eb= OH 

M = [_E1 +Eb](1 _ 'Y/d( R1 )) 
.El R1+R2 
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is given by 

8.6. 

The critical modulation ratio is now dependent on the carrier 
peak voltage and the positive bias applied to the diode. When this 
critical modulation ratio is exceeded the n.c. current in the resistance 
R 1 is increased owing to the fact that the bottom of the audio 
frequency voltage wave is cut off, i.e., is itself being detected. 
Thus any change of n.c. current in the diode circuit of a receiver, 
when a programme is being received from a steady carrier voltage 
source such as a local station, indicates distortion of the audio 
frequency output voltage by the detector stage. 

There is a disadvantage to the use of positive bias due to the 
fact that the detector is generally supplied from a high impedance 
generator (a tuned circuit in the anode of a valve). A positively 
biased diode conducts in thJ absence of an input signal and so 
presents a low input resistance to the generator. This heavy 
damping is reduced as the input signal is increased, and the diode 
begins to function as a unidirectional device (see Section 8.2.6). 
Two effects are obtained ; the detector is insensitive to signal 
inputs less than a certain value (about 0·3 of the positive bias) and 
it also distorts the modulation envelope of the applied signal. 
Hence for really satisfactory operation the positive bias needs to 
be variable and directly controlled by the input signal (decreasing 
as the signal decreases and vice versa). 

In the above analysis we have assumed the diode 17nEa char
acteristic curves to be straight lines, but in Section 8.2.16 it is 
shown that a curved shape is obtained even for a diode with a 
linear IaEa characteristic. This curvature tends to give a higher 
critical modulation ratio than that given in expressions 8.5a, 
8.5b and 8.6. 

8.2.4. Damping of the Input Circuit due to the Diode 
Conduction Current. The conduction current of the diode con
stitutes a load which may considerably modify the sensitivity and 
selectivity characteristics of the input, when the latter contains a 
tuned circuit. The load effect may be estimated by averaging over 
the complete R.F. Pycle of the input voltage the resistance introduced 
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during the conduction period. In this way the equivalent damping 
resistance shunting the input can be calculated. 

Two cases will be considered ; in the first the diode will be 
assumed to have a linear IaEa characteristic given by Ia = KEa, 
and in the second the diode characteristic will be assumed to be 
parabolic and given by Ia = KE 2a. 

8.2.5. Equivalent Damping Resistance due to a Diode 
with Linear I0 E0 Characteristic. We shall assume that the 
IaEa curve (E1 = 0) is a straight line given by the relationship 

Ia=!;-

Where Rd = diode conduction resistance, i.e., the inverse of the 
slope of this characteristic. 

The diode conducts when the input voltage E1 cos wt, which for 
convenience may be re-written E1 cos 0, exceeds the voltage across 
the resistance R 1 (Fig. 8.7). 

The n.c. voltage (E1 } across the resistance-capacitance parallel 

8-

2-rr+ti tw 
FIG. 8.7.-The Voltage Wave Shape Across the Load Resistance R1 of a Diode 

Detector. 

combination will not in actual practice remain constant but will 
fluctuate in the manner shown by the lines AB and BO in Fig. 8.7. 
This fluctuation, if taken into account, considerably complicates the 
analysis and its effect may be neglected except when the detection 
efficiency is much lower than is normally encountered in practice. 
It will therefore be assumed that E 1 is a constant voltage. 

Mean Current Im, and the Rel,ationship between R1 , Rd, 'YJd. 20 

The expression for the mean current in the circuit is 

Im = -~f"' Ia d0 
2n -4> 

= __!_f"' (E1 cos 0 - E 1 )d0 
R 8.7 

2n -,f, d 

where E1 cos <p = E 1 , the voltage at which the diode conducts. 
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The limits of equation 8. 7 may conveniently be changed to <p and 
0 and the mean current then becomes 

Im_ ~J:(f1~()_os~ =_~1)dO 

= -~ {f 1 sin <p - E 1cp} 
nRd 

= ~{sin <p - E 1<1>} 
nRd el 

But cos <p = ; : = 'Y/d = detection efficiency 

thus sin <p = VI - 'Y/d 2 

and <p = cos- 1 'Yid· 

8.8. 

Replacing the expressions containing <p in 8.8 we get 

e .;---
Im= -R1 {v 1 - 'YJd 2 

- 'Y/d•cos- 1 'Y/d} 8.9. 
n d 

R1 _ 7C'YJd 

Rd - ( VI - 'Y/d 2 - 'YJd cos- 1 'Y/d) 

-_ .... 
/" 

/ 

V 

v"' ,,,,,,.,,, 

,,,/ 

/ 
I 5 70 50 700 

Load Resistance [R'] 
Diode Conduct/on Resistance Ra_ 

~ 
t:: 

0·8-~ 
-~ 
~ 

0·6 ...... 
c:: 

.<:> 
~ 

0-4~ 

~ 
0·2 

500 7000 

8.10. 

Frn. 8.8.-A Curve of Detection Efficiency against the Ratio of Load to Diode 
Conduction Res1Stance. 

Expression 8.10 shows the relationship between the detection 

efficiency and the ratio !: and it is plotted in Fig. 8.8 for various 

R1 
values of Rd. 
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Effective Input Resistance RE. 

The effective input resistance may be determined by equating 

the power absorbed in the circuit to:;:, where RE is the equivalent 

shunt resistance due to the diode conduction current. 
Power absorbed in diode load resistance R1 

8.11 

8.12. 

\ 
·~ 
I 

\ 
\ 

' "~~ ~~ 
~ ~ -

0·2 0·4 0·6 0·8 
Detection Efficiency(7/d) 

Fm. 8.9.-Curves of Damping Resistance Ratio a.gs.inst Detection Efficiency. 
(Full Line--Linear Characteristic. 

Dotted Line--Parabolic Characteristic.) 
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Inserting the value of Ra, from 8.10 in 8.12 

RE_ (Vl - 'f/a, 2 - '/'/a cos- 1 17a,] 
R1 - 17a,(cos- 1 17a, - 17a,Vl :_ 17a, 2) 

353 

8.13 

The ratio!: is plotted in Fig. 8.9 for different values of 'Y/a, and 

it can be noted that the equivalent resistance RE approaches ½R1 

as 'Y/a approaches unity. As 1Ja decreases RE increases and at 
'/'/a = 0·55, RE is equal to R 1 • 

It is not usual for the diode to conduct exactly at Ea = 0, and 
in the more general case conduction starts when Ea is either positive 
or negative. In directly heated filament valves Ea is most often 
positive, whereas for indirectly heated mains valves with equi
potential cathodes Ea is usually negative. The two conditions are 
more easily considered separately. Let us take first the case of 
the mains valve with current starting at - E 0 • 

8.2.6. Equivalent Damping Resistance for Conduction 
Current Beginning at a Negative Anode Voltage. The char
acteristic curve is given by line AB in Fig. 8.10, and the laEa 
relationship by 

la= (Ea+Eo) 
Ra, 

where -E O is the voltage at which current starts. The expression 
E O thus represents a numerical and not an algebraic value. 
Th6 expression for mean current becomes : 

I f' Im = -R (21 cos 0 - E1 +Eo) d0 
7t d, 0 

8.14a 

= ~[sin <p _ E1 - Eo<p] 
nRa, 2 1 

8.14b 

where E 1 = D.c. mean voltage developed across R1 • 

The signal voltage must exceed a certain value before detection 
can take place, since the diode conduction current must be cut off 
at some part of the cycle. Even though no detection takes place 
there is still a mean current flowing round the diode circuit due to 
the negative start of current. Its value, assuming the input circuit 

to have no resistance, will be R EoR , and cp in expression 8.14b 
1+ d 

will be n 

thus I,,, = R1!
0

Ra, = n~i - E_(__2~ -~
0)n 

E 0-Ei' 
Ra, 
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where Ei' = voltage across the load resistance R 1 for no detection, 

h E , _ EoR1 I 
t us "1 - R1 +Rd . 8. 5. 

The value of £ 1 which just fails to produce detection may be found 
by making the mean current (8.14a) due to detection equal to 0 

or Ei' cos 0 - E i' + E O = o 
E'-E 

but cos 0 = 1 0 = - I 
Ii' 

when 0 = n (the condition for no detection). 
• ~ I E E I E E 0R1 
•• .l!i1= o- i= o-Ri+Rd 

EoRd -
R1+R/ 

That this is the voltage required to start detection may be seen 
from Fig. 8.10. AB is the IaEa characteristic curve for the diode 
and AG the n.c. line for the diode resistance Rd and R1 • The 

Ia. 

- Ea. A + 
Fm. 8.10.-Operating Conditions for a Diode with Negative Start of Conduction 

Current. 
(Full Line-Linear Conduction Characteristic. 
Dotted Line-Parabolic Conduction Characteristic.) 

reactance of the capacitance C1 at radio frequencies is assumed to 
be negligible compared with Rd. Hence the only impedance to 
R.F. voltages in the circuit is the diode resistance Rd. The locus 
line for small variations of R.F. voltages is the line FE, which is 
parallel to AB and passes through D, the n.c. operating point. 

/'-. 

The current represented by OD is OA tan DAO which equals 
Eo 

R R , so that the voltage OF is 1+ d 
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which confirms that no detection occurs until the input peak voltage 

cl exceeds REoR; ' since only then can the input voltage take the 
1+ d 

diode into cut-off. 
When the input voltage exceeds this critical value, detection 

takes place and the mean current is given by exvression 8.14b. 
We may note that 

8.IGa 

and 8.16b. 

Replacing Ei' by R_EoRR1 and combining expressions 8.16a and 8.16b. 
1+ d 

where 

cos ef, = 'fja - __ }jJ_oRa _ = 'Y/d - A 
(R1 +Ra)C1 

A_ EoRd 
- (R1 +Ra)C1' 

We may now re-write 8.14b as follows : 

Im = n~d[ vC--=- (rJ~ - A) 2 - (1/a - A) cos- 1 (1Ja- A)] 

_ El 
- R1· 

From which 

. 8.17a . 

. 8.17b. 

Detection efficiency is plotted against t in Fig. 8.1 la ( curve 1) 

for Ra = 5,000.Q and R 1 = I M.Q; - E 0 = - I volt. 
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The equivalent resistance RE can be found by the same method 
as that used in Section 8.2.5, and is given by 

R _ nRa 
E-

cos-l (rJa - A) - (rJd - A)vl - (rJd - A) 2 

replacing Rd by the value derived from 8.17a. 

RE_ [vl - (rJd - A) 2 
- (rJd - A) cos- 1 (rJa - A)] 

Ri - ('1Jd+A_;:1)[cos- 1 (rJd-A)-('1)d-A)vl-(rJa-A)2] 

except where rJa is small, this reduces to 

RE Vl - '1Jd 2 
- '1Jd cos- 1 '1Jd 

R1 - [ EoR1 ][ 1 .1--· 
rJd+ £ cos- rJa - 'f)dV 1 - '1Ja 2

] 
1(R1 +Ra) 

1 -... - 3 - i- ----
,,,/' .... - /' 

,,. 
.--

2 / ,,,. 
v- / 

~ / 

/ 

/ 
I 

I 

I 
I 

I 

0-5 I 5 10 ,. 
Ratio: Input Peak /lo/tag!_ [.iJ.] 

Yoltage For f• 0 .E0 

(J-1 50 

1 

Fm. 8.lla.-Curves of Detection Efficiency against Voltage Ratio !1 • 
0 

Curve 1. - E, = - 1. Linear Characteristic. 
Curve 2. + E • = + 1. Linear Characteristic. 
Curve 3. - E O = - 1. Parabolic Characteristic. 

(R1 = IMO. Rd = 5,0000.) 

8.18 

It may be noted that when no detection takes place '1Jd = 0; 

£/ < EoRd , A= I, and RE= Ra. 
=R1+Ra 
The value of RE for Rd = 5,000.Q, R 1 = I M.Q, and - E 0 = - I 

is plotted for various ratios of!: as curve I in Fig. 8.llb. The 

variation of effective resistance with signal voltage is quite marked 
for £ 1 < 10 E 0 • ·when £ 1 = 0·005 volt the effective resistance is 
very low indeed and almost equal to the diode resistance Rd. This 
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undesirable feature can be eliminated by neutralizing the negative 
start of current with negative bias to the diode anode of - E O volts. 
It should be noted that positive bias applied to a diode with con
duction current starting at zero voltage has the same effect as 
current starting at a negative anode voltage. 

/;::v 

3 

--- - -- / 

,1 
/ 

,z 
I 
I 
\ 
\ 

~~ 

' 
-

0·01 t 
~ 

0·004 .~ 
:i 
~ 

0·001 
·001 ·004 ·01 ·04 I ·4 I 4 .10 40 100 

Ratio: Input Peal< lloltage [&] 
Voltage f"or I=O J:,0 

Fm. 8.llb.-Curves of Equivalent Damping Resistance against Voltage Ratio:•. 
0 

Curve I. - E, = - I. Linear Characteristic. 
Curve 2. + E O = + 1. Linear Characteristic. 
Curve 3. - E, = - I. Parabolic Characteristic. 

(R, = 1 Mn. Rd = 5,000n.) 

8.2.7. Conduction Current Beginning at a Positive Anode 
Voltage. The equation to the characteristic curve is 

la= (Ea - Eo) 
Rd 

where +E O is the positive voltage at which current starts. 

By applying the procedure given above 

Im = el [sin <p _ E1 +Eo'P] 
nRd el 
E +E 

COS<p= 1 o 
21 
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Thus 

I £ 1 [✓ ( Eo)-
2 

( E 0
) ( E 0

)] 1n = nRa 1- r1a+-g-
1 

- 11a+1~ cos- 1 1/d+ £
1 

8.19 

E1 
= R1. 

R1
_ =====~n~ 

Rd - [J 1-( 1/d+ ;:r-(~d+ ;:) cos-1 ( 1/d+ ;:)J 
In a similar manner 

R"~ [J,-( n,+U-( n,+~;) =-+,+~)JR, 
ria[ cos-

1 
( ria+ ;:)-( 1/d+l:)J 1-( 1/d+ ;:) 2J 

8.20. 

The variation of 1/d and RE with!: for Rd= 5,000Q, R1 = 1 MQ, 

E 0 = +1 is shown in Curve 2, Figs. 8.lla and 8.llb, respectively. 
RE rises rapidly to infinity when £ 1 approaches E 0 and detection 
efficiency falls to zero. The condition of positive start of current 
is thus much less desirable than negative start. A very much 
larger input voltage is required to begin detection, and the maximum 
modulation percentage which may be accepted is less, because the 
trough of the modulation envelope £ 1 (1 - M) must not fall below 
E 0 , whereas for a negative value of E O the minimum value of 

£1(1 - M) is ttid· This undesirable feature may be eliminated 

by the addition of a positive biasing voltage equal to E O in series 
with the diode, which then operates as if current starts at zero 
anode voltage. 

It is interesting to note that this explains why with small signal 
voltages improved detection is generally obtained by returning the 
grid leak of a battery valve acting as a cumulative grid detector 
to the positive lead of the filament. This is equivalent to supplying 
the grid, which is acting as the anode of a diode, with positive bias, 
and removing the start of grid current from a positive to a negative 
value of E 0 • 

8.2.8. Equivalent Damping Resistance due to a Diode 
with a Parabolic I0 E0 Characteristic Curve. It is not usual 
to find that the laEa characteristic curve of a diode is linear for all 
values of Ea and the relationship is more nearly represented by 
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Ia = KEa 2 for small signal voltages, approaching Ia = KEa for 
large signals. We will therefore examine the effect of a parabolic 
characteristic on the equivalent damping resistance RE. 

Let us assume that the current-voltage relationship is given by : 
EB 

la=-a 
Rd 

where Rd is the inverse of the slope of the IaEa characteristic at 
Ea= I volt. 

but 

The mean current is 

Im = RI J\B1 COS 0 - E 1)2 d0 
7l d 0 

= E12 
[(i+2E12

)cf,+sin2cf, _ 4E1sincf,] 
27tRd E1 2 2 B1 

,,_ E1 
COS 'I' = • 

1 

= 'Y/d• 

£2 _,---
Im= -R1 [{1+2'f/d 2)cos- 1 'Y/d - 3'Y/dvl -ni]. 8.21 

27€ d 

_El 
- R1° 

R1 - 27t'YJd -- . 8.22. 
Rd B1[(1+2'f/d2) cos- 1 'Y/d - 3'YJd'Vl - 'f/d2] 

Power absorbed= - 1 =- B1 cos Ola d0 B s IJ"' 
2RE 7l 0 

= ~ ["'B1 cos 0 (E1 cos 0 - E 1)2 d0 
7t] 0 Rd 

_ £ 1
3

[ • ,,_(3+E1
2

\ , sin 3cf, E 1,,_ E 1 sin 2cf,] 
- 7tRd sm..,, 4 lf;_2)'~ - st - Bl -2-

8.23. 

8.24. 
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The ratio !: is plotted in Fig. 8.9 against detection efficiency 

and the curve is almost identical with the one obtained for the 

linear diode. Both approach !: = ½ as 'Y/a is increased to 1, but 

for low values of 'f/a a lower value of!~ is obtained for the parabolic 

diode. 
8.2.9. Conduction Current Beginning at a Negative Anode 

Voltage. Negative start of current has a slightly different effect 
from that obtained for the linear diode on account of the detection 
properties of the square law IaEa relationship. Cut-off of current 
is not an essential as it is in the linear case. This is explained 
more fully in Section 8.4.1. 

The equation for the characteristic curve is 

la= (Ea+Eo) 1 

Ra· 
where - E O is the voltage at which current flow begins. When 
Ea = 0, the voltage across the diode is the difference between 
E O and the voltage across R1 so that the current flowing in the 
circuit is 

or 

Solving for I O we get for the minimum root (the maximum root 

gives a value for I O greater than !: which is impossible) 

l+ 2EoR1 _ Ji+ 4E 0R1 
lo=-~ Ra Ra 

2R12 

~ 
Generally Ra ~ R 1 , so that 

lo=Eo[1 -JRaJ 
R1 EoR1 

. 8.25a. 

The voltage across R 1 for zero input volts 

. 8.25b. 
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The mean current Im = n~J)E1 cos 0 - (E1 - E 0)]2 d0 

= E1
2
[(!+(E1 - E 0)

2
)cfo+sin 2cp _ 2(E1 - E 0) sin cp] 

nRd 2 £ 1
2 4 £ 1 

E -E cos cp = l O 

21 
E 1 -Ei' 

1'/d=-~
£1 

where Ei' is the voltage across R 1 with £1 = 0. 

E1 -E0(1 -J Rd) ✓--E0R1 _ E1 - Eo _!_ EoRd 
thus 1/d = ---'----="------'---- - E +-f.'I - · 

El 1 JJ.,l R1 

If we assume -- E 0 = - 1, Rd= 5,000.Q and R 1 = 1 M.Q 

then 1/a ='.= Ei Bi Eo except when E 1 is comparable with E 0 • 

Thus cos cp ='.= 1/d 

and Im='.= !)<½+1'/d2
) cos-117d - ~1/dVl -17d2] 

It may also be shown that 

R1[(1 + 217a2) cos- 1 17d - 317a V 1 - 1Jd2] 

RE='.= 4[ 1/d+ ;:] [ ( 17;2 +;) vr=-17d2 
- 217d cos- 1 11d]. 

