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The “Radio” Handbook

FOREWORD

THE Editors of RApIO have unquestionably become in recent years
the outstanding group in radio not affiliated with a definite commer-
cial interest. They are all practical radio engineers and active ama-
teurs of many years’ experience. They are the source of the reputa-
tion and prestige of RADIO, envied by publications of greater cir-
culation.

Starting several years ago with an extensive set of ‘“notes”
compiled for their own use, the Editors of RApIo and particularly
Frank C. Jones have developed the present ‘“RADIO” HANDBOOK,
which is now in its fifth edition. Each edition is thoroughly revised,
not merely brought up to date. To keep up with rapid developments
in commercial equipment, the great majority of items shown in the
constructional pages are newly built for each edition. Though a
few outstanding items were selected from other publications by the
same publishers, the greater portion are built especially for this
handbook. All have been tried in actual practice.

New methods have been evolved for the presentation of buffers
and amplifiers. By means of them, the reader will be able to select
the oscillator, buffer, and doubler or final amplifier which he prefers,
regardless of the type of tube he has or wishes to use. This will
permit the design of a transmitter employing one of several suitable
combinations of the respective units. It is not necessary to adhere
to one complete set of instructions in planning a transmitter. But
for those who so desire, several completely-built transmitters are
described.

Taken all in all, no effort has been spared in an attempt to com-
pile the most comprehensive book on the subject, both as a reference
for those with wide knowledge of the field and as a practical
text for those of limited knowledge and means.

In closing, we wish to thank those whose year-after-year pur-
chases have indicated their approval of such an unusual policy.
This policy has only been possible, however, with the additional
cooperation of our advertisers. In similar technical fields texts
such as this sell from $5.00 upwards; whatever value this book may
have for you over its purchase price is a gift to you from our
advertisers. We hope that you will reciprocate by using their prod-
ucts when suited to the job at hand.

THE PUBLISHERS
L.os ANGELES, CALIFORNIA
October, 1938

The Editors of RAD10 in preparing this work have not only drawn upon
their own knowledge and extensive evperience, but also have drawn upon nearly
the whole current field of radio literature, wherefore it is impossible to give due
acknowledgment to all whose work has been consulted to some extent. We wish
to acknowledge particularly the kind permission of the RCA Manufacturing Co.,
Inc., to use certain of the formulas in the theoretical pages, as well as extensive
data and specifications on vacuum tubes.



CHAPTER 1

Qundamental 7&044;

Elementary Electricity and Radio Physics — Circuit Charac-
istics and Components — Computations

OUR ENTIRE world — in fact, the
human being himself—is a combination
of approximately ninety-two substances,
called elements. In spite of this large
number of elements, each in turn is
composed of two basic units, the positive
proton and the negative electron. The
difference between iron and copper, for
example, lies not in the basic units of
which they are composed, but rather in
the quantity and the position of these
units.

Electrons and protons in combination
are known as atoms. The proton (one
or more) represents the central or nucle-
ar positive charge, while the electron
(or electrons) represents the outer or
negative charge. These electrons revolve
around the central unit in an elliptical
path or orbit in much the same manner
as the planets in our solar system re-
volve about the sun. The atoms which
make up the various elements differ
mainly in the fact that some have sev-
eral rings of electrons, rather than a
single ring.

The electrons in the orbits which
surround the positive nucleus have a
charge that is exactly equal to the cen-
tral unit, and, since they are opposite in
polarity, a perfect state of balance ex-
ists. It is this same general state of
balance which exists throughout nature,
generally speaking.

1t is important to understand that an
atom (or atoms) containing several or-
bits of electrons around the central por-
tion (nucleus) will have many of its
electrons at a considerable distance from
the nucleus, and consequently these elec-
trons will not be so strongly held as those
in the nearer orbits.

In relative size the proton is considered

to be approximately 1,845 times larger
than the electron. Any attempt to visu-
alize the actual physical mass of either
is quite impossible, the realization be-
coming evident when it is considered that
countless billions upon billions of eleec-
trons and protons make up a tiny piece
of copper wire.

When this enormous quantity of atoms
in any particular object is taken into
consideration, it is easier to understand
why, when electrons in some far-re-
moved orbit are not so strongly held by
their central positive proton, such elee-
trons are very apt to be attracted by
some other atom which has previously
lost its outer electron. This is exactly
what happens,

The atom at all times seeks to main-
tain a state of balance; this is accom-
plished only when an atom has the
proper number of electrons. If one elec-
tron is lost to some other atom, balance
is quickly restored by attracting an-
other. Consequently, there is a continu-
ous helter-skelter movement of electrons,
a constant shifting from one atom to
another. The electrons which move about
in a substance are called free electroms,
and it is these free electrons that make
possible the electric current.

Conductors and Insulators

Should the atomic structure of a cer-
tain material be such that all of the
electrons in an individual atom are
tightly held by their positive proton and
tend to remain within their own orbits,
the material or substance will have very
few free electrons and becomes what is
known as an tnsulator. Mica, glass, por-
celain and dry air are examples of such
insulators.

o 7 o
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On the other hand, materials that have
a large number of free electrons are
known as conductors. Most metals, such
as copper, silver and aluminum, are con-
ductors. The ability of a material to pass
an electric current is known as its con-
ductivity. Metals which have high con-
ductivity may be said to have low re-
sistance to the flow of an electric cur-
rent.

The Electric Current

The free electrons in a conductor move
constantly about and change their posi-
tion in a haphazard manner. If, however,
the conductor is connected between the
positive and negative terminals of a bat-
tery, there will be a steady movement
of electrons from the negative to posi-
tive terminal, in addition to the irregular
movement of the electrons. This flow
constitutes an electric current, but as
soon as the battery is removed, the cur-
rent will cease.

It can be said in explanation that when
the battery was first connected to the
wire, there existed a shortage of elec-
trons at one terminal which the elec-
trons at the other terminal attempted to
supply.