8.26 

8.27. 

8.28. 

Detection efficiency and RE are plotted as curve 3 in Fig. 8. lla 
and 8.llb for - E 0 = - 1, Rd= 5,000.Q, R 1 = 1 M.Q for various 

values of!:- As £ 1 is reduced to zero RE approaches a limiting 

value, which is the A.C. resistance of the diode at Ea = 0. This 
limiting value may be found by reference to Fig. 8.10. If AB' is 
the original laEa characteristic curve of the diode where OA = E 0 , 

the n.c. characteristic, which includes the effect of R1, is represented 
by a curve such as AG' intersecting the la axis at D'. The A.c. 
characteristic curve is represented by F' E', which is parallel to 
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AB'. The effective resistance of the diode when E 1 = 0 is the 
inverse of the slope of curve F' E' at the point D'. 

We have already found in 8.25a the value of the current repre
sented by OD'; it is 

I0 ~!:[1 -✓ E~Jl;J 
The equation to curve F' E' is 

I _ (Ea+Ea) 2 

a Rd 

where - E 3 =OF'= VI 0Rd. (Note Ia= 10 • when Ea= 0.) 

dEa Rd 
RE - dla - 2(Ea+Ea)' 

at Ea= 0 

8.29 

when Rd~R1 • 

In our particular example 

RE ~ !J5,000 X 10s = 35,300.Q. 
2 1 

From curve 3, Fig. 8.llb, it may be noted that RE for the 
parabolic diode is higher for small values of Ei, but for large values 
of E 1 there is little difference between it and the linear diode. 
The detection efficiency is less in the parabolic case ( curve 3 in 
Fig. 8 lla}, except for very small signal voltages, when it is superior 
to the hnear diode (curve 1) because, due to curvature of the 
characteristic, there is always some detect~on F0r the lmear diode 

detection ceases when E 1 < R__!i oRR<!:_ • An added advantage of the 
1+ d 

square law diode is that there is much less damping of the input 
tuned circuit for small signal voltages. RE, in the particular 
example given, is 35,300 .Q as compared with 5,000.Q for the linear 
diode. 
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The parabolic diode with positive start of current will not be 
detailed here as the results follow very similar lines to those obtained 
for the linear diode under such conditions. For example, no 
detection occurs until the signal voltage exceeds the voltage E O at 
which current starts. 

8.2.10. Diode Detector Damping and the Preceding R.F. 
Amplifier Stage. 27 , 28 , 30 \Ve have seen from preceding sections 
that a diode detector reflects a resistance load into the input tuned 
circuit, causing damping with loss of amplification and selectivity. 
The equivalent load due to the diode for normal detection efficiencies 

is ~ 1
, but we must note that this applies only to the carrier frequency. 

In Section 8.2.3 it is shown that when the carrier is modulated the 
coupling resistance to the first A.F. amplifier must be taken into 
account, and the load reflected on to the tuned circuit for the 
modulated signal is approximately one-half the A.c. load resistance 

of the diode, i.e., ~(R~f ;J if R 2 is tapped across the full resistance 

R1 • This means that the amplification for the modulation envelope 
is less than for the carrier, or, in other words, there is a reduction 
of the modulation ratio from input to output. If the modulation 
ratio at the grid of the R.F. tetrode valve supplying the detector is 
M, gm and Ra, the mutual conductance and slope resistance of the 
valve, and RD the dynamic resistance of the anode tuned circuit, 
the amplification at the carrier voltage is 

(/m/(~a +;n +~) 
and for the modulation envelope 

gm/[_!_+_!_+ 2(R1 +R2)] 
Ra Rn R1R2 

so that the modulation ratio at the detector is reduced to 

M.(i+i+¾) 
__!_ +_!_ + 2(R1 +R2)' 

Ra Rn R 1R 2 

8.2.11. Effect of the Capacitance in Shunt with the Load 
Resistance. In the above calculations we have assumed that the 
reactance of the shunt capacitance C 1 at the carrier frequency is 
small in comparison with the diode resistance Rd. When this is 
not true detection efficiency is reduced and the effective resistance 
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RE increased. We will consider first the case with no shunt capaci
tance and then proceed to a development showing the effect of the 
capacitance. 

8.2.12. Detection Efficiency and Effective Resistance for 

a Linear Diode with no Shunt Capacitance. If la=!: is 

the equation to the diode characteristic curve, the equation to the 
curve representing the circuit conditions including the load resistance 

R . I Ea 
1 IS a= R1+Rd" 

The mean current is given by 

Im = !Ji el cos 0 d0, 
n 0 R 1+Rd 

the limits are from i to 0, because there is no capacitance to maintain 

the voltage across R 1 and half-wave detection results. 

i.,, = el - E1 
n(Rd+R1) R1 

thus E1 R1 
el = rJd = n(Rd+R1) 

8.30. 

Power absorbed 
" = !J2 ~ i 2 cos_2_0 d0 

n O R 1+Rd 

1£12~ 
4 - 212 

n_(_R_
1
_+_R_d) - 2RE 

RE= 2(R1 +Rd) 8.31. 

Thus when 0 1 = 0 and R,z ~ R 1 , detection efficiency approaches 

! and RE approaches 2R1 • The latter result is to be experted since 
n 
the diode conducts for exactly half a cycle, and during conduction 
the load resistance is very nearly R 1 • 

8.2.13. Effect of Shunt Capacitance on Detection Efficiency. 
When the reactance of 0 1 cannot be neglected, as may be the case 
for a low radio frequency (110 kc/s) the curves in Fig. 8.4b will not 
give the true performance of the detector. An estimate of its 
behiwiour may be made by obtaining a mean detection voltage
carrier peak voltage curve as described at the end of Section 8.2.2. 

We will now turn to a theoretical examination of the effect of 
varying 0 1 • 
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In Fig. 8.7 is shown the shape of the voltage wave across the 
load resistance R1 • The interval during one cycle of the input 
wave, which will be assumed unmodulated, is divided into a charge 
and discharge period. The former starts at some time instant t1 

when the input voltage exceeds that across R 1 , and ceases at t2 • 

If stable conditions prevail, charge will commence again at a time 

instant t3 = 2
n +t1 when the frequency of the input wave is f = 

2
w. 

w n 

Current and Voltage Relationships during Charge. 

E1 cos wt = Ei' +iRd 

1 
• f i2 dt 

E1 =i1R1=-
C1 

8.32 

8.33 

8.34 

where i, i 1 and i2 are the instantaneous currents through diode, 
R 1 and 0 1 respectively (Fig. 8.2) and Ei' is the instantaneous 
voltage across R 1 and 0 1 (Fig. 8.7). 

From 8.33 and 8.34 

Thus 

The 

where 

and 

i = Ei' +C1dEi'_ 
R1 dt 

E1 coswt = Ei' [i+Rd]+dEi' 
C1Rd C1Rd R1 dt 

particular solution is 

E 1/ = Kll1 cos (wt - </,) 

</, = tan-1 wC1 
_!_+_!_ 
R1 Rd 

K = l = cos</, 

Rd✓ w2c12+(~1 + ;J 2 
( l + !:) 

. E I Ei' cos </, ( ,I.) 
. . lp = [ l + !:] cos wt - 'f' • 

The complementary solution is 

8.35. 
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The complete solution is 

E,' -r •~o[cos (wt - f)+K,,-,::,]. 
1+~ 

R 

. 8.36a. 

If diode conduction begins at some time instant ti, the value 
of K 2 may be found by repla,cing Ei' by B1 cos wt1 in 8.36a 

thus K 2 = {( l +;a) }e t:~ ,f, 

cos; cos wt1 - cos (wt1 - <p) • 

Hence E' - B1 cos 'P{ 1 

- ( 1 + !:) cos ( wt - <p) 

[(
l + Ra) ] -o,(t-t,)} + R1 cos wt1 - cos ( wt1 - <p) e tan ,/, • 
cos 'P 

Current and Voltage Relationships During Discharge. 

- Ji2 dt 
Ei' = --- = R1i1 

01 

where 

The solution to this is 
-t 

E/ = K 3eR.C,. 

8.36b. 

If diode conduction ceases at a time instant t 2 , then replacing 
Ei' by B1 cos wt, gives 

8.37. 

Steady State Conditions. 
In the steady state condition the voltage at the end of discharge 

is equal to that at the beginning of charge, and vice versa. 
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By replacing t in equation 8.36b by t2 , in equation 8.37 by 
2
n +t1 and noting from Fig. 8.7 that Ei' is 2 1 cos wt2 and 

w 
.E1 cos (wt1 +2n) respectively, we obtain two simultaneous equations 
involving t2 and ti, 

thus eos wt, ~ ( eos j { ( t ,1.) d) COS W2 -.,, 1+
R1 

[
( 1 + !d) ] -w(l,-1,)} 

+ cos; cos wt1 - cos (wt1 - cf,) e ~ 

-(t,+~-t,) 
and cos {wt1 +2n) = cos wt2e R,c, 

It is easier to deal with angles than time so we will replace 
wt 2 by cx2 and wt 1 by IX1, and rearrange these two equations into the 
following forms 

{(l+ !d) } a, 
---1- COS IX1 - COS {1X1 - cf,) etan ,f, 

cos cf, 

{(l+!d) } a, 
= 1 coscx 2 -cos{cx2 -cf,) e1an,J, 

cos cf, 
2n+cx1 a 1 

COS 1X 1ewC,R, = COS 1X2ewC,R, 

8.38a 

8.38b. 

The direct solution of 8.38a and 8.38b is not possible and the 
best method (suggested by Marique from whose paper 24 this 
analysis is taken) is by plotting the function 

for 

y ~ {[:~'.] eos. - eos (• - f)},'•:• 
IX from - ~ to ~ 

2 2 
and the function 

and 

2n+a n 
z = cos ex ewR,C, for IX from - - to 0 

2 
a n 

Z = COS IX ewR,C, for IX from O to 2° 
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Representative curves of y and z are shown in Fig. 8.12 between 
n n . . . _,._ n 

- - and - · y has a positive value of sm .J. e: -2 tan 4> at - - and a 2 2' ~- 2 

negative value of - sin cf,.e: 2 t:n 4> at + i whilst z is zero at both 

these angular values. The two values of IX satisfying equations 8.38a 
and 8.38b for a particular value of y or z can be obtained by drawing 
lines parallel to the "IX" axis and reading on that axis the intercepts 

with the y and z curves. The intercept between - i and O gives !X1 

and that between O and i, gives !X 2• Two curves may be plotted 

of IX 1 against !X 2 (one for y, and one for z) obtained from the repre
sentative curves, and the point of intersection of these two curves 

- :rr 
2 

7r 
2 

Fm. 8.12.-Typical Curves for the Charge and Discharge Functions. 

for y and z gives the value of !X1 and oc 2 satisfying the functions 
y and z simultaneously. Using these values of oc1 and oc 2 and 
assuming the mean rectified voltage E 1 for the discharge period to 
be the same as for the charge period, we may calculate from 8.37 
the value of this mean voltage. This assumption removes the 
necessity for calculating E 1 over the charge period by means of the 
more complicated expression 8.36b. 

E 1 = ----- E/doc 1 J"'1 +2n 
2n+oc1 - ota "'• 

= ----- e ruC,R, doc £ 1 COS ota J"'•+ 2" -(o,-o,,) 

2n+oc1 - ota °" 

= ------ - e wC,R, 
wC1RJl1 cos /Xa[ -<o:-!'!)]"''+211 

(2n+IX1 - ota} "'• 

= 1 1 I 2 1 - e wC,R, 
wC R l£ cos IX ( -(2n+<X,-<X,)) 

2n+oc1 - 1X2 
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but detection efficiency 

R1 COS IX2 [ -(2,i+cc,-cc,)] = --.----- 1 - e we,R, . 
Xe, 2n +oc1 - <X2 

8.39 

where Xe, is the R.F. reactance of 0 1 • 

The relationship between 'YJd and : 1 is shown in Fig. 8.13a for 
e, 

different values of !: and it will be noted that in each case there 

is a value of :_1 which, if exceeded, gives little improvement in 
e, 

/ 
i.------ ~R, :/000 

Rd ; _ ...... 
100 

~ 
1/ 20 

...... --- ...... 
~ 

,; 

R 
~=5 

,,,,, .... 
,; 

5 10 50 100 500 
Ratio: Load Res/stance f .Rz] 

Shunt Capaci'tance Reactance LX"ci 

1·0 

0·9 
~ 
t:: 

0-B-~ 
·"' ~ 
(i.; 

0-7~ 
~ 

0·6 ~ 

0·5 

0·4 
1000 

.... 
~ 

Fm. 8.13a.-Curves of Detection Efficiency against the Ratio of Load Resistance 
to Shunt Capacitance Reactance for Different Values of Load to Conduction 
Resistance. 

detection efficiency. The curves are asymptotic to a value of 'YJd, 

which is that given in Fig. 8.8 for the particular value of!:- The 

limiting value of : 1 is plotted in Fig. 8.13b against RR1
, and if we 

e, d 

take our previous case of R 1 = I M.Q and Rd = 5,000.Q, a value 
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of Ri = 80 is obtained. The shunt capacitance has therefore little 
Xe, 

effect on 1/a provided the following relationship is satisfied : 

or 

X R1 
c, ;J> 80 

C 80 x 106 F 
1 -t: R

1 
x 2nfµ 

12·72 X 106 

<t:: fR1 µF 

12·72 
<t:: f(Mc/s).Ri(MlJ) µµF. 

If f = 1,000 kc/s, and R 1 = 1 M.Q, C1 <I:: 12·72 µµF, whilst for 
f = 100 kc/s, C1 <I:: 127·2 µµF. 

In any practical case the value of C 1 is unlikely to be less than 

'-'""~ 

-~...-
V 

/ 
; 

/ 

5 10 50 TOO 500 
Ratio: Load (?esista_nce [.&l 

Conduction Resistance Raj 
Fm. 8.13b.-A Curve of Loa.cl Resistance to Shunt Capacitance Reactance 

Ratio against Loa.cl Resistance to Conduction Resistance Ratio for 
Maximum Detection Efficiency. 

0·0001 µF, so that we were justified in ignoring the effect of the 
shunt capacitance when calculating the equivalent damping 
resistance of the diode. 

The above calculation suggests a minimum value for the capaci
tance C1 , and we must next consider its limiting value since too 
large a value can produce amplitude distortion (due to non-tracking) 
of the detected audio frequency wave shape. 

8.2.14. Amplitude Distortion due to a Large Value of 
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Shunt Capacitance. Amplitude distortion 8 , 17 has already been 
indicated in Fig. 8.3 and it is shown to be due to failure of 
the voltage across the capacitance to fall to a value below the 
succeeding carrier peak voltage. This effect only occurs as the 
modulation envelope is decreasing, and is worst at the point where 
the rate of change of the modulation envelope is greatest. Thus 
the rate of discharge of C\R1 must not be less than the maximum 
rate of change of the modulation envelope. If we assume a 
modulated input signal of E 1{l +M cos pt) cos wt, the rate of 
change of the modulation envelope is 

~~ = - E 1Mp sin pt 8.40 

d 2E 
this is a maximum when dt 2 = 0 

i.e., - R1Mp 8 cos pt = o 
:,r; :,r; 

this gives cos pt= 0, and t = - or -(n+½). 
2p p 

Th 1 . an 7:,r; . d . "bl b h e so utions t = 
2
P, 

2
P, etc., are ma m1Ss1 e ecause t e 

modulation envelope is rising, so that the required solutions are 
:,r; 5:,r; 

t=- - etc 2p' 2p' . 

The maximum rate of change of the modulation envelope is 
-R1Mp. 

The discharge equation for C 1R 1 is 
t 

Ee,= Eoe-R,c, 

the rate of discharge 
dE

0 
E

0 
__ t__ Ee 

- = - --8 R,C, = ---' 
dt R1C1 R1C1 

8.41. 

At the time t = 
2
;; cos pt= 0, Ee,= E 1 • 

Hence . 8.42a 

and noting that Xe = _CI , the reactance of C1 at audio frequencies, 
' p 1 

expression 8.42a becomes 15 

. 8.42b. 

Thus if amplitude distortion is to be avoided the ratio of the 
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reactance of 0 1 at audio frequencies to the resistance R 1 must not 
be less than M, the modulation ratio. 

Taking 5,000 c.p.s. as the maximum audio frequency that needs 
consideration (harmonics of frequencies higher than this are abovP. 
10,000 c.p.s. and are therefore unlikely to be troublesome), we have 
for R 1 = 1 M.Q and M = I, a value of 

1012 
0 1 = R µµF 

2n X 5,000 X 1 

= 31·9 µµF 

which must not be exceeded if distortion is to be prevented at full 
modulation. 

The usual practical value of 0 1 is 0·0001 µF, so that the maximum 
acceptable modulation ratio is limited to 0·319 at 5,000 c.p.s. if 
distortion is to be avoided. The transmitted modulation ratio for 
the high audio frequency components is generally low and is normally 
much less than 0·319. 

It is interesting to note that for a given ratio ~:• the maximum 

modulation ratio may be increased by applying positive bias 19 to 
the anode of the diode. 

In the absence of a signal voltage there is a voltage across C 1 of 
very nearly Eb(R1 • Ra), and if we assume r;d = 1 the voltage rises 
to ft 1 +Eb when a signal ft 1 cos wt is applied. The rate of discharge 
of 0 1 thus becomes 

dEc1 _ - (B1 +Eb) 
-~Ti- - ·~-Jl~ 

The conditions for no amplitude distortion are 

ft1±__Eb Xe, 2 M 
Bl • R1 - • 

. 8.42c. 

8.2.15. Frequency Distortion due to the Shunt Capacitance. 
The capacitance O 1 can produce frequency distortion in addition 
to amplitude distortion if its value is increased unduly. 

We have already noted in expression 8.8 that the mean current 
through the diode for an unmodulated carrier ft 1 cos wt is 

Im= !Jsin ~ -f ~} 
but smce E 1 = I,nRi 

Im= R
1
-[ft1 sin~ - ImR1~] 

n d 

or I = lt0_~j_ 
m nRd+R1~ 

8..!3. 
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If a modulated carrier E1(l+M cos pt) cos wt is applied to the 
diode, substitution of E1(l +M cos pt) in 8.43 leads to 

Im = E1(l +M cos pt) sin ef>_ 

nRd+R1<p 

Since, however, the load resistance RI is shunted by the capaci-
tance Ci, the expression for Im is more correctly given by 

I EI sin <p + EI sin <p M t 
m = ~--- ---~ COS p . 

nRd+RI<p nRd+ZI<p 

The first part is the n.c. term produced by the carrier and the 
second is the A.C. term due to the modulation frequency. In this 
term RI is replaced by the impedance Zi, which is the parallel 

impedance of CI and RI at the modulation frequency Cpc iI + 
1
). 

The audio frequency voltage across the load resistance is 

EI sin <p 
EAF = ImZI = R Z ,I..M COS pt.ZI 

7l d+ I'/' 

E1 sin cp.M cos pt Z 1 

= <p "nRd+Z1 
<p 

8.44. 

The above expression 8.44 can be represented by a generator 

h . h h . . l f EIM sin cp . 1 w 1c as an open c1rcmt vo tage o <p cos pt, an mterna 

resistance n:d and an external load impedance Z 1 • The internal 

resistance n:d is the equivalent resistance of the diode at audio 

frequencies. It is Rd' of Section 8.2.3 and the inverse slope of the 
ImEa characteristic curves in Fig. 8.4b. 

Two points of interest arise: (1) the resistance Ra' is dependent 
on detection efficiency for from Section 8.2.5. <p equals cos- 1 l/d· 
Expression 8.10 shows that 'f/d is controlled by Rd and Ri, so that 
Rd' itself must be dependent on Rd and R 1 • The actual relationship 
is discussed in the next section ; (2) the reciprocal of the resistance 
Ra' may be obtained by partial differentiation of 8.8 with respect 
to E 1 , thus 

dim <p 1 
dE1 = nRa - Rd'' 

Since the resistance Ra' is dependent on R1 , increasing as R 1 

increases, the latter has a twofold effect on the frequency response 
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curve of the audio frequency output voltage from the detector. 
Increase of R 1 magnifies the influence of the capacitance C 1 and also 
increases Rd', and both effects tend to produce loss of high audio 
frequencies. 

If Rd= 5,000.Q, R1 = I M.Q, cl = 0·0001 µF, Fig. 8.8 gives 
rJd = 0·93, and the audio output voltage is 

E _ KZ1 KR1 
..4.F - Rd'+Z, - Rd'(I+jpO1R1)+R1 

KR1 

But R , _ Rd'JT, = 5,000'J'& 
d - cos- 1 'YJd 0·3763 

= 41,700.Q. 

The reduction in voltage at 10,000 c.p.s. as compared with 
50 c.p.s. is 

E10,ooo ...,.._ Ri" Rd' +R1 

~- v(Rd'+R1)2+(Pc1R1Rd') 2 • R1 

...,.._ 1 ...,.._ 1 

JI +(pO~R1R/)2 VI +(0·2525)2 
Rd +R1 

= 0·969 or - 0·28 db. 

The loss of high-frequency response for the component values 
chosen is negligible. Should, however, the value of 0 1 or the 
conduction resistance Rd of the diode be increased, the loss may 
become important. For example, suppose 0 1 = 0·0005 µF, then 

E10,ooo ..,.._ 1 
E°;;- - Vl +(5 X 0·2525) 2 

1 
= Vl+l·59 = 0·621 

= - 4.12 dbs. 

or if Rd= 25,000.Q, R 1 = 1 M.Q and 0 1 = 0·0001 µF. Fig. 8.8 
gives rJd = 0·84 

R ' = 25,000'J'& = 136 800.Q 
d 0·574 ' 

E10,ooo - l = 0·797 = - 1·96 dbs. 
E;;- - Vl +(0,756)1 
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Increase of capacitance C 1 has therefore a greater effect than the 
same ratio increase in Rd. Decrease of R 1 reduces the high-frequency 
loss for given values of 0 1 and Rd. 

8.2.16. The l,..Ea Characteristic Curves9 for a Linear 
Diode Conducting at Ea = O. The mean current expression 8.8 
may be written 

for 

Im = ER1 [sin r/> - cf, cos cf,] 
n d 

E1 ,1.. El= cos..,,. 

Im= ER1f(cf,). 
11: d 

8.45 

The function f(cf,) is plotted in Fig. 8.14a between cf, = 0 and 
4 radians. To obtain a particular ImEa characteristic curve it is 

,,. --V ' \ 
3 

I \ 
V 1 

J 

I 
J 

v / 

0 1 2 3 
Angle (¢,)Radians 

FIG. 8.14a.-The Curve of J(,f,) against ,f,. 

only necessary to replace E 1 in 8.45 by the required peak value and 

to note that ;: = E~a = cos cf,. For example, if Rd = 5,000D, 

E 1 = 1 volt and Ea= - 0·5 volts, cos cf, = 0·5 or cf, = i, which 

gives a value off(cf,) = 0·35 and Im= 0·022 mA. If this is repeated 
for values of Ea from - 1 to +l the ImEa curve for E1 = 1 volt is 
obtained. When Ea exceeds + E1 each curve merges into the diode 
conduction curve bec .. mse the diode current is not taken to cut-off 
and no detection occurs. In Fig. 8.14b ImEa curves are shown 
for E1 = 1 to 5 volts and Rd= 5,000 ohms. If a load line OB, 
corresponding to any particular value- of Ri, is drawn across these 
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curves, 1t will be noted that I"' at the intersections is proportional 

to ~ 1 • Since / 111 = fjf </>) it follows that f(</>) must be constant, 

~--~-........ --,--•/--.----,-----,--,----. 

-5 

Ia and Im. 
mA 

-7 0 +! +2 +3 +4 +5 
£a(Volts) 

Fm. 8.14b.-Characteristic ImEa Curves for a Diode with Linear Conduction 
Curve. 

(Rd = 5,000n.) 

i.e., <p is constant. But we have already shown in Section 8.2.15 

that the slope of these curves is Rl , or <pR . Hence if <p is constant, 
d Jl d 

Rd' is also constant for a given value of R 1 • The relationship 
between R/ and R 1 may be obtained for a fixed value of Rd by 

,,v 
,..,v 

V 
.,/'" 

-- .-i-----
0·005 0·0T 0·05 0-l 0·5 

Diode Load Resistance(R1)MD 

500009-_ 

~ .. 
40000 ~ 

~ 
oi 

30000<{! .. 
~ 

wooovi 
~ 
·!? 

71ooooc::j 

Fm. 8.14c.-A Curve of Diode Slope Resistance against Load Resistance. 
(Ra = 5,ooon.) 
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substituting the particular values of c/> (obtained from the curves of 

(-'- ) . R1 F" ) . h . R , nRa 1Jd 'f' = cos- 1 rJd agamst Ra' 1g. 8.8 , m t e expression a = --:f-, 
R1 n 

e.g., Fig. 8.8 gives 11a = 0·866 at R--:i = 58; </> = cos- 1 0·866 = 6, 

and replacing this in Rd' = n:a when Ra = 5,000Q, we find that 

Ra' = 6Ra = 30,000Q for R 1 = 58 X 5,000 = 290,000Q. A curve 
of Ra' against R 1 for Ra = 5,000Q is plotted in Fig. 8.14c. 

8.3. Cumulative Grid Detection. 
8.3.1. Introduction. The cumulative grid detector operates 

in a manner similar to the diode by using the grid of a triode or 
multigrid valve as the diode anode. The lgEg characteristic curve 
is generally similar to curve AB' of Fig. 8.10 illustrating the parabolic 
detector. The audio frequency variations of small carrier ampli
tudes are detected due to curvature 5 of the characteristic, i.e., 

H.T.+ 

H.T.-

Fm. 8.15.-A Circuit for Measuring the Detection Characteristics of a Cumulative 
Grid Detector. 

lg 14 flows throughout the cycle and RE is low, but for large carrier 
amplitudes the grid-cathode space acts as a unidirectional device 
and lg flows over a small part of the cycle only. 

The audio frequency variations across R 1 (Fig. 8.15) cause 
variations in the grid bias of the valve which in turn produce audio 
frequency variations of anode current. The cumulative grid 
detector may be viewed as a separate diode, 18 the anode of which 
is connected directly to the grid of an A.F. amplifier valve. Detection 
makes the grid voltage negative with respect to the cathode so that 
the n.c. anode current falls as the carrier input voltage is increased. 
This type of detector would therefore appear to offer the advantage 
of a combined detector and A.F. amplifier in one valve. It possesses, 
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however, two disadvantages, the n.c. grid-bias point is variable, 
and R.F. as well as A.F. voltages are applied to the grid. The bias 
point is fixed by the input carrier peak voltage, so that it is impossible 
to operate the valve under optimum audio frequency amplifying 
conditions except for a restricted range of carrier voltages. The 
presence of R.F. as well as A.F. voltages increases the possibility of 
overloading, and the A.F. output voltage is consequently restricted. 
Since R.F. voltages from the input tuned circuit are not filtered from 
the grid of the valve, the anode-grid capacitance will cause the anode 
circuit to reflect back a resistance and capacitance component into 
the grid circuit as described in Section 2.8.2. The resistance com
ponent is generally the more serious and its effect may be many 
times greater than that due to grid current damping. 

There are two possible methods of connecting the detector load 
resistance R 1 as illustrated in Fig. 8.15. The only difference 
between the two positions so far as the operating conditions are 
concerned is that when R 1 is connected between grid and cathode 
it acts as an additional shunt resistance across the input circuit. 
This connection of R 1 is chiefly of advantage in battery valve 
detectors, having start of grid current at some positive voltage, for 
R 1 can be returned to the L.T. positive terminal without disturbing 
the valve or input circuit connections. The necessity for a positive 
bias voltage on the grid of the valve having a positive start of current 
has already been discussed in Section 8.2. 7. If large signal voltages 
are applied, grid current is only taken on the peaks of the input 
signal, because the voltage across R 1 is maintained by the discharge 
of capacitance C1 between the peaks in a manner exactly similar to 
that shown in Fig. 8.3 for the diode. This produces less damping 

on the grid circuit ( see curve 1 in Fig. 8. llb for !: increasing), a 

higher detection efficiency (curve 1 in Fig. 8.lla) and a mean grid 
voltage variation which is an almost exact reproduction of the 
modulation envelope. 

Owing to the control of the bias by the input carrier voltage, 
though no distortion may occur in the grid circuit, distortion may 
be produced in the anode circuit. When the mean grid voltage 
variations are large the anode current variations may be carried 
into the bottom bend of the laEo characteristic curve with resultant 
flattening 2 of the audio frequency wave shape. In extreme cases 
this may cause in a receiver a double-humped tuning effect with a 
distorted minimum output at the correct tuning point. This 
flattening of the audio frequency wave may be decreased by 
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increasing the detector anode voltage and reducing the mean grid 
voltage variations. A detector modified in this way is often called 
a power grid detector. 

8.3.2. Power Grid Detection. The power grid detector
a modification of the cumulative grid detector-is intended for 
operation with large input carrier voltages, when the grid circuit 
acts as a unidirectional current device and current is taken only 
on extreme positive peaks of the signal. The grid leak resistance 
R 1 (Fig. 8.15) is reduced and the anode voltage increased so as to 
prevent distortion of the audio frequency output current in the 
anode circuit. The reduction of grid voltage variations by decreas
ing R 1 may be illustrated from Fig. 8.4b where it is shown that the 
line OB' (corresponding to a small R 1 ) reduces the grid voltage 

. . . h t· Ei' - Eo' variat10ns m t e ra 10 ft
1 

• 

8.3.3. Damping of the Input Circuit by a Cumulative 
Grid Detector. The cumulative grid detector introduces two 
forms of damping on the input signal circuit. The first, due to 
grid conduction current, has already been adequately discussed in 
Sections 8.2.5 to 8.2.9 on the diode. The second is due to the 
a.node-grid capacitance of the valve. We have already developed 
in Section 2.8.2 expressions for the conductance and susceptance 
reflected into the grid circuit by feedback from the anode circuit 
through the anode-grid ca_;,acitance of the valve. Taking expres-

sions 2.9a and 2.9b, substituting ~a for Ga, 1
0 

for G0 and wO O for 

B 0, and neglecting BD. in association with other components we have 

(~a+ ~)2 +(w00)2 
RD = ~--~--cc,----. 

gmwOg
0
wO 0 

. 8.46a 

and 
0 = 0D.[({+i+gm)({+i)+(w00)2] 

D (~a+~)2+(wO0)2 . 8.46b 

where RD and OD are the equivalent parallel resistance and capaci
tance components of the grid input admittance. The load capaci
tance O O is an essential part of the circuit as it acts as a bypass for 
R.F. currents developed in the valve, and reduces the possibility of 
passing on R.F. voltages to the grid of the next valve. Its maximum 
value is limited by its discrimination against the high-frequency 
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components of the audio frequencies contained in the modulation ; 
a suitable value is 100 /l/tF. 

When 

and 

1 1 I I 
wC 0 ';}> R +Rand flm'?> R +R · 

a o a o 

Ro~~ 
flmCo . 

0 ~ C (flm(k +k) +I) 
0 0

• (wCo) 2 

. 8.47a 

. 8.47b. 

By using these expressions for R
0 

and C
0 

we can estimate the effect 
of flw C

00
, R 0 and C'0 on the input admittance, and this is summarizeu 

in the table below. 

Variable. 

Increasing (Im 

Increasing Cg
0 

Increasing R 0 
1 

(a)R0 • -;;;o 
0 

1 
(b) R 0 comparable to --

0
-

w 0 

1 
(c) R 0 ~~

0 (JJ 0 

Increasing O 0 

R, C, 

decrease inerease 
decrease increase 

(a) little effect decrease 

(b) has minimum value when wU 0 

1 1 
= --+Ra R 0 

(c) decrease 

decrease to minimum when 
1 1 

w00 = -- +-
Ra R 0 

decrease 

To show the order of R
0 

and C
0 

let us take the following example 
of a triode detector : 

f = I,000 kc/s, R 0 = 30,000.Q, C 0 = 100 µpF, C
00 

= 3 ppF 

Ra = 10,000.Q, f/711 = 3 mA/volt. 

From 8.46a and 8.46b 
R

0 
= 11,600.Q 

C0 = 5·9 µpF. 

The detuning effect of the parallel capacitance C
0 

is small and 
except for small values of tuning capacitance may be ignored. 
The parallel resistance R

0 
is so low that it shows anode circuit 

damping to be much more serious than grid current damping 

(~
1 approximately)· The resistance R0 can be conveniently in

creased only by reducing C
00 

or g11,. It is not possible to increase 
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C O unduly or loss of the high audio frequency modulation components 
results. 

A reduction of g,,. is not a satisfactory solution since this reduces 
the gain of the detector stage. (For large signal input voltages 
g,,. is reduced because of increase of n.c. bias voltage, so that there 
is a tendency to decrease anode circuit damping as the input signal 
is increased.) The only real solution is a reduction of 0

00 
and this 

can be accomplished by using a tetrode or pentode 21 valve as a 
detector. Care must be exercised to see that the external stray 
capacitance between grid and anode is very small if the full advan
tage of such a valve is to be gained, and it should be noted that the 
high internal resistance of a multigrid valve will tend to accentuate 
the loss of high audio frequencies due to the bypass capacitance C 0 • 

The stage gain of a triode detector is proportional to RµZ~ , i.e., 
a+ o 

g,,.RaZ O h'l r d . . 1 . 1 Z R z , w I st 1or a tetro e It IS more near y proport10na to Yrn 0 a+ o 

or µ: 0 
; any variation of Z O will obviously affect the result to a 

a 
much less extent in the triode case. 

Anode circuit damping can be entirely eliminated when a separate 
diode and triode valve are used for detection and amplification. 
An R.F. filter (R30 3 in Fig. 8.5), included between the diode load 
resistance and the triode grid circuit, effectively isolates the latter 
from the tuned R.F. input circuit to the detector. The diode-triode 
combination usually produces a higher gain than that of the same 
triode operating as a cumulative grid detector because of the 
elimination of anode circuit damping. Furthermore, greater output 
voltage is possible for a given distortion since only A.F. voltages are 
applied to the triode grid circuit. 

8.3.4. Estimation of the Performance of the Cumulative 
Grid Detector. The detection characteristic of the cumulative 
grid detector may be measured at a low frequency (50 c.p.s.) 
provided the capacitances C 1 and C O are increased to give the same 
reactances at 50 c.p.s. as at the normal carrier frequency. For 
example, 0·0001 µF at 1,000 kc/s is equivalent to 2 µFat 50 c.p.s. 
The circuit is given in Fig. 8.15; no special precautions are necessary 
except that since grid current flows the input potentiometer must 
not have a high resistance value. A series of curves of mean 
detection voltage plotted against peak input volts may be obtained as 
in Fig. 8.16. The mean detection voltage is given by (Jao - Iai)R 0 , 

where Jal is the n.c. current at a particular peak input voltage, 
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Iao is the D.c. current at zero input voltage, and R 0 is the resistance 
in the anode circuit. The initial curvature for small peak input 
voltages (less than 0·l volt) due to square law detection is indi
cated in the curves. 

The audio output voltage in the anode circuit is obtained by 
noting the change of mean detection voltage between the carrier 
peak voltage limits set by the modulation envelope maximum and 
minimum values. Taking a carrier peak voltage of 1 volt modulated 
by 50%, the maximum and minimum of the modulation envelope 
are l ·5 and 0·5 peak volts, respectively. The mean detected voltage 
change corresponding to these limits is from 10 to 28 volts. The 
relationship between carrier peak volts and mean detection volts is 

50.-----r---~----,---, 
lr.0=50000O 

I 2 3 4 
Peak Input J/oltage 

FIG. 8.16.-Typical Detection Curves for a Cumulative Grid Detector. 
(Full Line--R 1 = 1 Mn. 

Dotted Line--R1 = O·l Mn.) 

very nearly linear over this range, so that the peak value of the 
audio output voltage is one-half of the mean detection voltage 
change, i.e., 9·0 volts. The turn-over effect as Ia approaches the 
bottom bend of the IaEo curve is very clearly shown, and it will be 
observed that when the carrier voltage is increased beyond 2 volts 
the mean detection voltage change due to the modulation envelope 
decrease1,1 and becomes distorted. This is the effect producing an 
apparent double-humped response already discussed in Section 
8,3.1. 

Characteristic curves 16 rather similar to the ImEa characteristic 
curves of a diode may be obtained for a cumulative grid detector. 
The circuit is the same as that of Fig. 8.15, except that the anode 
resistance R 0 is replaced by a low-resistance milliammeter. ImEa 
curves are obtained for different values of input peak voltage for 
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fixed values of R 1 and 0 1 (2 µF to correspond to 0·0001 µF at 
1,000 kc/s), and these are indicated in Fig. 8.17. The audio output 
voltage for any particular H.T. voltage and anode external resistance 
R 0 can be obtained by drawing the appropriate load lines such as 
AB or AG. A separate set of curves must, of course, be drawn for 
each required value of R 1 • These curves only represent detection 
conditions if the anode impedance to the carrier frequency is low. 
This assumption is generally valid owing to the presence of the 
R.F. bypass capacitor C 0 • The great advantage of the curves lies 
in the fact that the effect of any values of R 0 with, or without, a 
decoupling resistance R' may be studied. When a decoupling resist
ance (R') is employed, a load line, such as AB, is drawn from a point 

Fm. 8.17.-Typical ImE4 Curves for a Cumulative Grid Detector. 

on the Ea axis equal to the H.T. voltage at an angle cot-I (R' +R 0 ), 

and then another load line DE is drawn at an angle cot- I R 0 

through the intersection F of the line AB and the particular carrier 
peak voltage being considered. The A.F. output voltage is obtained 
from the intersections of DE with the appropriate carrier voltage 
lines. D' E' represents the condition for a transformer load with a 
decoupling resistance R'; AB now has an angle given by cot-' R'. 