Remember that the constant movement
of electrons in a definite direction cre-
ates an electric current. In the previous
example, the constant clectron movement
was brought to a halt when the battery
was disconnected since the surplus elec-
trons immediately supplied the deficiency
existing at one end and established a
balance throughout the entire conductor.

Resistance

The molecular structure of certain
metals is such that when the free elec-
trons are made to flow in a definite direc-
tion, there are frequent collisions be-
tween them and the individual atoms in
the material. The result of these colli-
sions is to decrease the total electron
flow. This ability of a substance to re-
sist the steady electron flow is called- its
resistance,

It will require a greater electromotive
force to produce a given current through
a substance with high resistance than to
produce the same current in a good con-
ductor. In the case of the conductor
virtually all of the electromotive force
is effective in producing current, where-
as in the resistor a portion is wasted

in the form of lost energy due to electron
collisions. These collisions cause the ma-
terial to become heated, and part of the
initially-applied electromotive force is
thus ultimately lost in the form of heat.
This same phenomenon of heat is ex-
hibited when a metal is repeatedly struck
by a hammer.

The resistance of a uniform length of
material is directly proportional to its
length and inversely proportional to its
cross section. A wire with a certain re-
sistance for a given length will have twice
as much resistance if the length of the
wire is doubled.

For a given length, doubling the size
(cross section) of the wire will halve
the resistance. It is also important to
note that the resistance of most materi-
als will increase as the temperature is
increased. Thus, the resistance of the
filament in a vacuum tube, or in a tung-
sten electric lamp, is many times higher
when brought to operating temperature
than when it is cold.

The resistance of a material or circuit
can be expressed by a constant, R, which
is equal to the ratio of the applied
electromotive force to the current pro-
duced. Expressed as an equation:

electromotive force
R =

current

This equation constitutes the basis for
Ohm’s Law, which is treated at length
in the succeeding text.

The commonly-used unit of resistance
is the ohm although the expression meg-
ohm (1,000,000 ohms) is sometimes used
when very large quantities are involved.

The Ampere

The strength of an electric current de-
pends upon the rate at which electrons
pass a given point. The units of meas-
urement are the ampere and the coulomb,
one ampere being equal to 6.28 X 10*
electrons passing a given point in one
second. The generally-used term in elec-
trical practice is the ampere, in which
the time element is already implied and
need not be stated, as would be the case
when referring to current in terms of
coulombs (coulombs per second).

The Volt

The electrons are. driven through the
wires and components of a circuit by a
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force called an electromotive foree, usu-
ally abbreviated e.m.f. or EXM.F. The
unit that denotes this force is called the
volt. This force or pressure is measured
in terms of the difference in the number
of electrons at one point with respect
to another. This is known as the poten-
tial difference.

The relationship between the electro-
motive force (voltage) to the flow of
current (amperes), and the resistance
which impedes the flow of current
(ohms), is very clearly expressed in a
simple but highly valuable law known
as Ohm’s law.

Ohm’s Law

This law states that the current in
amperes i8 equal to the voltage divided
by the resistance in ohms. Expressed as
an equation:

If the voltage (E) and resistance (R)
are known, the current (I) can be read-
ily found. If the voltage and current
are known, and the resistance is un-
known, the resistance (R) is equal to
E
—. When the voltage is the unknown
I
quantity, it can be found by multiplying
I X R. These three equations are all
secured from the original by simple
transposition. The expressions are here
repeated for quick reference:

E E

I=— R=e

R I
where I is the current in amperes,
R is the resistance in ohms,

E is the electromotive force involts

E=1IR

One typical problem for the applica-
tion of Ohm’s law would be a resistance-
coupled amplifier whose plate resistor
has a value of 50,000 ohms, with a meas-
ured current through this resistor of
5 milliamperes. The problem is to find
the actual voltage applied to the plate of
the tube.

The resistance R is 50,000 ohms. The
current I is given as 5 milliamperes;
milliamperes must, therefore, first be
converted into amperes; .005 amperes
equals 5 milliamperes. The electromotive
force or voltage, E, is the unknown quan-
tity. Ohm’s law is applied as follows:

Formula: E=IX R
R = 50,000 ohms
I = .005 amperes

Solution: .006 X 50,000 = 250 volts
drop across the resistor.

If the power supply delivers 300 volts,
the actual voltage on the plate of the
tube would be only 50 volts. This means
that 250 volts of the supply voltage
would be consumed in forcing a current
of .006 amperes through the 50,000-ohm
plate resistor.

Example (2)

Given the same amplifier, suppose it is
desirable in this case to have a voltage
of 150 on the plate of the tube. The
known quantities are a plate current of
10 milliamperes (0.01 amperes) and a
supply voltage of 300 volts. It is desired
to find the value of plate resistor to pro-
vide this drop in voltage.

From the foregoing, it is obvious that
with 300-volts plate supply available, the
voltage that must be consumed across
the plate resistor is 150 volts, so that
150 volts will remain at the plate of the
tube. The problem is solved as follows:

E
From Ohm’s law, R = —
1

E in the above example is equal to the
difference between supply and desired
voltages, or the “voltage drop” across the
resistor, R.

Therefore:

150

R= , or 16,000 ohms.

0.010

Example (3)

The given supply voltage is 300, and
the (mecasured) voltage on the plate of
the tube is 100 volts. Find the current
flowing- through the plate resistor of
20,000 ohms.

E

From Ohm’s law, I = —, E again
equals the difference between supply and
measured plate voltages.

Therefore:
200
I= y
20,000

I = 0.010 amperes, or 10 milliamperes.
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Resistances in Series

The total resistance of several resist-
ances in series is equal to the sum total
of the individual resistances. A 50,000-
ohm resistance in series with a 25,000-
ohm resistance would give a total resist-
ance of 75,000 ohms.