8.4. Anode Bend Detection. 
8.4.1. Introduction. A valve may be made to operate as an 

anode bend detector if the grid bias is so adjusted that the valve is 
working on the curved part of its IaEu characteristic. Such detec
tion depends mainly on the second derivative I of the IaEu curve. 
If we assume that the IaEu relationship is given by Ia = f(E

0
), a 
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small change of grid voltage ,5E
0 

results in the following current
voltage relationship 

(Ia+Ma) =f(Eo+,5Eo) 

and using Taylor's expansion 

(I +M) =f(E )+ df(Eo),5E + d2f(Eu) ,5Eo2 + d3f(Eo) ~E__rl_ + etc. 
a a o dEo o dE02 2! dEoa . 3! ' 

=f(E0 )+J'(E0 ).,5E0 +f"(E0),'j!( +J'"(E0 /!( + etc., 

h f '(E ) _ df(E0 ) _ dla . f"(E ) _ d2Ia t 
w ere o - dE - dE ' . o - dE 2' e c. 

0 0 0 

If ,5E0 = C cos wt(l +M cos pt) 

Ma=f'(Eo)[C cos wt(l +M cos pt)]+J"(Eu) [C cos wt(l tM cos pt)]2 

8.48. 

The first and third terms contain only modulated radio frequency 
components and are therefore of no interest since we require audio 
frequency components. The second term is 

[__'(E0 )g2 cos 2 wt(l +M cos pt)2 
2! 

J"(E0)[C2
(l +cos 2wt)(l + 2M t+M2 2 t)] = -,- ------ cos p cos p . 

2: 2 

The radio frequency term is not required and the D.C. and audio 
frequency components produced by this term are 

f"~0)e 2(1+2M cos pt+ ~\1+ cos 2pt)). . 8.49a 

of which the audio frequency component is 

EAF =f"~o)e2(2M cos pt+ ~
2 

cos 2pt) . 8.49b. 

This contains a term of frequency fn c.p.s., the original modulation 

component, and a second harmonic component of!; c.p.s. 

The ratio of second harmonic to fundamental is 
M 2 1 M 
2·2M-4 8.50. 
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Hence, the modulation ratio of a carrier detected by a parabolic 
detector should not be high if distortion is to be kept low. 

The coefficient f"(Eu) otherwise :;a
2 

is the slope of the mutual 
(J 

conductance-grid bias (gmEu) curve of the valve at the particular 
grid bias point. We may note that it is not only the second 
derivative term in the Taylor expansion which produces audio 
frequency components. All even derivatives can produce such 
components. A better understanding of the physical significance 
of these derivatives in the Taylor expansion may be gained by 
considering an IaEu curve represented by a power series such as 

la = ao+a1Eu+a2E/+aaE/+a4E/+ ... 
The first derivative represents the mutual conductance 

(Jm = j'(Eg) = :1; = a 1 +2a2Eu+3aaE/+4a4E/ 
(J 

the second is 

J"(Eu) = :;; = 2a 2 +6a3Eu+I2a 4Eu 2 + 
(J 

In a true parabolic detector all terms above a 2 are zero, hence 

j"(Eu) = 2a 2 = constant 

and the detected audio frequency output voltage is then independent 
of the bias point on the IaEu characteristic. For an actual valve 
characteristic the terms a 3 , a 4 , etc., are rarely zero. The a 4 term 
is usually negative so thatf"(Eu) has a maximum value at a particular 
grid bias. This is clearly shown in the typical detection curves of 
Fig. 8.19b; a bias of - 3 volts gives maximum detection. Two 
grid bias points can generally be found giving optimum detection 
conditions, for there is a position of maximum rate of change of 
curvature [f"(Eu)] near zero anode current (bottom bend) and near 
saturation current of the valve (top bend). The "top bend " of 
the IaEu characteristic is never used since it represents a waste of 
anode current and a considerable reduction in the life of the valve. 
Furthermore, saturation can usually be reached only by using 
positive grid bias, and grid current is an undesirable feature because 
it causes damping of the input circuit. 

The operation of a valve as an anode bend detector using the 
" bottom bend " can be followed from the I aE u characteristic curve 
in Fig. 8.18a. 

The curve AB is the characteristic curve for zero external anode 
resistance. This condition is of no use since an output voltage is 
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required from the detector. A resistance must therefore be inserted 
in the anode circuit. The operational laEg curve then takes the 
shape shown by the line AG, and detection occurs because the 
negative envelope is amplified to a less extent than the positive 
envelope. This produces a mean current fluctuation which approxi
mately follows the modulation envelope. Harmonics (mainly 
second) of the audio frequency are actually produced as shown by 
the mathematical analysis. As the resistance R 0 is increased, the 
rate of change of curvature decreases (i.e., the slope of AG is less), 

A 

/ 
/ 

la, 
BEzlt2 

/ 

_,,, __ ----
>',, , ------ -------

' ' 
:a~--------- -----~H!-lleir-r-n,fB 

- .. +---'--- - - - - -wtMJl~ITTt~W, lm/lMT~~ 
I I 

--r---1----- --
1 

,, 
I 
I 
I 
I 

0 
... _ -- - -.. -

Fm. 8.18a.-Anode Bend Detection referred to the l,.E, Characteristic. 

thus decreasing the mean current, but the audio output voltage is 
actually increased. The case is analogous to that of a generator 
of fixed internal resistance connected to a variable resistance. As 
this resistance is increased the voltage across it rises, approaching 
in the limit the open circuit voltage of the generator. 

The decrease in the rate of change of curvature as R 0 is increased 
is undesirable and we should prefer to maintair. thP original rate of 
change of la as R 0 is increased. This can be accomplished if the 
anode impedance is zero, or nearly so, for radio frequencies. The 
use of a capacitance (0 0 in Fig. 8.19a) in parallel with R 0 will 
produce this result. If the reactance of O O is small at radio fre-
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quencies the characteristic curve along which detection takes place 
is one similar to D 1E 1 in Fig. 8.18a. It is substantially parallel to 
the original curve AB for R 0 = 0, but is moved towards zero grid 
volts by an amount governed by the mean current, which in turn 
is fixed by the carrier amplitude, R 0, and the original grid bias. 

Since the mean current is proportional to the carrier amplitude, 
the position of the operating line varies with the modulation 
envelope. For minimum carrier amplitude, the mean current is 
minimum so that the correct line is D 1E 1 , but for the maximum 
carrier amplitude it is D 2E 2 • These two lines represent the limits 
of movement for the particular modulated wave shown, and the 

Fm. 8.18b.-Anode Bend Detection, with no Anode Capacitance, referred to 
the I.E. Characteristic. 

RF. detection line oscillates between the two positions at an audio 
frequency corresponding to that of the modulation envelope. 
Increase of modulation percentage causes F 1 to move nearer to F, 
the operating point in the absence of a signal, and F 2 to move 
further from F. 

The effect of the capacitance O O may be more clearly shown by 
reference to the IaEa curves. Taking the case of the resistance 
R 0 only in the anode circuit, the conditions are represented in 
Fig. 8.18b where AB is the load line at an angle cot- 1 R 0 • If Fis 
the point corresponding to the grid bias, a modulated wave in the 
grid circuit produces a distorted modulated anode current wave 
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which has a mean current variation shown by the full line. The 
mean current variation is always above the point F unless the 
input signal is 100% modulated, because even the smallest signal 
causes some increase in anode current. The mean current variation 
produces a mean voltage variation given by the full line beneath 
the Ea axis. The n.c. anode voltage is decreased by detection from 
its zero signal value OD to OD1 • The mathematical analysis shows 
in equation 8.49a that detection increases the n.c. current by 

f"(Eu)2 2
( 1 +~) 
4 

Hence the true operating point moves from 

F to F 1 ; the exact position of F 1 depends on the signal voltage, 

- .. ; 

E~------ ~-----' 

Fm. 8.18o.-Anode Bend Detection, with Anode Bypass Capacitance, referred 
to the I.E. Characteristic. 

rising higher on the load line as the carrier amplitude and modulation 
percentage are increased. 

When the resistance R 0 is paralleled by a capacitor C 0 , the 
operating conditions become those of Fig. 8.18c. The audio fre
quency load line is as before, AB, because the reactance of CO is 
very much greater than R 0 at these frequencies, but the R.F. load 
line changes to an almost vertical line. This vertical line really 
approximates to a thin ellipse, the minor axis of which is small 
since the reactance of C O is much less than R 0 • The position of 
this load line is not fixed but varies with the modulation envelope 
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amplitude between the two points Fa and F 4 • The load line position 
for maximum envelope amplitude is D 4H 4 and for minimum ampli
tude Dalla. The D.C. anode voltage, which is given by OD 2 , is 
approximately the average of OD 4 and ODa, and its value is deter
mined by the carrier amplitude and modulation percentage. The 
anode current wave shape is shown to the right of Fig. 8.18c, where 
the thick curve indicates the fluctuations of mean current. This 
curve, projected on to the audio frequency load line AB, gives the 
mean voltage shown below the Ea axis. The addition of the 
capacitor C O has therefore two effects ; it has for a given input 
signal: (1) decreased the D.c. anode voltage and (2) greatly increased 
the mean anode current and anode voltage variation. The resistance 
R 0 controls the mean output voltage variation, and maximum gain, 
which is limited by the amplification factor of the valve, is obtained 
when R 0 is large. Very high values of R 0 tend to reduce the 
amplification factor as in the analogous case of the A.F. amplifier 
(Section 9.3.1) and also cause discrimination against the high audio 
frequencies by reason of the parallel capacitance C 0 • R 0 should 
not therefore exceed three to four times the internal resistance of 
the valve. 

To obtain optimum detection, variation of anode or grid bia.s 
voltage is essential. With small signal voltages detection is 
generally a maximum for low anode voltages because the rate of 
change of curvature of the I aE 

O 
characteristic diminishes as the 

anode voltage increases. For the same reason a valve having high 
values ofµ and Ra is generally better than one having low values. 

If a large input signal is available an anode bend detector may 
be made to function in a manner approaching a linear4 detector by 
biasing the valve almost to the point where la = 0. The negative 
modulation envelope is then suppressed and, provided the positive 
envelope passes over the straight part of the laEu curve, the audio 
frequency components of the modulation envelope are reproduced 
without distortion. Under these conditions the output voltage 

µRo 
approaches R R times the input modulation envelope. The 

a+ o 
maximum signal voltage, however, must not be large enough to 
produce grid current. 

8.4.2. Estimation of the Performance of an Anode Bend 
Detector. Measurements at 50 c.p.s. may be made on a valve to 
indicate its performance as an anode bend detector. The circuit 
is shown in Fig. 8.19a. The value of C O is chosen to give a reactance 
at 50 c.p.s. equal to the reactance of the capacitor normally used 
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at radio frequencies. Fig. 8.19b shows the presence of an optimum 
bias point and also the disadvantage of the anode bend detector, 

H.T.+ 

Fm. 8.19a.-A Circuit for determining Anode Bend Detection Characteristics. 

viz., its inefficient detection of small signal voltages. This feature 
also limits the maximum modulation percentage of larger signals 
which can be accepted without serious distortion. 

60....---r--..-----.-~~ 

oo="""...e::...i..__.....1... _ _JL_____J 

T 2 3 4 
Peale Input //oltage 

Fm. 8.1!1b.-Typical Detection Curves for an Anode Bend Detector. 
(Full Line-R, = 50,0000. 

Dotted Line-R, = 10,0000.) 

8.4.3. Damping of the Input Circuit. The anode bend 
detector has the advantage that it produces no grid current damping. 
There is, however, damping due to the anode-grid capacitance, 3 the 
parallel components of resistance and capacitance being the same as 
for the cumulative grid detector, viz., 

Rue!::~. 
YmCu. 

C :!::C . [Ym(k+i) +1]. 
u u. (w00)2 
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Since, however, the anode bend detector operates on the curved part 
of the characteristic, gm will be lower than in the case of the cumu
lative grid detector. For small signals, therefore, the damping is 
small, but it increases as the signal increases because the valve 
begins to operate over the higher gain part of the characteristic. 
This is not a serious disadvantage since strong signals require 
generally less selectivity than weak signals. The low gain of the 
detector for small signals is, however, not offset by the lower 
damping. 

8.4.4. Anode Bend Detection with Self-Bias. It is quite 
usual with indirectly heated anode bend detectors to provide self
bias by a resistance in the cathode circuit. A large capacitance 
(50 µF) must bypass the resistance if loss of the low audio frequency 
modulation components is to be prevented, since voltages across 
the self-bias resistance tend to cancel the anode current changes 
producing them (see Section 2. 7). The resistance value should be 
chosen to give under no signal conditions the optimum bias. As 
the signal increases there is a tendency for self-bias to increase and 
detection efficiency to decrease. 

8.5. The Advantages and Disadvantages of the Three 
Types of Detectors. 13 We may now summarize the advantages 
and disadvantages of the diode, cumulative grid, and anode bend 
detectors as follows : 

1. Diode Detecwr. 

Advantages. 

(1) Distortion of the audio frequency components of the modula
tion envelope decreases as the carrier voltage is increased. 

(2) The carrier modulation percentage may be high without 
distortion becoming appreciable provided certain coupling 
conditions are fulfilled. 

(3) There is no damping of the input circuit other than conduction 
current damping. 

(4) The maximum permissible carrier voltage is almost unlimited. 

Disadvantages. 

(1) The valve represents a loss of amplification; this loss may 
be reduced to small proportions by a suitable choice of 
R 1 and 0 1 • 

(2) Conduction current produces damping of the input circuit. 
The use of a high value of R 1 reduces this effect. 
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2. Cumulative Grid Detector. 

Advantages. 

(1) It is very sensitive for small carrier voltages. 
(2) Amplification is obtained from input to output, approximating 

to that of the valve as an A.F. amplifier. 
(3) Distortion is not very great provided the carrier voltage is 

not too large (the maximum permissible is generally about 
1 volt). 

Disadvantages. 

(1) The input circuit is damped by conduction grid current and 
by a resistance component reflected from the anode circuit 
by the anode-grid capacitance. 

The latter effect is generally much more serious than 
grid conduction current damping. 

(2) The maximum carrier voltage is limited due to the bottom 
bend of the IaEu characteristic. 

3. Anode Bend Detector. 

Advantages. 

(1) There is no damping of the input circuit due to grid current. 
(2) Anode-grid capacitance damping is generally low owing to 

the fact that the valve operates on the low gain bottom 
bend of the IaEu characteristic. 

(3) Amplification is obtained from input to output. 

Disadvantages. 

( 1) Sensitivity is very low for small carrier voltages. 
(2) Distortion of the audio frequency modulation components is 

high except for large carrier input voltages with low modu
lation percentages. 

(3) The maximum carrier voltage is limited by grid current. 

8.6. Reaction or Regeneration in Detectors. The term 
reaction, or more correctly regeneration, is used to describe the 
process by which the output voltage of a valve is coupled back to 
the input so as to increase the effective input voltage. Regeneration 
may be produced over any range of frequencies, but in a detector 
it is generally confined to the input carrier frequency and its modula
tion side-bands. The degree of regeneration depends on the input 
voltage, the grid and anode circuit characteristics and the phase 
relationship between the feedback and initial input voltages. It 
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leads to accentuation of any already existing frequency discrimina
tion, i.e., it increases the selectivity of its input tuned circuit. In 
a detector quasi-correct phase relationship is generally established 
for the carrier frequency, but owing to phase changes of the side
band frequencies by the input circuit, regeneration progressively 
decreases at frequencies above and below the carrier. This causes 
a virtual increase in the selectivity of the input tuned circuit. 

The improvement in selectivity due to regeneration is not as 
satisfactory as that produced by adding more tuned circuits. With 
a high degree of regeneration the virtual selectivity curve is sharply 
peaked with a narrow pass-band, which rapidly attenuates all the 
modulation side-bands except those due to the low audio frequencies. 
This leads to "woolly" A.F. reproduction. The virtual selectivity 
curve is considerably modified by the presence at the detector of a 
large undesired signal because the latter increases the bias on the 
valve (acting as a cumulative grid detector) and reduces its gain 
as an R.F. amplifier. Regeneration of the desired signal is decreased 
and the virtual selectivity reduced. To obtain maximum selectivity 
by regeneration a pre-detector volume control is essential so as to 
reduce any undesired signal. The desired is simultaneously reduced 
but the reduction is compensated by increasing regeneration. The 
need for reducing any undesired signal to the lowest possible value 
indicates the desirability of using an input tuned circuit having a 
high rather than a low Q value. 

With added tuned circuits, instead of regeneration, the selectivity 
curve has a much wider and flatter pass-band and attenuation 
outside the pass region is independent of the magnitude of the 
undesired signal. 

By regeneration the sensitivity of a cumulative grid detector 
may be increased and damping due to grid current and anode-grid 
capacitance coupling neutralized. The detector must operate as 
an R.F. amplifier and a suitable impedance (a R.F. choke) is inserted 
between the A.F. impedance and the anode. The R.F. anode voltage 
is returned to the input circuit via a variable capacitance (0 2) and 
a coil (L1) as shown in Fig. 8.20. The feedback voltage due to the 
mutual inductance coupling increases as the frequency increases, 
and to prevent excessive regeneration at the highest frequency in 
the tuning range the feedback capacitor (02) is of the differential 
type. Decrease of the feedback capacitance coupling is thus accom
panied by increasing shunt capacitance from anode to earth. The 
maximum value of the differential capacitance should not exceed 
0·0003 pF as it is a shunt to the high audio frequency components 
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of the modulation envelope in the anode circuit. In an alternative 
circuit the feedback coil L 1 is inserted directly in the anode circuit 
and the variable capacitance, C 2 , decrease of which increases the 
feedback voltage, is connected from anode to earth and acts as a 
shunt to R.F. voltages. 

As the coupling between anode circuit and input is increased a 
point is reached where self-oscillation occurs. The transition from 
the stable to the oscillating condition should be smooth and free 
from backlash, i.e., a slight reduction of coupling from the oscillating 
point should stop oscillation. This is essential because the R.F. 

gain of a cumulative grid detector tends to fall owing to increasing 
bias as the input carrier signal is increased. With backlash, slight 
fading of the carrier voltag~ might cause oscillation which would 
persist when the carrier voltage returned to its original value . 

.----------oH.T.+ 

A.F. 
Output 

Fm. 8.20.-A Typical Circuit for a Regenerative Detector. 

Unstable regeneration is generally due to incorrect phasing of 
the feedback and input voltages and to an R.F. amplification char
acteristic which increases as the input increases. Incorrect phasing 
may largely be avoided by making the resonant frequency of the 
feedback circuit much higher than the highest required input tuning 
frequency. The feedback coil, having a small number of turns, 
should therefore be tightly coupled to the earthed end (to avoid 
capacitance coupling) of the input coil. Combined capacitance and 
mutual inductance coupling may produce excessive regeneration or 
stop regeneration at some point in the tuning range of the input 
circuit. 

Since increasing carrier voltage increases the bias on a cumulative 
grid detector, its gain as an R.F. amplifier tends to fall. This is 
quite different from the R.F. amplification characteristic of an anode 
bend detector, for owing to the curvature of the IaEu characteristic 
the R.F. anode voltage increases at a greater rate than the input 
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voltage, i.e., the gain increases as the signal increases. Hence 
unstable regeneration is usually a feature of such detectors. 

Although the anode current characteristic of a cumulative grid 
detector tends to give stable regeneration, the grid detection char
acteristic can produce instability and backlash. In Fig. 8.1 lb, it 
is shown that the equivalent damping resistance due to detection is 
dependent on the input voltage when detection current begins at a 
voltage other than zero. If therefore grid current begins in the 
cumulative grid detector at some negative or equivalent negative 
voltage (as in an indirectly heated valve or a directly heated valve 
with the grid leak returned to the L.T. positive), damping of the 
input circuit decreases as the signal is increased. Reduced damping 
increases the R.F. voltage at the grid and the detector has therefore 
a tendency to unstable regeneration. Backlash is increased if, the 
negative voltage start of grid current is increased. On the other 
hand, a detector having a positive voltage start of grid current tends 
to give stable regeneration since curve 2, Fig. 8.1 lb, shows increasing 
damping as the signal is increased. The positive voltage start is, 
however, undesirable because of distortion (see Section 8.2. 7) and 
the ideal condition is obtained with zero start of grid current. 

Increasing the detector grid leak resistance decreases the damping 
of the input tuned circuit and tends to more stable operation. 

Regeneration may be applied to a diode detector followed by 
an A.F. amplifier valve by using the latter as the regenerator, but it 
is not usual because most of the advantages of diode detection are 
lost if R.F. voltages are passed to the succeeding A.F. amplifier. 
When regeneration is required the R.F. filter circuit (R30 3 in Fig. 8.5) 
between the detector and amplifier must be removed and an R.F. 

impedance, coupled back to the detector input tuned circuit, must 
be included in the A.F. amplifier anode circuit. 

We may state the points for and against regeneration in detectors 
as follows. The advantages are : considerably increased sensitivity 
and selectivity (provided any undesired signal voltages are small). 
The disadvantages are that as regeneration is increased the tuning 
of the input circuit generally needs adjustment (the degree of correc
tion depends on the phase angle between the feedback and input 
voltages and is small when this is small), adjustment of the regenera
tion control is necessary as the input tuning frequency is changed, 
radiation may occur if regeneration is carried as far as oscillation, 
and the presence of an undesired signal modifies the regeneration 
characteristic. 

8.7. Detection with Push-Pull Output. 22 It may some-
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times be advantageous to provide push-pull output from a detector 
and two possible circuits are shown in Figs. 8.21a and 8.21b. The 
first gives push-pull output from a diode, and is applicable when 
one side of the input circuit is earthed. When the circuit need not 
be earthed (the secondary of an I.F. transformer) the R.F. choke L 

Fro. 8.2la.-Push-Pull Output from a Diode Detector. 

may be removed and the tuned circuit inserted in its place. The 
two output voltages across R 1 and Rx' may be slightly unbalanced 
at high audio frequencies due to unequal stray capacitances, but 
this effect is not usually serious. Heater to cathode insulation 
must be high or interference from hum is likely to be experienced. 

Fig. 8.21b shows how push-pull output may be obtained from 
a cumulative grid detector. Anode bend detection can equally well 
be employed, but both detectors require an input circuit isolated 
from earth. Capacitors C O (0·0001 µF) bypass R.F. to earth. 

~----~i--
Output 

~------<> H.T.-
Fm. 8.2lb.-Push-Pull Output from a Triode Detector. 

8.8. Double-Wave Detection. The chief advantage of double
wave detection is the smaller R.F. ripple voltage across the load 
resistance R 1 , which means that less R.F. filtering is required between 
R 1 and the A.F. amplifier. A centre tapped coil is necessary (see 
Fig. 8.22) and this reduces the available A.F. voltage from the load 
resistance to one-half that for half-wave detection. On the other 
hand, the equivalent damping resistance due to the diode conduction 
current is increased to twice that for half-wave detection. It 



8.9] DETECTION 397 

has been shown 25 that only under special circumstances can 
double-wave detection prove superior to half-wave detection, and 
the latter is almost universally employed in receivers. 

Fm. 8.22.-Double Wave Detection with a Diode. 

8.9. The Anode Bend Detector with Negative Feedback. 26 

The anode bend detector with negative feedback (see Fig. 8.23a) 
has an action similar to that of a diode with current starting at a 
high negative voltage. It has a linear detection characteristic for 
carrier voltages exceeding about 0·5 volts, a high critical modula
tion ratio (see Section 8.2.3), and the maximum permissible carrier 
voltage is almost unlimited. As in the case of the normal anode 
bend detector, detection is obtained by the parabolic or unidirec
tional property of the IaEu characteristic. No grid current is taken 
and there is therefore practically no damping of the input tuned 
circuit. In its action it is similar to the diode with a negative 
start of anode current, but it has no serious damping effect for small 
signal voltages as shown by the diode (Fig. 8.llb, curve 1). High 
input admittance, the resistance component of which may be 
negative, and high critical modulation ratio are the important ad-

~----o H. T + 

Fm. 8.23a.-The Anode Bend Detector with Negative FPedback. 

vantages of this type of detector. Its chief disadvantage (shared 
by the diode) is that its amplification factor is less than 1 and its 
detection efficiency is of the same order as that of the diode, viz., 
about 90% for R 1 = 1 M.Q. Since the IaEu characteristic has usually 
a greater initial curvature than the laEa characteristic of a diode 
the detection efficiency for small signals is lower than that of a 
diode with zero start of current, though not lower than that of the 
diode with negative start of current .. We should note that the diode 
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with negative start of current (Section 8.2.6) is identical with the 
diode having zero start of current and positive bias (Section 8.2.3). 

Detection ImEu characteristic curves (Fig. 8.23b) similar to the 
diode curves of Fig. 8.4b may be obtained by using the 50 c.p.s. 
mains supply as an input and replacing R 10 1 in Fig. 8.23a by a 
microammeter and a battery as illustrated in Fig. 8.4a for the diode. 
The negative start ( - Eb) of anode current gives a critical modula
tion ratio in accordance with expression 8.6, viz., 

M = [1'1;1Eb][1 -11aR1!RJ' 
so that modulation distortion due to the grid leak (R2) in the A.F. 

amplifier following the detector is appreciably reduced. The value 

Fm. 8.23b.-Typical Curves for an Anode Bend Detector with Negative 
Feedback. 

of - Eb, which is entirely controlled by the anode voltage, can be 
increased by increasing the latter. A characteristic of this type of 
detector is that it presents a negative input conductance, i.e., 
produces regeneration and improves the selectivity of the input 
tuned circuit across which it is connected. This negative conduct
ance is due to feedback through the grid-cathode capacitance from 
the R.F. voltage developed across the capacitive cathode load 
impedance (see Section 2.8.3). 

8.10. Interference Effects due to an Undesired R.F. Signal 
in the Detector Input Circuit. The desired A.F. output voltage 
from a detector is generally affected by the presence of an undesired 
R.F. voltage in the input circuit. The extent of the interference 
produced depends on the relative magnitudes and frequency separa
tion of the desired and undesired carrier voltages. 

If the frequency difference between the two carrier voltages is 
an inaudible frequency, the interference effect is entirely dependent 
on their relative magnitudes. An unmodulated R.F. signal compar-
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able in value to the desired signal reduces and distorts the A.F. 

modulation components of the latter. If the former is modulated 
the undesired modulation (generally distorted) is also heard. The 
demodulation 11 effect (reduction of the A.F. output voltage from 
a modulated carrier due to the presence of another carrier at the 
detector input) occurs for either desired or undesired signals, and 
if the magnitude of the undesired signal is small it may be almost 
completely demodulated by the desired carrier. That is to say, 
the undesired modulation is audible in the absence of the desired 
carrier, but becomes inaudible when the latter is being transmitted. 

If the frequency difference between the undesired and desired 
carrier voltages is an audible frequency, additional interference 
effects are observed. The difference frequency appears as a hetero
dyne whistle together with the modulation components of the 
undesired carrier, which are generally distorted. Another effect 
which may also occur is that of frequency inversion of the undesired 
modulation side-bands, the high-frequency components appearing in 
the A.F. output as low frequencies and vice versa. Both effects 
give rise to an A.F. output which is best characterized as a chatter. 
An example may often be found on the medium-wave range of a 
receiver tuned to a distant station adjacent in frequency to a strong 
local station. The frequency separation of 9 kc/s appears as a 
heterodyne whistle of 9 kc/s, and the modulation side-bands produce 
chatter due to distortion and frequency inversion, an undesired 
modulation frequency of 1 kc/s. being produced as a frequency of 
8 kc/s, i.e., 9 - 1, a frequency of 3·5 kc/s as 5·5 kc/s, i.e., 9 - 3·5; 
and so on. 

To examine the theory underlying these distortion effects we 
will consider separately the linear and parabolic detector. Let us 
imagine that the undesired carrier only is applied to a linear detector. 
It produces a detection current which causes a voltage, equivalent 
to a negative bias on the diode anode, to appear across the diode 
load resistance. As shown in Section 8.2. 7, no detection occurs 
until the signal voltage exceeds any negative bias applied to the 
diode anode. The comparison of the effect produced by the 
undesired carrier to that produced by a fixed negative bias is not 
strictly correct since some detection of the desired signal takes 
place, even when the latter is much less than the undesired carrier. 
For a large desired signal, however, the undesired carrier has 
practically the same effect as a fixed negative bias equal in value 
to the n.c. voltage produced by the undesired carrier acting alone. 
The influence of the undesired on the mean detection voltage-desired 
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peak carrier curves is shown in Fig. 8.24. These are idealized curves 
calculated 12 on the assumption that the detector has an efficiency 
of 'f/a = 100°/4. Similar curves may be obtained experimentally 
using the circuit in Fig. 8.2 with two signal voltages at differing 
frequencies connected in series in place of the generator 

E1 cos wt(l +M cos pt). 

Curves 1, 2 and 3 give the detection characteristic for undesired 
peak voltages of Eu = 0, 0·25 and 1 volt. The A.F. output voltage 
wave shape for a desired carrier of Ea = 0·2 volts modulated 50% 
is shown to the right of the figure. Demodulation and distortion 

~ ! 0 ,....-----,---,----,------,----,-----,.---,------,---,--,., 

J:l 
~ 0 81---+--+-l---+------t--~I--+ 

~ ti 0-61---+--+-l---+------+--f--+ 
~ 
~0-4 

<:: 
"' 0·21--+--,.H=f-'-=,~=,=c.c.-==i=;~'l'=~""""l'-=ct" 
~ 

0 -
0 

Modulated fJesired 
Signal 

., - ' 
' ' 
' _, 

Fm. 8.24.-Demodulation of a Small by a Large Signal at the Detector. 

of the modulation envelope are clearly marked as Eu is increased. 
Both effects are mutual and are greatest for the smaller signal, 
which in practice is generally Eu. We see from curve 2 that when 
Ea exceeds Eu, the detection curve becomes straight and parallel 
to curve 1, thus showing that Eu has an effect similar to that of 
negative bias. If E.,, is unmodulated and differs from Ea by an 
inaudible frequency, the output A.F. voltage is unaffected when the 
modulation is restricted to operation over the straight part of 
curve 2, i.e., the modulation trough Ea(l - M) must not fall below 
about 0·4 volts. 

For the parabolic detector let us assume its IaEu characteristic 
to be given by 

Ia= a0 +a1Eu+a2Eu 2 +a3E/ - a,E/+ . . . 8.51. 
(The reason for the coefficient - a, is explained in section 8.4.1.) 



8.10] DETECTION 401 

But E 0 = Bd cos wdt(l +Md cospdt)+Bu cos wut(l +Mu cos Put) - Eb 

where - Eb = the bias voltage. 
Replacing E0 in equation 8.51 and analysing the anode current 

into its A.F. components as in Section 8.4.1, we find the following 
effects in the detector output. 

I. Undesired modulation. 
This results from the a2E0 

2 term and is 

a
2!"T 2Mu COS p.,t+ ~u

2 

COS 2p.,t} 

The distortion term in the above expression is not for our 
purposes classed as such since it is due to the parabolic property 
and not to the interaction of the two signals. 

2. Difference frequency and inversion of the undesired modula
tion components. 

These are obtained from 

a2[2°2d COS wdt(l +Md COS Pdt)B., COS Wut(l +Mu COS Put)]. 

The difference frequency component 

a2BdBu cos (wd - wu)t 

is contained in 
2a2Bd cos wdtB., cos wut 

for cos 0 cos cp = ½[cos (0 - </>)+cos (0+</>)] 

and the frequency inversion term 

a2BdB,,M,,. ( ) ~-2 -- COS Wd - Wu - Pu t. 

occurs in 
a22BdBuMu cos wdt cos w,,t cos Put. 

If 
Wd -W p -"---" = 9 kc/s and ~ = 8 kc/s 

2,i; ' 2,i; 

(wd - w,, - Pu) = 1 kc/s 
2,i; ' 

thus an 8 kc/s. undesired modulation frequency appears as a 1 kc/s. 
frequency in the output. 

The desired modulation also has an inverted component for 
equation 8.51 gives 

a2BdB,,Md ( )t 2 .COS wd - Wu - Pd • 
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3. Demodulation of the desired signal. 
The demodulation term appears from - a,Eu4 for this contains 

- a,6Ea2 cos 2 wat(l +Ma cos Pat) 2i£u 2 cos 2 wut(l +Mu cos Put) 2
, 

which gives the component 

3a,Ea21£u2 (1 +M t)2 
- 2 a cos Pa 

3a,Ea2Eu2
( M Ma

2 

2 ) = -
2 

2 a cospat+2 cos Pat . 

This subtracts from the A.F. term 

a2Ea2( M Ma2 2 ) -
2
- 2 a cosp,tl+2 cos Pat 

in a2Eu2, 

A similar demodulating term is also obtained for the undesired 
signal. 

4. Distortion of the desired and undesired modulation com
ponents. 

A distorted desired and undesired modulation component is 
contained in - a,Eu' 

gives 

_ 6a,Ea.2Ru
2 
(1 +Ma. COS pa,t} 2(1 +Mu COS Put} 1 

4 

-},Ea2Ru2
[ Ma 2 cos 2pat+Mu2 cos 2put} 

In addition there are sum and difference frequencies (2Pa±Pu), 
2n 

2p.,±pa,, and (2pa,±Pu) 
2n 2n 
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APPENDIX lA 

"j" NOTATION 

THE use of "j " notation to represent complex quantities is a most 
useful aid in the solution of A.C. problems. In Fig. lA. l are shown 
two vectors of equal length "a" units, one OA is horizontal and 
the other OB is vertical. 

Let us assume that the vectors are represented respectively by 
"a " and "ja," the factor "j" denoting that the original vector 
OA has been rotated through 90° in an anti-clockwise direction. 
By taking the process a step further we may multiply vector OB 
by j and obtain vector OC, which is a vector equal in length but 
opposite in direction to OA, thus 

OC =j OB =j.(jOA) =j2a = - a 

or j = v -1 lA.l. 

In the same manner dividing by "j " can denote rotation of a vector 

through 90° in a clockwise direction; hence OD= O~ = - j.OA. 
J 

The result is in agreement with normal co-ordinate axes for 

B+ja. 

C A 
-a 0 +a 

IJ-ja. 
Fm. lA.1.-Real and Imaginary Axes. 

OD= -j.OA = - OB. The horizontal vectors OA and 00 are 
known as real, and the vertical vectors as imaginary quantities. 
This method of vector representation is particularly useful in dealing 
with circuits containing inductance and capacitance as well as 
resistance. Taking as an example an inductance L and resistance R 
connected in series across a generator supplying a voltage E at a 
frequency f c.p.s., the voltages across L and R cannot simply be 

405 
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added because that across L is advanced in time by 90° with respect 
to the current as shown in Fig. lA.2. The voltage across the 
resistance R is in phase with the current I. By the theorem of 

----------

Pythagoras the total voltage E is equal to y' ER 2 +EL 2• The 
voltage ER across R is IR, and that EL across Lis IXL. 
The impedance Z of the whole circuit is 

Z =: = VR2 +(wL) 2 lA.2 

where w = 2nf. 

Since the reactance wL is 90° ahead of R we may write the impedance 
Z in terms of "j " notation as 

Z = R+jwL lA.3. 

Similarly a series circuit of resistance R and capacitance O gives an 
impedance 

Z = R 2 + - = R+-. - = R - _J__ ✓ ( 1 )
2 

l ' 
wO ;wO wO 

lA.4 

for the voltage across the capacitance lags 90° behind that across 
the resistance, and the capacitive reactance vector must therefore 

Ez=!,~.r, ____ E=IZ 

ER=IR 
Fm. lA.2.-The Vector Representation of the Voltages and Current in a Series 

Circuit. 

be divided by "j." Before demonstrating the advantages of 
"j " notation (in the above elementary circuits it is difficult to see 
that simplification has resulted) certain points with regard to its 
use should be considered. 

1. A vector impedance Z = R +jX has an amplitude 
X I Z I = VR 2 +X 2, and a phase angle <p = tan- 1 R; for a vector 

impedance Z = R - jX, the amplitude I Z I is still unchanged and 

equal to VR 2 +X 2, but its phase angle is </> = tan- 1 -: ; i.e., 

the reactance term is capacitive. Thus the amplitude is inde-
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pendent of the sign of the real and imaginary terms in the "j" 
representation. Only the phase angle is affected. 

2. A term containing a complex denominator must be 
rationalized before the phase angle is determined, for example, a 
circuit having an impedance Z = R +jX has an admittance 

Y =z!_ = R 
1 ·x . The amplitude of the admittance I Y I = 

1 
, 

+1 vR 2 +x2 

but its phase angle is not cf, = tan- 1 ! but 

_ X R -jX R-jX 
cf,= tan i - R for y = (R+jX)(R -jX) = R2+x2· 

3. Complex vectors may be multiplied together; the product 
of the real and imaginary components gives an imaginary, whilst 
the product of two imaginaries gives a real term, for j2 = - 1. 

4. For the impedance of parallel circuits or the admittance of 
series circuits, a complex denominator a +jb must always be 
rationalized by multiplying numerator and denominator by (a - jb). 
The real and imaginary parts, which result are the resistance and 
reactance term respectively in the case of impedance, and the 
conductance and susceptance term in the admittance case. 

For example, z = 10 - 4j = (10 - 4j){2 - 3j) 
2+3j 22 +32 

- 8 - 3sj = 0·615 - 2·925j 
13 

thus Z is equivalent to a resistance of 0·615 ohms in series with a 

. . f h s· ·1 I Y lO - 4i . capac1t1ve reactance o 2·925 o ms. 1m1 ar y = 
2
+

3
j 1s 

equivalent to a conductance of 0·615 mhos in parallel with an 
inductive susceptance of 2·925 mhos. 

5. An inductive impedance is always represented by a +jb and 
a capacitive impedance by a - jb, whilst the reverse is true for 
admittance ; the +j term is in this case a capacitive susceptance. 
This may be seen by inverting an inductive reactance to obtain an 
inductive susceptance. 

jwL reactance = . IL susceptance 
JW 
-j 

= wL· 

The advantage of "j " notation can be demonstrated when it is 
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desired to convert a parallel circuit such as that of Fig. 
its equivalent series circuit. 