Formula: R, + R, =R,

Ry R2
—_—— AW
i)
FIGURE 1.

Resistances in Parallel

When two resistances of equal value
are connected in parallel, the total re-
sistance will be one half the resistance
of one. Two 100,000-ohm resistances con-
nected in parallel would have a total re-
sistance of only 50,000 ohms.

When two or more resistances are
connected in parallel, the effective total
is always less than the value of the low-
est resistance in the group. The value of
three or more unequal resistances in par-
allel is solved from the following for-
mula:

R=

b
= AAAA A
b
n
0
w
«———— ) —————>

FIGURE 2.

Three or More Parallel Resistors
Having Same Value

When three or more resistors of the
same value are connected in parallel, the
effective resistance is the common value
divided by the number of resistances
connected in parallel.

Examples:
Three resistances of 75,000 ohms each,
connected in parallel, would have an
75,000
or only

effective resistance of

25,000 ohms.

Four resistances of 200 ohms each, con-

nected in parallel, would have an ef-
200

fective resistance of —, or only 50
4

ohmes.

Two Unlike Resistances
In Parallel

When two resistances have the same
value, the above formula applies. When
the resistances are of unequal values, the
following formula is used:

R: X Ra
Re=———,
R:+ Ra.
where R i3 the unknown quantity,
R, is the resistance of the first
resistor,
R, i3 the resistance of the sec-
ond resistor.

A typical example would be an a.v.c.
resistor of 500,000 ohms, which is to be
shunted (paralleled) with another re-
sistor of some value, in order to bring
the effective resistance value down to a
value of 300,000 ohms. Substituting these
values in the equation for two unequal
resistances in parallel:

500,000 X R,
300,000 = —
500,000 + R,

By transposition, factoring and solution,
the effective value of R will be 750,000
ohms. Thus a 750,000-ohm resistance
must be connected across the 500,000-
ohm resistance in order to secure an ef-
fective resistance of 300,000 ohms.

In solving for values other than those
given, the simplified equation becomes:

R, X R
R, = —
R—R,
where R is the resistance present,
R, is the resistance to be o0b-
tained,
R, is the value of the unknown
resistance necessary to give
R, when in parallel with R.
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Resistances in Series-Parallel

Resistances in series-parallel can be
solved from the equation:

1
R =
1 1 1
+
R.+ R, R:4 R, R; 4+ Re
L
Rt §83 Rs
R
R2 §R4 Re
FIGURE 3.

Power Measurements
and Formulas for
Resistive Circuits

When a voltage causes a given current
to flow through a resistor, heat is
generated or dissipated by the resistor.
This loss is attributable to the molecular
structure of the material through which
the current is made to pass. In other
words, if the constant flow of electrons
is always coming into contact with the
atoms of the material through which the
electrons flow, there will be countless
collisions and the electrons must, there-
fore, be forced through in order that a
given number will constantly move
through the conducting medium. This
phenomenon results in heating of the
conductor, and this heating results in a
loss of power or energy.

From Ohm’s law, E = I X R, it can
readily be seen that if the resistance of a
circuit is doubled, it will require twice
the voltage to maintain the same current
flow through the added resistance. This
expenditure of power can be considered
as the product of the voltage and current
in the circuit and is expressed in watts.
Hence, W (watts) = E X I. Since it is
very convenient to express power in
terms of the resistance and current, a
substitution of I X R for E (E = I X

R) in the above formula, gives: W =
IR X I, or I’R.
In terms of voltage and resistance, W
E? E
= ——. Here, I = — and, when this was
R R
substituted for I, the formula became
E E?
W =E X — or W = —, These three
R R
expressions are repeated for quick refer-
ence:
E)
W=EXIW=DIXR W=—,
R

where W is the power in watts,

E is the clectromotive force or
voltage,
I is the current in amperes.

This equation is used in the following
typical example: The voltage drop across
a cathode resistor in a power amplifier
stage is 50 volts; the plate current flow-
ing through the resistor is 150 milli-
amperes. The number of watts the
resistor will be required to dissipate is
found from the formula: W (watts) =
E X I, or 50 X .150 = 7.5 watts (.1560
amperes is equal to 150 milliamperes).
From the foregoing it is seen that a
7.5-watt resistor will safely carry the
required current, yet a 10- or 20-watt
resistor would ordinarily be used to pro-
vide a safety factor.

In another problem, the conditions
being similar to those above, but with
resistance and current being the known
factors, the solution is obtained as fol-
lows: W =1 % R = .0225 X 333.33 +
= 7.5.

If only the voltage and resistance are

E? 2500
known, = — = ——— = 1.5 watts.
R 333.33
It is seen that all three equations give
the same result; the selection of the
particular equation depends only upon
the known factors.

Voltage Dividers

A voltage divider is exactly what its
name implies: a resistor or a series of
resistors connected across a source of
voltage from which various lesser values
of voltage may be obtained by connection
to various points along the resistor.

A voltage divider serves a most useful
purpose in a radio receiver, transmitter
or amplifier, because it offers a simple
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means of obtaining plate, screen and
bias voltages of different values from a
common power supply source. It may
also be used to obtain very low voltages
of the order of .01 to .001 volts with a
high degree of accuracy, even though a
means of measuring such voltages is
lacking. The procedure for making these
measurements can best be given in the
following example:

Assume that an accurately calibrated
0-150 voltmeter is available and that the
source of voltage is exactly 100 volts.
This 100 volts is then impressed through
a resistance of exactly 1,000 ohms. It
will, then, be found that the voltage

Conversion Table for Volts,
Amperes and Watts,

1 kilovolt = 1,000 volts.

1 volt = 1/1000 kilovolt, 10
kilovolts, or .001 kilovolt.
1 millivolt = 1/1000 wvolt,

10~ volts, or .001 volt.

1,000 millivolts = 1 volt.

1 mierovolt = 1/1,000,000
volt, 10 volts, or .000001
volt.

1,000,000 microvolts = 1 volt.

1,000 microvolts = 1 milli-
volt, or 10~ volts.

1 milliampere = 1/1,000 am-
pere, 10 amperes, or .001
ampere.

1,000 milliamperes = 1 am-
pere.

1 microampere — 1/1,000,-
000 ampere, 10° amperes,
or .000001 ampere.

1,000 microamperes — 1
milliampere, or 10? am-
peres.

1 kilowatt = 1,000 watts.

1 watt = 1/1,000 kilowatt,
10~ kilowatts, or .001 kilo-
watt.

1 milliwatt = 1/1,000 of a
watt, 10 watts, or .001
watts.

1,000 milliwatts — 1 watt.

1 microwatt — 1/1,000,000
of a watt, 10 watts, or
000001 watt.

1,000 microwatts = 1 milli-
watt or 10~ watts.

along various points on the resistor, with
respect to the grounded end, will be
exactly proportional to the resistance at
that point. From Ohm’s law, the current
would be 0.1 ampere; this current re-
mains unchanged since the original value
of resistance (1,000 ohms) and the volt-
age source (100 volts) are unchanged.
Thus, at a 500-ohm point on the resistor
(half its entire resistance), the voltage
will likewise be halved or reduced to 50
volts.

The equation (E = I X R) gives the
proof: E = 500 X 0.1 = 50. At the
point of 2560 ohms on the resistor, the
voltage will be one-fourth the total value
or 25 volts (E = 250 X 0.1 = 25). Con-
tinuing with this process, a point can be
found where the resistance measures
exactly one ohm and where the voltage
equals 0.1 volt. It is, therefore, obvious
that if the original source of voltage and
resistance can be measured, it is a
simple matter to predetermine the volt-
age at any point along the resistor, pro-
vided that the current remains constant.

Bleeder Resistors

Often resistors are connected across
the output terminals of power supplies
in order to bleed off a constant value
of current or to serve as a constant fixed
load. The regulation of the power supply
is thereby improved and the voltage is
maintained at a more or less constant
value, regardless of load -conditions.
When the load is entirely removed from
a power supply, the voltage may rise to
such a high value as to ruin the filter
condensers.

The amount of current which can be
drawn from a power supply depends
upon the current rating of the particu-
lar power transformer in use. If a trans-
former will carry a maximum safe cur-
rent of 100 milliamperes, and if 75 milli-
amperes of this current is required for
operation of a radio receiver, there
remains 25 milliamperes of current
available which can be wasted in the
bleeder resistor.

An example for calculating bleeder
resistor values for safe wattage rating
is as follows: The power supply delivers
300 volts. The power transformer can
safely supply 76 milliamperes of current,
of which 60 milliamperes will be re-
quired for the receiver. The problem is
to find the correct value of resistance to

ek
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give a bleeder current of 15 milliamperes.
E

Ohm’s law gives the solution: R = —
1

300

= —— = 20,000 ohms. (15 milliamperes
.015

is equivalent to .015 ampere.) Therefore,

it is seen that the bleeder resistor should

have a resistance of 20,000 ohms.

Another problem would be to find the
required safe wattage rating of the
bleeder, under the same conditions as
given in the previous example. The
answer is secured as follows: W = E
X 1 =300 X .015 = 4.5 watts. It is
considered good practice to allow an
overload factor of at least 100 per cent,
since the voltage will increase somewhat
when all load except the bleeder is re-
moved. Therefore, a 10-watt resistor
should be chosen.

Voltage Divider Design

Proper design of a voltage divider for
any type of radio equipment is a rela-
tively simple matter. The first considera-
tion is the amount of bleeder current to
be drawn, which is dictated largely by
the examples previously given, In addi-
tion, it is also necessary that the desired
voltage and the exact current at each
tap on the voltage divider be known.

The current does not flow from the
tap-on point through the resistor to
ground or negative terminal, but rather
from the positive side, then out through
the tap, then through the device to
ground. This explanation can be more
easily followed by referring to figure 4,
wherein the arrows indicate the direction
of current flow through the external
load.

The device which secures current from
the voltage divider is indicated as C. The
current drawn by C flows through sec-
tion A of the bleeder resistor, then
through C, and baek to ground. The
bleeder current, however, flows through
the entire divider, i.e., through both A
and B. Therefore, it becomes apparent
that when a tap-on point is chosen to
give the voltage desired, it is necessary
to consider not only the current drawn
by the device C, but also the bleeder
current.

The design of more complex voltage
dividers can best be illustrated by means
of the following problems:

A power supply delivers 300 volts and
is conservatively rated to supply all
needed current for the receiver and still
allow a bleeder current of 10 milli-
amperes. The following voltages are
wanted: 250 volts at 20 milliamperes
for the plates of the tubes, 100 volts at
5 milliamperes for the screens of the
tubes, and 75 volts at 2 milliamperes for

Y
CREL

B

bl rop¥.

- ol

Figure 4. Use of an adjustable
voltage divider to feed an external
load, C.

the detector tube. The voltage drop from
the 300-volt value to the required 250
volts would be 50 volts; for the 100-
volt value, the drop will be 150 volts;
for the 75-volt value, the drop will be
ﬁB volts. These values are shown in
e diagram of figure 5. The respective
current values are also indicated.
Tabulating the above:

Voltage Drop 50

A= — 1,351 ohms.
Current 037

Dissipation = .037 X 50 = 1.85 watts.
Voltage Drop 150

B = = = 8,823 ohms.

Current 017
Dissipation = .017 X 150 = 2.25 watts.

Voltage Drop 25'%%
Q= =

Current .012

Dissipation = .012 X 25 = 0.3 watts.

= 2,083 ohms.

Voltage Drop 5

D= = 17,5600 ohms.