RjwL 

Z= -y;;;o jwLR 

Rationalizing 

RjwL + . R +1-;;;J., 
JwO JWO 

R(l - w 2LO)+jwi; 

z =jwLR[R(l - w 2LO) - jwL__] 
(R(l - w2LO)]2+(wL) 2 . 

Fm. lA.3.-A Parallel Circuit and its Series Equivalent. 

lA.3 into 

The equivalent series circuit is obtained by separating the real or 
resistive term from the imaginary or reactive term, thus 

Z = R 8 +jX8 • 

Rw 2L 2 jwL(I - w 2LO}R 2 

R 2(l - w2LO)2+(wL} 2 + R 2(1 - w2.LO) 2 +(wL)2 . lA.S. 

A 

R 

L 
c, _ C(l-w2LC) 
,,- (h.lLC/+(wCRf 

rJ 
Fm. lA.4.-A Series Circuit and its Parallel Equivalent. 

In a similar manner the series circuit L, 0 and R 
may be converted into an equivalent parallel circuit. 

(Fig. lA.4) 

y = .!_ _ 1 jwO 
Z R+. L+-1- (1 - w 2LO)+jwOR 

JW . Q 
JW 

_ jwO[(l -w2LO) -jwOR] 
- (1 - w2LO) 2 +(wOR) 2 . 

Rw2O 2 jwO(l - w 2LO) 
(1 - w2LO)2+(wOR) 2 +(1 - w2LO) 2 +(wORf2 

- 1 j --+-Rp X 1, 

lA.6 
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where RP is the equivalent resistance in parallel with XP the 
equivalent reactance. 

The simplification resulting from the use of "j " notation is 
even more clearly demonstrated when the impedance or admittance 
of a complex circuit such as that of Fig. 7 .6 is required and its 
importance cannot be over emphasised. 
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FOURIER SERIES 

THE Fourier method of analysing a complex wave shape into a 
series of harmonically related sinusoidal waves has proved of 
paramount importance to the radio engineer. By the principle of 
superposition * it is possible to consider separately the action of 
each frequency component of a complex current or voltage wave 
applied to a circuit, and all effects may later be added together to 
give the final result at the output of the circuit. The complex 
wave is generally considered as periodic, but a transient wave can 
be treated by the Fourier Integral Method. We shall, however, 
limit ourselves to an examination of the periodic complex wave. 

The Fourier theorem states that any periodic complex wave 

Fm. 2A.l.-An Example of a Periodic Wave which can be resolved into its 
Components by Fourier Analysis. 

shape, such as that of Fig. 2A.l, may be represented by a series of 
sines and cosines of possibly infinite number, i.e., 

f(t) = a 1 sin pt+a2 sin 2pt+ an sin npt 
bo +2 +b1 cos pt +b 2 cos 2 pt+ bn cos npt 2A. l. 

The significance of writing ~0 as the first term of the cosine 

series is considered later. Certain conditions must be fulfilled if 
the above equation is to hold. 

* The superposition theorem states that in any network consisting of 
generators and linear bilateral impedances the current flowing at any point is 
the sum of the currents which would flow if each generator were considered 
separately, all other generators being replaced at the time by impedances equal 
to their internal impedances. 

410 
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1. The function f(t) must have only one value for a given value 
of " t ", except where there is a discontinuity, e.g., a circle cannot 
be treated, but the instantaneous fall from A to Bin Fig. 2A.2 can 
be considered. 

2. If the wave is not continuous the number of discontinuities 
must be finite. The value of j(t) at the discontinuity must also be 
finite. At a point of discontinuity the Fourier series gives the 
average value of the wave. 

Two terms, a 1 sin pt and b1 cos pt, make up the fundamental 
frequency which is the reciprocal of the periodic time of the complex 
wave. Two terms are necessary to define each frequency component 
since correct positioning on the time scale is as important as correct 
amplitude. 

The double fundamental term may be rewritten 

Va 2+b 2[ a1 sin pt+ bx cos pt] 
x x Va12+b12 Va12+b12 

which can be simplified to 

C1 sin (pt+</,1) where C1 = Va1 2+b1 2 

and 

Similarly, every frequency component may be written as 
en sin (npt+ef,n)- The angle 'Pn determines the position of each 
frequency component on the time scale since it fixes the value of 
any frequency term when t = 0. 

The values of an and bn may be obtained by multiplying f(t) in 
equation 2A.l by the appropriate sine and cosine function and 

integrating this product over the periodic interval from O to 
2

:n:. 
p 

Thus an may be found by integrating equation 2A.l multiplied by 
sin npt. 

2n 2n 

J: f(t) sin npt dt = J: [a1 sin pt+ ... am sin mpt+ ... 

bo ] + 2 +bxcospt+ bmcosmpt+ .. 

sin npt dt . 2A.2. 

The right-hand side of equation 2A.2 simplifies considerably 
2n 

because for any value of m or n the expression J: cos mpt sin npt dt 
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2,, 

is zero and except when m = n the expression s: sin mpt sin npt dt 

is also zero. Hence 
2,, 2,, J: f(t) sin npt dt = anJ: sin 2 nptdt. 

2,r 

= a JP (1 - cos 2npt) dt 
n o 2 

2,, 

an = '!!_JP f(t) sin npt dt 
n o 

or 

where n may have any value from 1 to oo. 
A similar expression is obtained for bn 

2,, 

bn = EJ11 
f(t) cos npt dt 

n o 

where n has any value from O to oo. 

2A.3 

2A.4 

The factor ½ multiplying b0 in 2A.l is necessary to make expression 
2A.4 true when n = 0. The Fourier expression for the curve repre
sented by f(t) becomes 

b oo oo 

f(t) = 
2
°+ Lan sin npt+ L bn cos npt. 2A.5. 

n=l n=l 

Let us now take certain examples which will make clear the 
process of Fourier analysis. Let us assume that we wish to know 
the frequency components of voltage produced across a resistance 
connected in series with a half-wave rectifier. The voltage wave 
shape is that of a sine wave with the negative half suppressed. 
If the pulsance of the applied voltage to the rectifier is p rads/sec. 

211 

an = Ef11 
f(t) sin npt dt. 

n o 

f(t) is made up of two parts ; from O to ~ it is represented by 
p 

0 sin pt and from ~ to 
2

:n by o. 
p p 
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[ 

,r 2n ] 
an = ~ J: I sin pt sin npt dt+ J: 0 sin npt dt 

" 
= ~f P I sin pt sin npt dt. 

'Jt 0 

p 

413 

The particular coefficients ah a 2 , etc., may be evaluated by 
replacing n in the above expression by I, 2, etc. As a general rule, 
however, calculation is very much simplified by proceeding to the 
integrand before replacing n by its particular value. Thus by 

t
. th . 

0 
. 

0 
cos (n - 1)0 - cos (n+I)0 

no mg at sm sm n = 2 · 

e ~ 
an = _l!_f P [cos (n - I)pt - cos (n+I)pt] dt 

2n 0 
1t 

= Ep[sin (n - I)pt _ sin (n+I)pt]ii. 
2n (n - l)p (n+l)p 0 

It is now only necessary to replace n by its particular value to 
obtain each coefficient. 

Hence a
1 

= Cp[sin Opt_ sin 2pt];. 
2n Op 2p 0 

S. sin O . . d t . t h . . 1 . 1nce -
0
- 1s m e ermmate we must re urn to t e origma mtegral 

which then gives 

Epf~ . . Cpf~ a 1 = - sm 2 pt dt = - (I - cos 2pt) dt 
n o 2n o 

= Cp[t _ sin 2pt]~ 
2n 2p o 

Ip n C 
= 2n °p = 2· 

IX 

(rt is important to note that [sin
0
0pt]~ = <X.) 

All other sine function coefficients are zero because sin (n + 1 )pt 

and sin (n - I)pt are zero when t. = ~ or 0. 
p 

1t 

bn = ~f ii I sin pt cos npt dt 
'Jt 0 

" 
= Cpf P (sin (n + I)pt - sin (n - l)pt) dt. 

2n 0 
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[
N t th t . 0 0 sin (n+l)0 - sin (n - 1)0] o e a sm cos n = 

2 

or 
" b _ Bp[-cosJn+I)pt + cos (n - I)pt]i,-

n 2n (n+I)p (n - l}p o 

_ B[l -cos (n+l}n _ l -cos (n - l)n]· 
2n n+I n - I 

When n is odd, cos (n + 1) n = cos (n - 1) n = 1, hence b1 , b3 , b5 , 

etc., are zero. 
When n is even cos (n+I) n = cos (n - 1) n = - 1, and 

Thus 

B[ 2 2 ] B - 2 
bn = 2n n + 1 - n - l = "ii ( n - 1 )( n + 1 )° 

B B 2 B 2 
b0 = -.2, b2 = - -.-, b4 = - -.-

n n 3 n 3.5 

B 2 
b6 = - -.-, etc. 

n 5.7 

The expression for the half sine wave is 

/(t) = ~[!+~ sin pt 
n 2 4 

- - COS 2pt - - COS 4pt - - COS 6pt - . . . . 2A.6a. 1 1 1 ] 
3 3.5 5.7 

For a half cosine wave 

f(t) = ~[!+~cos pt 
n 2 4 

+- cos 2pt - - cos 4pt +- cos 6pt . . . 1 1 1 ] 
3 3.5 5.7 

. 2A.6b. 

Any shape of wave may be so analysed and in computing the 
coefficients an and bn for any discontinuous curve, the i:i;itegrals may 
be split up into the appropriate functions and integrated between 
the limits of the discontinuities. For example, replacing the half
wave by a full-wave rectifier gives 

" 2:n 

an = ~[J: B sin pt sin npt dt+ J: -B sin pt sin npt dt} 
p 

The second function contains - B sin pt because the curve from 

:!'. to 
2
n is part of the sine curve - C sin pt. It is interesting to 

p p 
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note that the second integral is the negative of the first so that 
an = 0, for b,,,_ we have the second integral equal to the first; hence 

,. 

bn = 2
PJP ft sin pt cos npt dt 

:n; 0 

and the expression for the full-wave rectifier-wave shape is 

j(t) = ~[! - ! COS 2pt - ___!__ COS 4pt - ___!__ COS 6pt - . ·] 2A.7a 
:n: 2 3 3.5 5.7 

or for a full-wave rectifier with cosine input. 

j(t) = - -+- COB 2pt - - COB 4pt+- COB 6pt -4[1 1 1 1 
:n: 2 3 3.5 5.7 

.. . J 2A.7b. 

-C 
Fm. 2A.2.-A Combined Half Sine and Triangular Wave Shape. 

If the wave has the shape shown in Fig. 2A.2, a half sine wave 

from 0 to ~ and a triangular wave from ~ to 
2

:n; the value of an is 
p p p 

n 2n 

an = ~[J: ft sin pt sin npt dt+ J: (Kt - 0) sin npt dt] . 2A.8 
p 

where (Kt - 0) is the expression for the wave shape (a straight line) 

from ~ to 
2

:n:. K is the slope .. of the line and - 0 the intercept at 
p p 

t = 0. 
There is often no objection to changing the initial position of 

the curve as this only alters the relative initial time positions of 
the frequency components. In so doing the amount of analysis 
involved may be greatly reduced. In our first example (the half
wave rectifier) we could have moved the origin forward by 

; seconds, thus turning the function from a half sine wave to a. 

half cosine wave. We would then have found the fundamental 
frequency component changed to a cosine function and all sine 
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components zero. Expression 2A.6b is the Fourier analysis for the 
changed position. In this connection it is useful to note the following 
six important cases of symmetry and their significance. 

(1) f(t) = - f(- t). 

This condition is represented by the curve in Fig. 2A.3. 

Fm. 2A.3.-A Wave Shape having Sine Functions only. 

b oo ~ 

Now f(t) = -f +Lan sin npt+ L bn cos npt 
n=l n=l 

b oo oo 

and f( - t) = 
2
° + L ansin np( - t) + L bn cos np( - t) 

n=l n=l 

thus f(t)+f(- t) = 0 = b0 + t an[(sin npt+sin (- npt)] 

but 
and 

n=l 

+ t bn[cos npt+cos (- npt)] 
n=l 

sin ( - npt) = - sin npt. 
cos (- npt) = cos npt. 

00 

:. bo+2 L bn COS npt = 0 
n=l 

or f(t) =tan sin npt 2A.9• 
n=l 

Hence the curve contains only sine functions of the fundamental 
and harmonic frequencies. 

Fm. 2A.4.-A Wave Shape having Cosine Functions only. 

(2) f(t) = f( - t). 

A curve such as that of Fig. 2A.4 fulfils this equation, which 
yields the following result. 
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00 00 L an[sin npt - sin np(- t)]+ L bn[cos npt - cos np(- t)] = 0. 

n=l n=l 
00 

Hence 2 Lan sin npt = 0 
n=l 

b oo 
and f(t) = 

2
° + L bn cos npt . 2A.10. 

n=l 

Moving the origin of the half wave in the first example produces 
a wave fulfilling this condition and reduces considerably the extent 
of the analytical investigation. 

(3) f(t) = - !Q +t) gives 

00 00 

f(t) = ,I;a2n-1 sin (2n - I)pt+ _Lb2n-l cos (2n - I)pt . 2A.ll 
n=l n=l 

i.e., b0 and all even integer sine and cosine coefficients such as 
a2, b2, etc., are zero. A typical curve is shown in Fig. 2A.5. 

Fm. 2A.5.-A Wave Shape with Odd Sine e.nd Cosine Functions, 

(4) f(t) =!Q+t)-
The expression for the wave shape, which is illustrated in 

Fig. 2A.6, is 
b oo oo 

f(t) = 
2
° + L a2n sin 2npt+ L b2n cos 2npt . 2A.12. 

n=l n=l 

Fm. 2A.6.-A Wave Shape with Even Sine e.nd Cosine Functions. 

This is to be expected since the wave repeats itself after every 

:!'. interval shown and this interval should really be considered as 
p 

the complete instead of half interval, viz., 
2
n instead of:!'.. 
p p 
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(5) f(t) = - 1(~ - t). 
A wave shape conforming to this condition (see Fig. 2A. 7) gives 

00 00 

f(t) = ,L a2n sin 2npt+ ,L b2n-l cos (2n - l)pt . 2A.13, 
n=l n=l 

i.e., a 1 , a 3, etc., b0 , b2 , b,, etc., are zero. 

F10. 2A.7.-A Wave Shape with Even Sine and Odd Cosine Functions. 

(6) f(t) = +!(~ - t). 
The curve of Fig. 2A.8 illustrates this and its expression is 

b oo oo 

f(t) = f+ .J::a2n-l sin (2n - l)pt+ _Lb2n cos 2npt . 2a.14. 
n=l n=l 

--~........,,,,, p t 

Fm. 2A.8.-A Wave Shape with Odd Sine and Even Cosine Functions. 

The special conditions of symmetry are for convenience tabulated 
below. 

Condition. b, Sine ooefficients. Cosine coefficients. 

I. l(t) = - 1( - t) Zero All present All zero 
2. l(t) =1(- t) Present All zero All present 

3. l(t) = -1(£ + t) Zero Even integers zero Even integers zero 

4. l(t) =l(i + t) Present Odd integers zero Odd integers zero 

5. l(t) = - 1 (1J; - t) Zero Odd integers zero Even integers zero 

6. l(t) = 1(£ - t) Present Even integers zero Odd integers zero. 

If a wave shape satisfies more than one of the conditions listed 
above, then f(t) does not comprise any of the terms eliminated. 
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Taking as an example the curve in Fig. 2A.6, we find that it satisfies 
f(t) = - f( -t) 

and f(t) = fa+t). 

f(t) = f a2n sin 2npt . 2A.15 
n=l 

i.e., the curve contains only sine term coefficients of even suffix. 
As a final example of Fourier analysis let us find the distortion 

present in the output current of a valve having a curved IaEo 
characteristic and an undistorted sinusoidal input voltage. Fig. 2A.9 
illustrates a possible set of conditions. 

I 
I 

JV 

/ 
V 

,E9o / 
/ 

-,o -8 -6 -4 -2 
E9 (Volts) 

I 
6 
Ia(mA) 

4 

! 

Output: 
Curren 
Shape 

2 I f{t) 

I 
. I ___ J__ Tr 21r-

o O t1 p t2 y t 

---~1-------------~ 
-2.q 1r Input Voltage 7coslJ 

JmP Shape -2;,:~ ----------3-

FIG. 2A.9.-An Example of the Application of Fourier Analysis to the Calculation 
of Distortion produced by the I,.E, Characteristic of a. Ve.Ive. 

The first step must be to find the equation to the IaEo character
istic and this may be achieved by assuming that 

Ia= c0 +c1E0 +c2E0
2 + ... +cnEgn . 2A.16. 

The curve represented by expression 2A.16 may be made to coincide 
with the original curve at (n+l) points; (n+l) simultaneous 
equations are obtained by replacing the particular values of Ia and 
E0 at these points so that the coefficients c0 , Ci, etc., may be found. 
Generally it is unnecessary to proceed beyond n = 4, and in our 
particular example we need not consider above n = 2. Thus the 
expression for the IaEo curve of Fig. 2A.9 is 

Ia= 6+2E0 +0·166 E 0
2 • 2A.17 
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anode current cut-off occurring at E 0, = - 6. Let us suppose that 
the input voltage is represented by 7 cos 0 and that the initial 
bias, - Eb, is - 8 volts. The output current wave may be drawn 
out on its time axis to the right of the IaE0 curve as shown. 

The next step is to find the equations to the curve between the 
discontinuities and the time instants corresponding to the dis
continuities. The time instant t1 is easily determined because 
R cospt1 = Eb+E00 = 8 - 6 = 2. 

and 

0 

cos- 1 .':.. 
R 

t1 =---
p 

eos- 1 ~ 
7 1·28 . --- = -- radians 

p p 

2n 5 di ta = - - t1 = - ra ans. 
p p 

Between t1 and t2 the equation to the curve is f(t) = 0 so that the 
Fourier coefficients are 

1-28 2n 

bn = E.Jv f(t) cos npt dt+E.fv f(t) cos npt dt 
n 0 n!! 

1·28 
p 

= --1!. v f(t) cos npt dt 2 J-
n o 

where f(t) is the equation to the curve between t = 0 and t = t1 • 

an is zero because f(t) = f( - t) (see condition 2 above). 
The expression for f(t) is obtained by replacing E 0 in 2A.l 7 by 

R cos pt - Eb, i.e., 7 cos pt - 8. 

Thus f(t) = 4·75 - 4·66 cos pt+4·083 cos 2pt. 