Current 010
Dissipation = .010 X 75 = 0.76 watts.
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The divider has a total resistance of
19,757 ohms; this value is secured by
adding together the four resistance
values of 1,351, 8,823, 2,083 and 7,600
ohms. A 20,000-ohm resistor with three
sliding taps will, therefore, be of the
approximately correct size and, there-
fore, would ordinarily be used because of
the difficulty in securing four separate
resistors of the exact odd values indi-
cated and because no adjustment would
be possible to compensate for any slight
error in estimating the probable currents
through the various taps.

While the wattage dissipation across
all the individual sections is only 5.15
watts, the selection of a single resistor,
such as a large resistor with several
sliders, should be based not only on the
wattage rating but also on the current
that it will safely ecarry, In the above
example, the wattage of the section
carrying the heaviest current is only
1.85 watts. The maximum dissipation of
any particular section is 2.256 watts. Yet,
if a 5-watt resistor were selected, it
would very soon burn up. The reason
for this is that part of the divider must
handle 37 ma.

The selection for wattage rating is,
therefore, made on the basis of current
because wattage rating of resistors as-
sumes uniform current distribution. Most
manufacturers rate their resistors in
this manner; if not, it ecan be calcu-
lated from the resistance and wattage
rating.

When the sliders on the resistor once
are set to the proper point, as in the
above example, the voltages will remain
constant at the values shown as long as
the current remains a constant value.

DROP

One of the serious disadvantages of the
voltage divider becomes evident when
the current drawn from one of the taps
changes. It is obvious that the voltage
drops are interdependent and, in turn,
the individual drops are in proportion to
the current which flows through the re-
spective sections of the divider resistor.
The only remedy lies in providing a
heavy steady bleeder current in order to
make the individual currents so small a
part of the total current that any change
in current will result in only a slight
change in voltage. This can seldom be
realized in practice because of the ex-
cessive values of bleeder current which
would be required.

When a power supply is used for
C-bias service, still another factor must
be taken into consideration. The rectified
grid current from the amplifier stages
will flow through the divider in the
same direction as the bleeder current.
If this grid current changes, the voltage
applied to the grid will also correspond-
ingly change. Adjustments of a C-bias
supply should be made while the am-
plifier draws its proper amount of grid
current; otherwise, the C-bias resistor
setting will be greatly in error. Heavy
bleeder currents are thus required for
C-bias supplies, especially where the
grid current is changing and the bias
must remain constant, as in certain
types of phone transmitters.

Resistances for Operating
Filaments in Series

Not only do the following problems re-
garding series and parallel operation of
vacuum tube filaments have practical

250 VOLTS AT 20MA

DROP

100 VOLTS AT 5 MA

DROP

75 VOLTS AT 2 MA

DROP

+ - e -
A f
104243 +20 M A A 50 VOLTS
1042435 MA B 4sovoLTs
300
VOLTS
10+2MA C 25vOoLTS
BLEEDER
CURRENT 75 VOLTS
10 MA
<

Figure 5. Combined
bleeder and adjustable
voltage divider resistor
as commonly used in
radio receivers.
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application in the design of radio re-
ceivers, but they serve as excellent ex-
amples for those who want to follow
the solution of typical problems involv-
ing calculations of resistance, current,
voltage and wattage.

When computations are made for the
operation of vacuum tube filaments or
heaters in series connection, it should
be remembered that each has a definite
resistance and that Ohm’s law here again
holds true, just as it does in the case
of a conventional resistance.

No particular problem is involved
when two exactly similar tubes of the
same voltage and current rating are to
be operated with their filaments or
heaters connected in series in order to
operate them from a source of voltage
twice as high as is required for the
tubes. If two six-volt tubes, each re-
quiring 0.5 ampere for heater operation,
are connected in series across a 12-volt
power source, each tube will have the
same voltage drop (6 volts), and the
total current drawn from the power
supply will be the same as for one tube
or 0.5 ampere. By making this connec-
tion, the resistance has actually been
doubled; yet, because the voltage is
doubled, each tube automatically se-
cures its proper voltage drop.

In this example, the resistance of each
tube would be 12 ohms (6 divided by
0.5). In series, the resistance would be
twice this value or 24 ohms. The current

12
I would then equal — or 0.5 amperes,
24
from which it can be seen that the cur-
rent drawn from the supply is the same
as for a single tube.

It is important to understand that in a
series connection the sum of the voltage
drops across all of the tubes in the ecir-
cuit cannot be more than the voltage of
the supply. It is not possible to connect
six similar 6-volt tubes in series across
a 32-volt supply and expect to realize 6
volts on the filaments of each, since the
sum of the various voltage drops is equal
to 36 volts. The tubes can, however, be
connected in such a manner that the
correct voltage drop will be secured as
will be explained later.

The following examples and diagrams
give all needed design information for
series- and series-parallel connections:

Example—One 6F6 and one 6L6 tube

are to be operated in a low-power air-
plane transmitter. The power supply de-
livers 12.6 volts. The problem is to
connect the heaters of the two tubes in
such a manner that each tube will have
exactly the same voltage drop across its
heater terminals. The tube tables show
that a type 6F6 tube draws 0.7 ampere
at 6.3 volts. Its resistance, accordingly,
E 6.3

I 0.7
6L6 tube draws 0.9 ampere at 6.3 volts, ,
6.3

and its resistance equals = 7 ohms.

0.9

If these tubes are connected in series
without precautionary measures, the
total resistance of the two will be 16
ohms (9 + 7). A potential of 12.6
volts will pass a current of 0.787 am-
pere through this value of 16 ohms. The
drop across each separate resistor is
found from Ohm’s law, as follows:
9 X 0.787 = 7.083 volts, and 7 X 0.787
= 5.4 volts. Thus, it is seen that neither
tube will have the correct voltage drop.

One of the resistor values must, there-
fore, be changed so that it will be
equal to the other in order that the
voltage drop will be equal across both
tubes. If the larger of the two resistors
is taken and another resistor connected
in parallel across it, the value of the
larger resistor can then be brought down
to that of the smaller.