The next step involves finding a general expression for bn. An 
attempt to obtain a formula containing only the variable n should 
always be made as it greatly simplifies the analysis. It can be 
achieved in this case by separating bn into its three components, 
thus: 

1·28 1·28 

bn = ?[ 4·75 I~ cos npt dt - 4·66 J~ cos pt cos npt dt 

1·28 

+4·083 f~ cos 2pt cos npt dt] 

= ~[4·75 sin 1·28n __ 4·66(sin 1·28(n+l) +sin 1·28(n - 1)) 
n n 2 n+I n - I 

+ 4·083(sin 1·28(n+2) + sin 1·28(n - 2))] 
2 n+2 n - 2 
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sin 1·28 x 0 
Where replacing n by a particular value gives 

0 
this 

function becomes 1·28, thus 

bo = 1·74, b1 = 1·56, b2 = 1·09, bs = 0·56, b, = 0·16. 

The output current therefore consists of the following componenti:i : 

la = 0·87 +1·56 cos pt+l·09 cos 2pt+0·56 cos 3pt+0·l6 cos 4pt. 
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Absorption of electromagnetic 
waves in ionosphere, 62, 64 

Adjacent channel interference, 169, 
399 

Admittance : 
components of, 407 
definition of, 407 
grid input admittance of valve, 37 

and electron transit time, 54 
and frequency response, 321 
with anode-grid capacitance 

coupling, 39 
with cathode lead inductance 

effects, 48, 172 
with combined anode-grid and 

grid-cathode capacitance 
coupling, 50 

with grid-cathode capacitance 
coupling, 45, 172 
with grid-screen capacitance 

coupling, 53 
Aerial: 

capacitance per unit length of 
dipole aerial, 76 

capacitance per unit length of V 
dipole aerial, 78 

capacitance per unit length of 
vertical aerial, 67 

current and voltage distribution in 
vertical aerial, 66. 

curves of terminal impedance of 
plain and V dipole aerial against 
frequency, 77 

curves of terminal impedance of 
vertical aerial against frequency, 
69, 73 

directional characteristics of frame 
aerial, 81 

effective height of inverted L 
aerial, 74 

effective height of vertical aerial, 
66. 

for automobile receivers, 115 
interference reducing systems, 108 
radiation resistance of dipole 

aerial, 76 
radiation resistance of vertical 

aerial, 71 
reflected resistance and reactance 

components from, 85 

Aerial-contd. 
resonant frequency of vertical 

aerial, 71 
system connected to several re

ceivers, 116 
terminal impedance of

definition, 67 
dipole aerial, 77 
inverted L aerial, 75 
T aerial, 75 
V dipole aerial, 78 
vertical aerial, 72 

types of-
dipole aerial, 7 5 
frame aerial, 80 
inverted L aerial, 73 
T aerial, 75 
V dipole aerial, 78 
vertical aerial, 65 

Aligned grid tetrode, 27 
Alkaline earth metal emitters, 19 
Alternating current resistance of 

coil, 131 
Amplification : 

calculation of valve amplification 
factor, 22 

class Band quiescent push-pull, 15 
definition of valve amplification 

factor, 22 
intermediate frequency, 288 
radio frequency, 120 
short wave, 169 
ultra short wave, 171 

Amplifiers : 
intermediate frequency, 288 

types of I.F. tuned transformers, 
289 

variable selectivity in, 306 
with negative feedback, 326 

radio frequency, 120 
design of band pass circuits in, 

148 
distortion in, 154 
instability in, 162 
noise in, 164 
types of coupling circuits in, 137 

Amplitude control of oscillators, 253 
Amplitude distortion in-

detectors, 340, 347, 371, 378, 384 
frequency changers, 214 

422 
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Amplitude distortion in--contd. 
intermediate frequency amplifiers, 

335 
radio frequency amplifiers, 154 

Amplitude modulation : 
expression for, 3 
method of producing, 4 
receiver types for, 10 
sidebands due to, 3 
vectorial representation of, 3 

Analysis Fourier : 
calculation of distortion by means 

of, 419 
conditions of symmetry in, 416 

Anode bend detection : 
characteristic curves for, 390 
damping of the input circuit by, 

390 
detection efficiency for, 389 
distortion and modulation per cen-

tage, 384 
estimation of performance, 389 
with large signal inputs, 389 
with negative feedback, 397 
with self-bias, 391 

Anode current expression for
anode bend detector, 384 
diode detector, 350, 353, 35 :- , 359, 

360 
frequency changer, 181, 183, 186 
radio frequency amplifier, 155, 

156 
Anode load representation on IaEa 

characteristic curves, 30 
Aperiodic I.F. isolator stage, design 

of, 322 
Associated L.c. circuit components 

and oscillator frequency stability, 
262 

Atomic theory, 17 
Audio frequency amplifier, effect of 

coupling impedance on detector 
performance, 345 

Automatic frequency correction, 13 
Automatic gain control, 13, 27, 335 
Automatic selectivity control : 

operation by signal and interfer
ence, 334 

with coupling reactance variation, 
333 

with detuning, 333 
with resistance damping, 333 

Automatic volume control (see Auto
matic gain control), 13 

Automobile receivers, aerials for, 
115 

B Class B amplification, 15 
. Backlash in regenerative detec
tion, 394 

Band pass, design of tunable band
pass filter, 148 

Band-pass tuned circuits, 143 
Band spread short wave reception, 

168 
Battery operated receivers, 15 
Beam tetrode, 27 
Bias: 

optimum value for oscillator volt
age in cathode, 185 

self-biased anode bend detector, 
391 

Capacitance correction : 
aerial terminal impedance and, 

105 
definition of, 83 
generalized formula for, 89 
variation over tuning range, 99 

Capacitance coupling in I.F. trans
former, 290 

Capacitance, effect across diode de
tector load resistance, 342, 364, 
371 

Capacitance, interelectrode capacit
ance and grid input admittance, 
38 

Capacitance, method, of reducing 
temperature effects in, 264 

Capicitance of~ 
dipole aerial, 76 
V dipole aerial, 78 
v«r-tical aerial, 69 

Capacitance: 
oscillator padding, 275, 278 
oscillator trimming, 278 

Capacitance, self, of coil, 132 
Capacitance, temperature coefficient 

of, 265 
Capacitance tuning of I.F. trans

former, 288 
Capacitance variations, effect on 

oscillator frequency, 264 
Capacitors : 

compensators for temperature-fre
quency drift, 265 

silvered mica, 265 
Cathode feedback and variable selec

tivity, 326 
Characteristic curves of-

diode, 19, 20 
hexode, 29 
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Characteristic curves of-contd. 
pentode, 26, 28 
tetrode, 25, 27 
triode, 21, 30 

Characteristic impedance of aerials : 
dipole aerial, 76 
inverted L aerial, 74 
T aerial, 75 
V dipole, 78 
vertical aerial, 67, 72 

Characteristic impedance of feeders ; 
concentric tube, ll0 
parallel wire, 110 

Choke-capacitance coupled tuned 
circuit, 142 

Choke, resonances in, at short waves, 
142, 273 

Circuit, equivalent for valve, 35 
Circuits: 

aerial, 81 
frequency changer, 189, 192, 194, 

195 
intermediate frequency, types of, 

coupled, 289 
impedance of a parallel resonant 

circuit, 121 
radio frequency-

band-pass tuned circuits, 143 
choke coupled circuit, 142 
tapped tuned circuit, 137 
transformer coupled circuit, 140 
types of coupling, 137 

Circular polarization of electromag-
netic wave, 61 

Class B amplification, 15 
Coefficient of coupling, 290 
Coil: 

A.c. resistance of, 131 
calculation of inductance of, 129 
effect of screening on, 134 
effect of self-capacitance on, 132 

Colpitts oscillator : 
condition for oscillation, 252 
oscillating frequency of, 251 

Compensation for temperature fre
quency variations in oscillator, 
266 

Components in distorted R.F. wave, 
156 

Conductance : 
conversion-

calculation of, 202 
definition of, 180 
maximum value of, 202 
measurement of, 209 

definition of, 407 

Conductance--co:iitd. 
mutual

calculation of, 22 
definition of, 22 

Constant oscillator amplitude, main
tenance of, 253 

Contact potential, 20 
Conversion conductance : 

calculation of, 202 
definition of, 180 
direct measurement of, 212 
indirect measurement of, 209 
maximum value of, 202 

Coupled circuits : 
types of I.F. circuits, 289 
types of R.F. circ11its, 137 

Coupling: 
aerial to receiver, 81 

combined mutual inductance and 
resistance, 87 

combined mutual inductance and 
series capacitance, 97 

combined mutual inductance and 
shunt capacitance, 91 

combined series capacitance and 
shunt inductance, 95 

mutual inductance, 82 
series capacitance, 94 
shunt capacitance, 92 

Damping of-
first tuned circuit by aerial, 83 

input circuit by anode bend 
detector, 390 

input circuit by cumulative grid 
detector, 379 

input circuit by diode detector, 349 
equivalent damping resistance 

due to diode with conduction 
current beginning at negative 
anode voltage (linear), 353 

equivalent damping resistance 
due to diode with conduction 
current beginning at negative 
anode voltage (parabolic), 360 

equivalent damping resistance 
due to diode with conduction 
current beginning at positive 
anode voltage (linear), 357 

equivalent damping resistance 
due to diode with linear IaEa 
characteristics, 350 

equivalent damping resistance 
due to diode with parabolic 
IaEa characteristics, 358 
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Decoupling circuit : 
in frequency changer stage, 189 
in oscillator stage, 255 

Demodulation in detectors, 399 
Design of-

intermediate frequency trans
formers, 295 

radio frequency band-pass tunable 
circuits, 148 

radio receivers, general considera
tions, 15 

Detection: 
anode bend, 383 
cumulative grid, 377 
diode, 340 
double wave, 396 
power grid, 379 
reaction or regeneration with, 392 
with push-pull output, 395 

Detection efficiency : 
and effective input resistance of 

linear diode with no shunt 
capacitance, 364 

definition of, 344 
effect of shunt capacitance across 

load on, 345, 364 
of diode with conduction current 

beginning at negative anode 
voltage (linear), 356 

of diode with conduction-current 
starting at negative anode volt
age (parabolic), 361 

of diode with conduction current 
beginning at positive anode 
voltage (linear), 358 

of diode with linear laEa charac
teristics, 351 

of diode with parabolic laEa char
acteristics, 360 

Detectors: 
anode bend, 383 

damping of input circuit by, 
390 

estimation of performance of, 
389 

with negative feedback, 397 
with self-biM, 391 

cumulative grid, 377 
damping of input circuit by, 379 
estimation of performance of, 

381 
diode, 340 

action of, with resistance load, 
364 

action of, with resistance load 
and shunt capacitance, 364 

Detectors--contd. 
diode, characteristic detection 

curves of, 343, 345 
damping of input circuit by, 349 
detection efficiency of, and ratio 

of resistance load to shunt 
capacitance, 369 

detection efficiency of, with con
duction current beginning at 
negative anode voltage (linear) 
353 

detection efficiency of, with con
duction current beginning at 
negative anode voltage (para
bolic), 360 

detection efficiency of, with con
duction current beginning at 
positive anode voltage (linear), 
357 

detection efficiency of, with linear 
laEa characteristics, 350 

detection efficiency of, with para
bolic laEa characteristics, 358 

distortion in, due to Ac/nc. 
load ratio less than unity, 345 

effective input resistance of, 376 
equivalent A.F. resistance of, 373 
lmEa characteristic curves for 

linear diode with positive 
biM, 346 

limitation of acceptable modula-
tion percentage in, 347 

measurements on, 343 
non-tracking distortion in, 342 
optimum value of shunt capacit-

ance, 370 
Diode: 

W3 rectifier, 20 
detector (see Detector diode above), 

340 
frequency changer, 196 

Dipole aerial : 
balance horizontal dipole, 78 
capacitance per unit length of 

plain and V dipole, 76, 78 
radiation resistance of, 76 
terminal impedance of plain and 

V dipole against frequency, 77, 
78 

Direct ray transmission, 60 
Directional properties of frame aerial, 

81 
Displacement current in insulators, 

18 
Distortion in-

diode detection, 342 
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Distortion in--contd. 
diode, amplitude distortion due to 

Ac./nc. load less than unity, 
346 

amplitude distortion due to 
shunt capacitance, 342, 371 

frequency distortion due to 
shunt capacitance, 372 

radio frequency amplification, 154 
cross-modulation distortion, 161 
modulation envelope distortion, 

calculation and measurement, 
157, 160 

Distributed capacitance and induct
ance of vertical aerial, 66 

Distribution of current and voltage in 
vertical aerial, 66 

Diversity reception, US 
Double wave detection, 396 
Dynamic resistance of parallel tuned 

circuit, 122 
Dynatron characteristic of tetrode, 25 

Echo effect in short wave recep
tion, 64 

Effective A.O. resistance of coil, 131 
Effective height of-

inverted L aeri..;,, 74 
v -~·: ical aerial, 66 

Efficiency of detection for diode : 
with linear characteristics and 

conduction current beginning at 
negative anode voltage, 356 

with linear characteristics and con
duction current beginning at 
positive anode voltage, 358 

with linear J aE a characteristics, 
351 

with no shunt capacitance across 
load resistance, 364 

with parabolic characteristics and 
conduction current beginning at 
negative anode voltage, 361 

with parabolic J aEa characteristics, 
359 

with variable shunt capacitance 
across load resistance, 345, 364 

Electromagnetic field around vertical 
aerial, 59 

Electromagnetic waves, propagation 
of, 57 

Electron coupled oscillator, 261 
Electronic current in valve, effect on 

input admittance, 37 

Electrons: 
free, 18 
initial velocity of, 18, 20 
primary, 25, 27 
secondary, 25 

Emission: 
secondary-

in tetrode valve, 25 
suppression of, 27 

thermionic, 18 
Equivalent circuits for valve, 35 
Equivalent primary impedance of 

I.F. transformer, 303 
Equivalent series and parallel circuits 

for parallel tuned circuit, 121 
Errors in ganging oscillator circuits : 

zero error at three points in tuning 
range, 279 

zero error at two points in tuning 
range, 277 

Fading selective, 63 
Feedback: 

anode bend detector with 
negative feedback, 397 

cathode feedback in I.F. 
amplifier, 326 

Feeders: 
aerial to feeder connection, 112 
characteristic impedance of con

centric tube and parallel wire 
feeders, ll0 

curves for loss at aerial to feeder 
junction, 113 

Field, electromagnetic, round vertical 
aerial, 59 

Filter, the design of tunable band 
pass filter, 148 

Fourier analysis of wave shapes, 410 
Frame aerial : 

directional diagram for, 81 
voltage induced in, 80 

Franklin oscillator, 261 
Free electrons, 18 
Frequency, value of oscillation fre-

quency for--
Colpitts oscillator, 251 
Hartley oscillator, 250 
tuned anode oscillator, 245 
tuned grid oscillator, 248 

Frequency changer : 
amplitude and frequency varia

tions of oscillator 
due to frequency changer, 218, 

266 
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Frequency changer--contd. 
measurements on-

conversion conductance, 209, 
212 

oscillator harmonic response, 
213 

signal handling capacity, 214 
properties required of-

anode and total current, 215 
conversion conductance, 216 
cross modulation, 217 
microphony, 218 
oscillator harmonic response, 217 
signal grid-cathode capacitance 

variation, 217 
signal grid input admittance, 217 
signal-oscillator circuit inter

action, 217 
signal to noise ratio, 216 
signal to oscillator coupling on 

short waves, 217 
slope resistance, 215 

types of-
diode, 196 
heptode, 195 
hexode, 193 
octode, 29, 196 
pentode, 185 
single valve, combined oscillator 

and frequency changer, 192 
Frequency changer circuits : 

heptode, 195 
hexode, 194 
pentode-

oscillator application to anode 
circuit, 192 

oscillator application to grid
cathode circuit, 189 

oscillator application to screen 
grid circuit, 190 

oscillator application to sup
pressor grid circuit, 192 

Frequency changing : 
and oscillation from single valve, 

192 
principles of, 181 
problems in, 184 
push-pull, 238 
special considerations on short 

waves, 218 
Frequency components in

amplitude modulated wave, 3 
frequency changer anode circuit, 

182 
frequency modulated wave, 6 
phase modulated wave, 9 

Frequency components in--contd. 
radio frequency valve anode cir

cuit, 156 
Frequency correction, automatic, 13 
Frequency distortion in diode detec

tor due to shunt capacitance 
across load resistance, 372 

Frequency error curves for aerial 
connection, 103 

Frequency inversion in detectors, 401 
Frequency modulation : 

conversion to amplitude modula
tion, 10 

conversion to phase modulation, 8 
deviation of carrier frequency in, 

4, 6 
differences between phase modula-

tion and, 9 
expression for, 5, 6 
method of producing, 7 
sidebands in, 6 
vectorial representation of, 5 

Frequency stability : 
effect in amplitude modulation, 

256 
effect in frequency modulation, 257 

Frequency stability of oscillator : 
long period effects, 257 
precautions to be observed for 

preserving, 267 
short period effects, 257 

Frequency variation of oscillator due 
to-

components associated with L.C. 
circuit, 265 

harmonics in oscillator valve, 259 
interelectrode capacitances in oscil

lator valve, 259 
interelectrode signal-grid to oscil

lator-grid capacitance in fre
quency changer, 219, 266 

internal resistance of oscillator 
valve, 260 

miscellaneous effects, 260 
reactance in oscillator valve, 258 
space-charge coupling in frequency 

changer, 222 
switching and wiring, 266 
tuning capacitance, 264 
tuning inductance, 262 

Frequency variation of oscillator, 
special methods of reducing, 260 

Full wave detection (see Double wave 
detection), 396 

Fundamental wavelength and fre
quency of vertical aerial, 71 
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Gain control automatic, 13, 27, 
335 

Ganging: 
approximate expression for oscil

lator components in terms of 
I.F. and capacitance tuning 
range, 283 

calculation of oscillator circuit 
components, 274, 277 

effect of oscillator circuit com
ponent inaccuracies, 280 

frequency error curve with three 
preset components, 279 

frequency error curve with two 
preset components, 277 

Generalized curves for R.F. <lom
bined couplings, 151, 153 

Generalized selectivity curves : 
applied to shunt and series coup

lings, 302 
for intermediate frequency trans

former, 301 
for negative feedback in I.F. stage, 

330 
for parallel resonant circuit, 124 

Grid, cumulative grid detection, 377 
Grid current detection, 377 
Grid input admittance of valve : 

and electron transit time, 54 
and frequency response, 321 
with anode-grid capacitance coup

ling, 39 
with cathode lead inductance 

effects, 48, 172 
with combined anode-grid and 

grid-cathode capacitance coup
ling, 50 

with grid-cathode capacitance 
coupling, 45, 172 

with grid-screen capacitance coup
ling, 53 

Grid •·oltage : 
anode current characteristic of

hexode valve, 28, 29 
pentode valve, 28 
triode valve, 21 

conversion conductance curves of 
frequency changer, 18'1 

mutual conductance curves of 
amplifier valve, 27 

H armonic distortion in
detectors, 340, 347, 371, 378, 

384 
frequency changers, 214 

Harmonic distortion in--contd. 
intermediate frequency amplifiers, 

335 
R.F. amplifiers, 154 

Harmonic response, oscillator : 
definition of, 207 
measurement of, 213 
method of producing, 187, 213 
second harmonic response curves 

for hexode and pentode, 214 
third harmonic response curves for 

hexode and pentode, 214 
Harmonics of-

intermediate frequency, 200 
oscillator, and frequency stability, 

259 
oscillator and signal in frequency 

changer, 199 
Hartley oscillator : 

conditions for oscillation, 250 
oscillating frequency of, 250 

Height, effective height of
inverted L aerial, 7 4 
vertical aerial, 66 

Heptode frequency changer : 
capacitance coupling between sig

nal and oscillator electrodes, 218 
electron coupling between signal 

and oscillator electrodes, 221 
improved types of, 196 
short wave operating conditions, 