Substituting these values in an equa-

7X9
tion previously given, R = ——; = 31.5
-

6F6 = 9 OHMS 6L6 = 7 OHMS

9 OHMS 7 OHMS
—m VWWA—
34.5 OHMS

fe———— 12,6 VOLTS — ™

{( y

FIGURE 6.




16 RADIO Handbook

ohms. By connecting a resistance of
31.5 ohms in parallel with the 9-ohm
resistance, the effective resistance will
be exactly T ohms or equal to that of the
other resistor.

The problem is made more simple by
the following procedure:

If the tubes are regarded on the basis
of their respective current ratings, it
will be found that the 6L6 draws 0.9
ampere and the 6F6 0.7 ampere, or a
difference of 0.2 ampere. If the resistance
*of the 6F6 is made equal to that of the
6L6, both tubes will draw the same
current. Simply take the difference in
current, 0.2 ampere, and divide this
value into the proper voltage drop, 6.3
volts; the answer will be 31.5 ohms,
which is the exact same value obtained
in the previous roundabout method of
calculation.

e.3v SECTION 0.3V
0.9A A 0.7A

34,5 OHMS

SECTION
-]

PARALLEL
RESISTOR
® OHM3

p—————— 2.6 vOoLTs ————=
FIGURE 7.

The diagram in figure 7 shows other
possible connections for tubes of dis-
similar heater or filament current rat-
ings. Although section B in figure 7
appears formidable, it is a simple matter
to make the necessary calculations for
operating the tubes from a common
source of supply. In section B there are
three tubes with their heaters connected
in parallel. The current, therefore, will
be 0.3 + 03 + 0.7 = 1.3 amps. The
two tubes in parallel draw 0.3 + 0.3 =
0.6 amp. The difference between 1.3
and 0.6 is 0.7 amp. The drop across
each section is the same or 6.3 volts;

6.3

therefore = 9 ohms. This value of
0.7

resistance across the two parallel-con-

nected tubes gives their sections the same

resistance as that of the three tubes;

consequently, all tubes secure the proper

voltage.

When tube heaters or filaments are
operated in series, the current is the
same throughout the entire circuit. The
resistance of all tube filaments must
then be made the same if each is to have
the same voltage drop across its termi-
nals. The resistance of a tube heater
or filament should never be measured
when cold because the resistance will
be only a fraction of the resistance
present when the tube functions at
proper heater or filament temperature.
The resistance can be calculated satis-
factorily by using the current and volt-
age ratings given in the tube tables.

Alternating Current

So far in this text, consideration has
been given only to a steady flow of
electrons in one direction. Such currents
are known as unidirectional or direct
currents, abbreviated d.c. Radio and
electrical practice also makes use of an-
other and altogether different kind of
current, known as alternating current
and abbreviated a.c.

An alternating current begins to flow
in one direction, meanwhile changing its
amplitude from zero to a maximum
value, then down again to zero, from
which point it changes its direction,
and again goes through the same pro-
cedure. Each one of these zero-maximum-
zero amplitude changes in a given di-
rection is called a half cycle. The com-
plete change in two directions is called
a cycle. The number of times per second
that the current goes through a complete
cycle is called the frequency. The fre-
quency of common house-lighting alter-
nating current is generally 60 cycles,
meaning that it goes through 60 com-
plete cycles (120 reversals) per second.

High radio-frequency currents, on the
other hand, go through so many of these
changes per second that the term cycle
becomes unwieldy. As an example, it can
be said that a certain station is operating
on 14,000,000 cycles. However, it is
simpler to say 14,000 kilocycles, or 14
megacycles. A conversion table for sim-
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plifying this terminology is given here:

1,000 cycles = 1 kilocycle. The ab-
breviation for kilocycle 18 ke.

1 cycle = 1/1,000 of a kilocycle, .001
ke. or 107~ ke.

1 megacycle = 1,000 kilocycles, or
1,000,000 cycles, 10° ke. or 10*
cycles.

1 kilocycle = 1/1,000 megacycle, .001
megacycle, or 10™ Mc. The abbre-
viation for megacycles is Mec.

Ohm’s Law Applied to
Alternating Current

Ohm’s law applies equally to direct or
alternating current, provided that the
circuits under consideration are purely
resistive, that is, ecircuits which have
neither inductance (coils) nor capaci-
tance (condensers). Problems which in-
volve tube filaments, drop resistors,
electric lamps, heaters or similar re-
sistive devices can be solved from Ohm’s
law, regardless of whether the current
is direct or alternating. When a con-
denser or a coil is made a part of the
circuit, a property common to each,
called reactance, must be taken into
consideration. Reactance will be treated
under a separate heading.

Electromagnetic Effects

When an electric current flows through
a conductor, the moving electrons which
comprise this current set up lines of
force in the surrounding medium. These
are termed lines of magnetic force, and
they extend outwardly from the conduc-
tor in a plane at right angles to its
direction. It is these lines of magnetic
force that make up the magnetic flux.

In drawing an analogy of voltage, cur-
rent and resistance in terms of magnetic
phenomena, magnetic flux might be
termed magnetic current, magnetomotive
force or magnetic voltage. The reluc-
tance of a magnetic circuit can be
thought of as the resistance of the mag-
netic path. The relation between the three
is exactly the same as that between cur-
rent, voltage and resistance (Ohm’s
law).

The magnetic flux depends upon the
material, cross section and length of
the magnetic circuit, and it varies direct-
ly as the current flowing in the circuit.
The reluctance is dependent upon the
length, cross section, permeability and

air gap, if any, of the magnetic circuit.
In the electrical circuit, the current
would equal the voltage divided by the
resistance, and so it is in the magnetic
cireuit.
Magnetic Flux (¢) =
magnetomotive force (m.m.f.)

reluctance (r)

Permeability

Permeability deseribes the difference in
the magnetic properties of any magnetic
substance as compared with the mag-
netic properties of air. Iron, for exam-
ple, has a permeability of around 2,000
times that of air, which means that a
given amount of magnetizing effect pro-
duced in an iron core by a current flow-
ing through a coil of wire will produce
2,000 times the flux density that the
same magnetizing effect would produce
in air. The permeabilities of different
iron alloys vary quite widely and perme-
abilities up to 100,000 can be obtained.

Permeability is similar to electric con-
ductivity. There is, however, one im-
portant difference: the permeability of
iron is not independent of the magnetic
current (flux) flowing through it, al-
though electrical conductivity is usually
independent of electric current in a wire.
After a certain point is reached in the
flux density of a magnetic conductor, an
increase in the magnetizing field will not
produce a material increase in flux dens-
ity. This point is known as the point of
saturation. The inductance of a choke

GREEK LETTER GREEK NAME

Alpha
Beta
Gamma
Delta
Epsilon
eta

NETD <t

=
EgXOCIAD A% w X T oIV ol R
=z
c

Omicron
i

Rho
Sigma
Tau
Upsilon
Phi

Chi

Psi
Omega

VMG =T ENCuZE>R—D




18 RADIO Handbook

coil whose core is saturated declines to
a very low value.

Ampere Turns

The magnetizing effect of a coil is
often described in ampere turns. Two
amperes of current flowing through one
turn is equal to two ampere turns. From
this it can be seen that the flux can be
increased by either increasing the cur-
rent through the conductor or by making
the conductor into the form of a coil
of many turns. As a means of showing
why the flux is increased when the con-
ductor is put into the form of a coil, two
figures are given here:

FIGURE 8B.

An arbitrary point P is chosen in A
of figure 8 to represent a point at some
fixed distance from a straight conductor
X-Y. Upon examination, it will be seen
that the maximum effect will be exerted
on X-Y by the lines of force which are
nearest this point, or at D. The field
intensity at the fixed point is the re-
sultant or wvector sum of all the fields
due to the individual electron flow along
the conductor.

Other fields than those at the shortest
distance will then have less and less
effect as they lie farther along the con-
ductor. If the conductor is arranged in
the shape shown in B of figure 8, it will
readily be seen that all of the fields along
the conductor will act equally on the cen-
tral point P, with the result that the
field is greatly strengthened.

When a conductor is wound into a
number of turns in the form of a coil,
the flux which encircles the current flow-
ing through an individual turn also links
the turn adjacent to it. Thus, in a multi-
turn coil, the magnetic field which is pro-

duced will be much greater than if only
a single turn were used. This flux in-
creases or decreases in direct proportion
to the change in the current. The ratio
of the change in flux to the change in
current has a constant value known as
the #nductance of a coil.

Counter E.M.F.

A fundamental law of electricity is:
when lines of force cut across a conduc-
tor, a voltage is induced in that condue-
tor. Therefore, it can be readily seen
that in the case of the coil previously
mentioned the flux lines from one turn
cut across the adjacent turn, and a volt-
age is induced in that turn. The effect
of these induced voltages is to create a
voltage across the entire coil of opposite
polarity or in the opposite direction to
the original voltage. Such a voltage is
called counter e.m.f. or back e.m.f.

If a direet current potential such as a
battery is connected across a multiturn
coil or inductance, the back e.m.f. will
exist only at the instant of connection
at which time the flux is rising to its
maximum value. While it is true that a
current is flowing through the turns of
the coil and that a magnetic field exists
around and through the center of the
inductance, an induced voltage may only
be produced by a changing flux. It is
only such a changing flux that will cut
across the individual turns and induce a
voltage in them. By a changing flux is
meant a flux that is increasing or de-
creasing as would occur if the e.m.f.
across the coil were alternating or chang-
ing its direction periodically.

As the current increases, the back
e.m.f. reaches a maximum; as the cur-
rent decreases, the back e.m.f. is maxi-
mum in the same direction as the cur-
rent. This back voltage is always oppo-
gite to the exciting voltage and, hence,
always acts to resist any change in cur-
rent in the inductance. This property of
an inductance is called its self-inductance
and is expressed in henrys, the henry
being the unit of inductance. A coil has
an inductance of one henry when a volt-
age of one volt is induced by a current
change of one ampere per second. The
unit, henry, is too large for reference
to inductance coils such as those used in
radio-frequency circuits; millihenry or
microhenry are more commonly used, in
the following manner:
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1 henry = 1,000 millihenrys, or 10*
millihenrys.

1 millihenry = 1/1,000 of a henry,
001 henry, or 107 henry.

1 microhenry = 1/1,000,000 of a
henry, or .000001 henry, or 10°°
henry.

One one-thousandth of a millihenry

© = .,001 or 107 millihenrys.

1,000 microhenrys = 1 millihenry.

Mutual Inductance

If two inductances are so placed in
relation to each other that the lines of
force encircling one coil are interlinked
with the turns of the other, a voltage
will be set up or induced in the second
coil. As in the case of self-inductance,
the induced voltage will be opposite in
direction to the exciting voltage. This
effect of linking two inductances is
called mutual inductance, abbreviated M,
and is also expressed in henrys. Two cir-
cuits thus joined are said to be induc-
tively coupled.

The magnitude of the mutual induct-
ance depends upon the shape and size
of the two circuits, their positions and
distances apart and the permeability of
the medium. The extent to which two in-
ductances are coupled is expressed by a
relation known as coefficient of coupling.
This is the ratio of the mutual induct-
ance actually present to the maximum
possible value.

Inductances in Parallel

Inductances in parallel are combined
exactly as are resistors in parallel, pro-
vided that they are far enough apart so
that the mutual inductance is entirely
negligible, i.e., if the coupling is very
loose.