221 
transit time effects in, 222 

Heterodyne frequency, 179 
Heterodyne whistle interference in 

detectors, 399 
Hexode frequency changer : 

capacitance coupling between sig
nal and oscillator electrodes, 219 

electron coupling between signal 
and oscillator electrodes, 220 

short wave operating conditions, 
220 

signal grid electron collection, 220 
Horizontal balanced dipole aerial, 

78 
Horizontal polarization of electro

magnetic wave, 60 

Image signal : 
definLion of, 182 
interference from, 199 
method of reducing effect of, 22:i 

Image signal suppression circuit;; : 
serws and parallel circuits, 225 



INDEX 429 

Image signal suppression circuits
contd. 

suppression by neutralizing vol
tage, 229 

suppression on short wave ranges, 
233 

Imaginary, use of, 405 
Impedance: 

anode load impedance of valve, 
representation of, 30 

characteristic impedance of 
feeders, ll0 

concentric tube, ll0 
parallel wire, ll0 

definition and components of, 406 
of parallel resonant circuit, 121 
of primary of two coupled circuits, 

303 
transfer impedance of I.F. trans

former, 289, 296 
Indirect ray transmission, 61 
Inductance : 

coupling in I.F. transformers, 290 
in cathode-earth lead of valve, 47 
per unit length of vertical aerial, 67 
temperature variation effect on 

oscillator frequency stability, 262 
tuning of I.F. transformers, 288 

Inductance of coil : 
calculation of, 129 

multilayer coil, 130 
single layer coil, 129 
spiral coil, 129 

effect of screening on, 134 
effect of temperature variation on, 

262 
effect of self-capacitance on, 132 
ratio change of inductance due to 

shield, 135 
ratio change of inductance due to 

shield and coil eccentricity, 136 
Initial velocity of electrons in diode, 

20 
Input grid admittance of valve, 

factors controlling, 37 
Input impedance of R.F. amplifier 

due to anode-grid capacitance 
coupling, 162 

Instability in R.F. amplifiers, 162 
Insulation, displacement current in, 

18 
Inter electrode capacitance, oscillator 

frequency variations due to, 259 
Interference effects in detectors, 398 
Interference reducing aerial systems, 

108 

Interference whistles in frequency 
changers: 

charts for, 201 
production of, 197 
types of, 199 

Intermediate frequeI1cy : 
amplification, 288 
considerations governing choice of, 

183 
coupled circuits, types of, 289 
harmonics, 200 
isolator semi-aperiodic stage, 322 
stage with cathode negative feed-

back, 326 
valve, signal handling capacity of 

335 
Intermediate frequency transformer : 

capacitance tuning of, 288 
coupling coefficient definition, 290 
design of, 295 
equivalent primary impedance, 303 
generalized selectivity curves for, 

301 
inductance tuning of, 288 
maximum amplification, conditions 

for, 298 
measurement of primary resonant 

impedance of, 213, 337 
transfer impedance of, 289, 296 
with additional coupled I.F. trans-

former, 318 
with capacitance coupling, 290 
with inductance coupling, 290 
with mutual inductance coupling, 

293 
with negative feedback, 330 
with Q /2 single circuit, 308 

Inversion frequency in detectors, 401 
Inverted L aerial, 73 
Ion, positive ion current effect on 

grid input admittance, 37 
Ionized layers surrounding earth, 61 
Ionosphere, 60 
Isolator aperiodic I.F. stage, design of, 

322 

J' i notation, 405 
Junction loss at aerial and feeder 
connection, 113 

L ' inverted L aerial: 
characteristic impedance of, 74 
effective height of, 7 4 
terminal impedance of, 7 5 
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Layers in ionized upper atmosphere : 
E layer, 62 
Flayer, 62 

Leakage, current, effect on valve grid 
input admittance, 37 

Leaky grid detector (see Cumulative 
grid detector), 377 

Limiter stage in frequency and phase 
modulated transmission, 10 

Linear amplification, 155 
Linear detection, 4 
Load curve for capacitance and in

ductance on laEa characteristics, 
30, 32 

Load impedance, representation on 
laEa characteristic curves of 
valve, 30 

Load line for resistance on laEa 
characteristics, 30, 32 

Long wave propagation, 62 
Losses at junction of aerial and 

feeder, 113 

M agnetic field distribution around 
vertical aerial, 59 

Magnification of coil, 121 
Matching loss at junction of aerial and 

feeder, 113 
Maximum amplification, conditions 

for, at ultra short waves, 173 
Measurements on-

frequency changer valves
conversion conductance, 209, 212 
oscillator harmonic response, 213 
signal handling capacity, 214 

intermediate frequency valves
impedance of primary of I.F. 

transformer, 213, 337 
signal handling capacity, 335 

radio frequency valves
modulation envelope distortion, 

159 
signal handling capacity, 159 

Medium waves, propagation of, 62 
Meissner oscillator, 244 
Microphony, 218 
Miller effect, 42 
Minimum coil A.C. resistance, condi

tions for realizing, 132 
Miscellaneous frequency variation 

effects in oscillator, 260 
Mistune ratio, of aerial first tuned 

circuit: 
definition of, 83 

Mistune ratio, of aerial first tuned 
circuit--contd. 

generalized formulae for, 89 
variation over tuning range, 99 

Modulation : 
amplitude-

detection of, 4 
method of producing, 4 
modulation ratio, 3 
representation of, 3 
sidebands of, 3 

frequency-
conversion to phase modulation, 

8 
detection of, 10 
method of producing, 7 
modulation index, 6 
representation of, 5 
sidebands of, 6 

phase--
conversion to frequency modula-

tion, 8 
detection of, 10 
method of producing, 9 
representation of, 9 
sidebands of, 9 

Modulation envelope distortion in 
R.F. valves, 157 

Multi-electrode valve : 
frequency changing by, 28 
modulation by, 28 

Mutual conductance : 
calculation of, 22 
definition of, 22 

Mutual inductance : 
coupling in aerial circuits, 82 
coupling in I.F. transformers, 293 
sign of, 84 

N egative feedback in-
anode bend detector, 397 

intermediate frequency amplifier, 
326 

oscillator, 255 
Negative grid input admittance in

anode bend detector with negative 
feedback, 398 

valve, 43, 4 7 
Negative impedance coupling in 

frequency changer, 224 
Negative resistance in tetrode valve, 

25 
Neutralizing voltage image suppres

sion circuits, 229 
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Noise limitation to maximum ampli
fication: 

shot noise, 166 
thermal noise, 165 

Oblique polarization of electro
magnetic wave, 60 

Octode frequency changer, 29, 196 
Optimum coupling, in aerial circuits, 

85 
Optimum oscillator voltage in

hexode frequency changers, 194 
pentode frequency changers, 186 

Oscillation : 
and frequency changing from single 

valve, 192 
interchange of energy during, 241 
maintenance conditions for oscilla

tion, 242 
parasitic oscillation, 269 
squegger oscillation, 269 

Oscillator amplitude stability, 
methods of preserving, 253 

Oscillator frequency stability, 
methods of preserving, 267 

Oscillator harmonic response : 
conditions for minimum, 217 
curves showing effect of oscillator 

voltage on, 214 
definition of, 207 
measurement of, 213 

Oscillator tracking capacitances : 
calculation of, 275, 278 
graphical determination of, 280 

Oscillator voltage application to
heptode frequency changer, 195 
hexode frequency changer, 193 
pentode frequency changer-

in anode circuit, 192 
in grid-cathode circuit, 185 
in screen grid circuit, 190 
in suppressor grid circuit, 191 

Oscillators : 
conditions required of super-hetero

dyne receiver oscillators, 252 
negative feedback in, 255 
types of-

Colpitts, 251 
electron coupled, 261 
Franklin, 261 
Hartley, 249 
Meissner, 244 
modified Colpitts for short waves 

270 

Oscillators-contd. 
types of--contd. 

tuned anode, 244 
tuned grid, 24 7 

Oxide-coated emitters, 19 

Padding capacitor in oscillator 
ganged circuits, 275, 278 

Parabolic detection characteristic in 
diode, 358 

Parallel and series image suppression 
circuits, 225 

Parallel tuned circuit : 
choke coupled, 142 
dynamic resistance of, 122 
equivalent series and parallel cir-

cuits for, 121 
generalized selectivity curve for, 

124 
resonant impedance of, 122 
tapped coil coupling for, 137 
transformer coupling for, 140 

Parasitic oscillation, methods of pre
venting, 270 

Pass-band response for I.F. trans-
former and Q /2 circuit, 307 

Peak voltmeter, 212 
Pentagrid frequency changer, 195 
Pentode valve : 

amplifier, 120 
characteristic curves for, 26, 28 
frequency changer, 28, 185 

Phase modulation : 
conversion to frequency modula

tion, 8 
differences from frequency modula-

tion, 9 
expression for, 9 
method of producing, 9 
representation of, 9 
sidebands of, 9 

Polarization of electromagnetic 
waves: 

circular, 61 
elliptical, 61 
horizontal, 60 
oblique, 60 
vertical, 60 

Positive bias on diode detector, 348, 
372 

Positive ions, 38 
Potential distribution in tetrode 

valve, 26 
Power grid detection, 379 
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Power series representation for
frequency changer operation, 181 
R.F. amplifier operation, 155, 156 

Power supply, design considerations 
based on, 15 

Preset tuning on-
short waves, 169 
ultra short waves, 171 

Primary, the impedance of primary 
of I.F. transformer, 303 

Propagation of electromagnetic 
waves: 

long waves, 62 
medium waves, 62 
short waves, 6.3 

Push-pull: 
detection, 395 . 
frequency changing, 238 
quiescent, 15 

Q of coil, 121 
Quantities complex, 406 

Quiescent push-pull, 15 

Radiation resistance of
dipole aerial, 76 

vertical aerial, 71 
Radio frequency amplification : 

band-pass circuits, 143 
choke coupling, 142 
tapped coil coupling, 137 
transformer coupling, 140 

Radio frequency amplifier : 
diode detector damping of, 363 
input impedance of, due to anode

grid capacitance coupling, 162 
Reactance, definition of, 406 
Reaction in detectors (see Regenera

tion), 392 
Receivers: 

connection of several receivers to 
one aerial system, 116 

types of amplitude modulation 
receivers-

straight R.F. amplifier, 11 
superheterodyne, 11 
superregenerative, 14 

Rectifier, conditions for diode to act 
as, 20 

Reflection of electromagnetic wave, 
61 

Refraction of electromagnetic wave, 
critical angle of, 63 

Regeneration in detectors, 392 
advantages and disadvantages of, 

395 
anode bend detection, 394 
backlash in connection with, 394 
cumulative grid detection, 393 
diode detection, 395 
effect on selectivity, 393 
effect on sensitivity, 395 
instability with, 394 
methods of producing, 394 
self-oscillation with, 394 

Rejection frequency in I.F. trans
formers with combined coup
lings, 293 

Resistance : 
A.O. resistance of coil, 131 
change in apparent value with coil 

self-capacitance, 133 
dynamic resistance of parallel tuned 

circuit, 122 
effect of screening on coil resist

ance, 137 
equivalent shot noise resistance, 

167 
internal resistance of valve (see 

Slope resistance), 23 
negative resistance in valve, 25 
radiation resistaTJ.ce of-

dipole aerial, 76 
vertical aerial, 71 

Resonance in R.F. choke on short 
waves, 142, 273 

Resonant impedance of-
parallel tuned circuit, 122 
primary of an I.F. transformer

measurement of, 337 
value of. 303 

Saturation current in diode, 19 
Screen grid valve, 24 

Screening: 
effect of, on inductance and resist

ance of coil, 134, 137 
minimum thickness of, 135 

Second channel interference (see 
Image interference), 182 

Secondary emission in tetrode, 25 
suppression of, 26 

Selective fading, 63 
Selectivity : 

characteristic, 123 
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Selectivity-contd. 
constant selectivity over range of 

tuning frequencies, 125 
generalized curves applied to shunt 

and series couplings, 302 
generalized curves for I.F. trans

former, 301 
generalized curves for I.F. trans

former with negative feedback, 
330 

generalized curve for parallel tuned 
circuit, 124 

of I.F. transformer and single Q /2 
circuit pass band response for, 
307, 309 

of two coupled I.F. transformers 
transfer impedance for, 319 

regeneration and, 393 
Selectivity ratio : 

definition of, 83 
generalized formulae for, 89, 90 
variation and aerial terminal im-

pedance, 105 
variation over tuning range, 99 

Selectivity variable : 
asymmetrical, 306 
automatic-

operated by interference and 
desired signal, 334 

with coupling reactance varia
tion, 333 

with detuning, 333 
with resistance damping, 333 

by cathode feedback, 326 
by mutual inductance coupling 

variation, 307 
symmetrical, 307 

Self-bias in: 
amplifier valves, 36 
anode bend detectors, 391 

Self-capacitance of coil : 
effect on apparent inductance, 

133 
effect on apparent resistance, 133 

Self-oscillation and regeneration, 394 
Sensitivity and regeneration in detec

tors, 395 
Series and parallel image rejection 

circuits, 225 
Series, equivalent series circuit for 

parallel resonant circuit, 122 
Series Fourier, 410 
Shielding (see Screening), 134 
Short wave: 

amplification, problems in, 168 
band spreading, 168 

Short wave-contd. 
frequency changing

heptode for, 221 
hexode for, 220 
special considerations in, 218 

image signal suppression, 233 
oscillators, 271 
preset tuning, 169, 172 
propagation of, 63 
use of oscillator harmonics, 272 

Shot noise: 
equivalent resistance, 167 
formula for, 167 

Sidebands for-
amplitude modulation, 3 
frequency modulation, 6 
phase modulation, 9 

Signal handling capacity of
frequency changer, 214 
I.F. amplifier, 335 
R.F. amplifier-

calculation of, 160 
measurement of, 159 

Signal-to-noise ratio for
frequency changers, 168, 216 
R.F. amplifiers, 168 

Skin effect in coil resistance, 131 
Skip distance, 64 
Slope resistance of valve, 23 
Space charge--

effect on transit time phenomenon, 
54, 222 

in diode, 19 
Square law detection, 340 
Squegger oscillation, methods of 

preventing, 269 
Stability frequency, of oscillators, 

256 
Superheterodyne oscillator, condi

tions to be fulfilled by, 252 
Superheterodyne reception, advant

ages of, 11 
Superregenerative detection, 14 
Suppression of image signal interfer

ence, 225 
Suppression of secondary emission, 26 
Suppressor grid : 

action of, in pentode valve, 26, 28 
frequency changing, 191 

T aerial, 7a 
Tapped parallel tuned circuit 

in-
aerial, generalized formulae 

for, 93 
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Tapped parallel tuned circuit in
contd. 

R.F. amplifier-
input impedance of, 139 
voltage step up of, 139 

Taylor's expansion, 384 
Temperature : 

coefficient of capacitance and in
ductance, 263, 266 

effect on oscillator frequency 
stability, 262 

effect on thermionic emission, 18, 
19 

Terminal impedance of aerial : 
curves for-

dipole aerial, 77 
vertical aerial, 69, 73 

definition of, 67, 82 
Tetrode valve : 

as cumulative grid detector, 381 
characteristic curves for, 25, 27 
conditions affecting mutual con-

ductance and slope resistance, 24 
secondary emission in, 25 

Thermal noise, 161S 
Thermionic emission, 18 
Tracking component values for oscil

lator, 275, 278 
Transfer impedance of-

I.F. transformer, 289, 296 
I.F. transformer and a single Q /2 

circuit, 313 
two overcoupled J.F. transformers, 

319 
Transfer voltage ratio : 

aerial terminal impedance and 
105 

approximate expressions for, 87, 91 
definition of, 83 
generalized formulae for, 89 
variation over tuning range, 101 

Transformation : 
series to shunt coupling, 148 
symmetrical n to T section, 148 
unsymmetrical bridged T to T 

section, 98 
unsymmetrical n to T section, 95 

Transformer : 
I.F. design of, 295 
R.F. design of, 140 

Transformer coupled parallel tuned 
circuit: 

input impedance of, 141 
voltage step-up of, 141 

Transit time of electrons, effect on 
grid input admittance, 54 

Transmission: 
amplitude modulate<l, 4 
frequency modulated, 7 
phase modulated, 9 

Trimmer capacitance for oscillator 
ganging, 278 

Triode-pentode frequency changer, 
189 

Triode valve, characteristic curves 
for, 21, 30 

Tuned anode oscillator : 
conditions for oscillation, 245 
effect of finite grid impedance, 24~ 
oscillating frequency of, 245 
vector diagram for, 246 

Tuned grid oscillator : 
conditions for oscillation, 248 
oscillating frequency of, 248 

Tuning inductance and capacitance 
in J.F. transformers, 288 

Turn-over effect in cumulative grid 
detector, 382 

Ultra short wave : 
amplification, problems in, 171 

oscillators, 271 
Unstable regeneration in detectors, 

prevention of, 394 

V dipole aerial, terminal imped
ance of, 78 

Valve: 
amplification factor, 22 
cathode negative feedback in, 36 
constant current generator circuit 

for, 35 
constant voltage generator circuit 

for, 35 
frequency variations due to, 257 
grid input admittance of, due to-

electronic current, 37 
grid interelectrode coupling 

capacitance, 38 
leakage current, 37 
positive ion current, 37 
transit time of electrons, 38, 54 

internal or slope resistance, 23 
internal resistance and frequency 

variations due to, 260 
mutual conductance, 22 
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Valve-contd. 
reactance and frequency stability, 

258 
signal handling capacity of
frequency changer, 214 

1.F. valve, 335 
R.F. valve, 159 

special methods of reducing fre
quency variations due to, 260 

types of
diode, 19 
heptode, 28 
hexode, 28 
octode, 29 
pentagrid, 28 
tetrode, 24 
triode, 21 

variable mu characteristic, 27 
Variable selectivity : 

asymmetrical, 306 
automatic, 332 
by cathode feedback, 326 
methods of obtaining, 307 
symmetrical, 307 

Vector representation of impedance 
and admittance, 406 

Velocity initial, of electrons, 18, 20 
Vertical aerial : 

characteristic impedance of, 67 
effective height of, 66 
inductance and capacitance per 

unit length, 67 
terminal impedance of, 72 

Vertical polarisation of electromag
netic wave, 60 

Voltage distribution in vertical aerial, 
66 

Volume control, automatic (see Auto
matic gain control), 13 

W avelength fundamental, of ver
tical aerial, 71 

Waves, electromagnetic: 
fading of, 63 
propagation of, 57 
reflection of, 62 
refraction of, 63 

Wave shape, Fourier analysis of, 410 
\Vhistles, interference from, 197 
Wire, skin effect in, 131 

END OF PART ONE. 