Inductances in Series

Inductances in series are additive, just
as are resistors in series, again pro-
vided that no mutual inductance exists.
In this case, the total inductance L is:

Where mutual inductance does exist:
L=1.+ L, 4+ 2M,
where M is the mutual inductance.

This latter expression assumes that
the coils are connected in such a way
that all flux linkages are in the same
direction, i.e., additive. If this is not
the case and the mutual linkages sub-

tract from the self-linkages, the follow-
ing formula holds:

L =1, + L. — 2M,
where M is the mutual inductance.

Calculating Inductance Formulas

The inductance of coils with magnetic
cores can be determined with reasonable
accuracy from the formula:

L=1287T X N*X P X 10"
where

L is the inductance in henrys,

N is the number of turns,

P is the permeability of the core ma-

terial.

From this formula it can be seen that
the inductance is proportional to the
permeability as well as to the square of
the number of turns. Thus, it is possible
to secure greater values of inductance
with a given number of turns of wire
wound on an iron core than would be
possible if an air core coil were used.

The inductance of an air core coil is pro-
portional to the square of the number of
turns of wire, provided that the length
and diameter remain constant as the
turns are changed (actually an impos-
sibility, strictly speaking). The formula
for inductance of air core coils is given
with good accuracy, as follows:

L=N XdXF,

where
L. = inductance in microhenrys,
d = diameter of coil, measured to
center of wire,
N = number of turns,
F = a constant, dependent upon the

ratio of length-to-diameter.
This formula is explained under the
heading of Coil Calculation, where a
graph for the constant F is given.

Core Material

Ordinary magnetic cores cannot be
used for radio frequencies because the
eddy current logses in the core material
become enormous as the frequency is in-
creased. The principal use for magnetic
cores is in the audio-frequency range
below approximately 15,000 cycles,
whereas at very low frequencies (50 to
60 cycles) their use is mandatory if an
appreciable value of inductance is de-
sired.

An air core inductor of only one henry
inductance would be quite large in
size, yet values as high as 100 henrys
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are commonly available in small iron
core chokes. The inductance of a coil with
a magnetic core will vary with the
amount of direct current which passes
through the coil. For this reason, iron
core chokes that are used in power sup-
plies have a certain inductance rating at
a predetermined value of d.c.

One exception to the statement that
metal core inductances are highly in-
efficient at radio frequencies is in the
powdered iron cores used in some types
of intermediate frequency transformers.
These cores are made of very fine parti-
cles of powdered iron, which is first
treated with an insulating compound so
that each particle is insulated from the
other. These particles are then molded
into a solid core around which the wire
is wound. Eddy current losses are greatly
reduced, with the result that these spe-
cial iron cores are entirely practical in
circuits which operate up to 1,600 ke. in
frequency.

Mutual Conductance

The unit of conductance is the mho,
which can be recognized as ohm spelled
backward. Transconductance, or mutual
conductance, is expressed in micromhos;
the latter is 1/1,000,000 of a mho. A mu-
tual conductance of 5,000 micromhos
would be .005 mhos.

Energy Stored in a
Magnetic Field

The stored energy in a magnetic field
is expressed in joules and is equal to
LXDI

2

Transformers:
Primary—Secondary

When two coils are placed in such in-
ductive relation to each other that the
lines of force from one cut across the
turns of the other and induce a voltage
in so doing, the combination can be
called a transformer. The name is de-
rived from the fact that energy is trans-
formed from one coil into another. The
inductance in which the original flux is
produced is called the primary; the in-
ductance which receives the induced volt-
age is called the secondary. In a radio
receiver power transformer, for exam-
ple, the coil through which the 110-volt

a.c. passes is the primary, and the coil
from which a higher or lower voltage
than the a.c. line potential is obtained
is the secondary.

Transformers can have either air or
magnetic cores, depending upon whether
they are to be operated at radio or audio
frequencies. The reader should thorough-
ly impress upon his mind the fact that
current can be transferred from one cir-
cuit to another only if the primary cur-
rent is changing or alternating. From
this it can be seen that a power trans-
former cannot possibly function as such
when the primary is supplied with non-
pulsating d.c.

A power transformer usually has a
magnetic core which consists of lamina-
tions of iron, built up into a square or
rectangular form, with a center opening
or window. The secondary windings may
be several in number, each perhaps de-
livering a different voltage. The sec-
ondary voltages will be proportional to
the number of turns and to the primary
voltage.

If a primary winding has an a.c. po-
tential of 110 volts applied to 220 turns
of wire on the primary, it is evident that
this winding will have two turns per
volt. A secondary winding of 10 turns,
wound on an adjacent leg of the trans-
former core, would have a potential of
b volts. If the secondary winding has
500 turns, the potential would be 250
volts, ete. Thus, a transformer can be
designed to have either a step-up or step-
down ratio, or both simultaneously. The
same applies to air core transformers
for radio-frequency circuits.

Inductive Reactance

As was previously stated, when an
alternating current flows through an
inductance, a back- or counter-electro-
motive force is developed; this force
opposes any change in the initial e.m.f.
The property of an inductance to offer
opposition to a change in current is
known as its reactance or inductive re-
actance, This is expressed as Xt:

XL = 27fL,
where X:. = inductive reactance ex-
pressed in ohms,
7= 3.1416 (27 = 6.283),
f — frequency in cycles,
L = inductance in henrys.

It is very often necessary to compute

inductive reactance.at radio frequencies.
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The same formula may be used, except
that the units in which the inductance
and the frequency are expressed will be
changed. Inductance can, therefore, be
expressed in millihenrys and frequency
in kilocycles. For higher frequencies and
smaller values of inductance, frequency
is expressed in megacycles and induec-
tance in microhenrys. The basic equa-
tion need not be changed since the multi-
plying factors for inductance and fre-
quency appear in numerator and denom-
inator, and hence are cancelled out. How-
ever, it is not possible in the same equa-
tion to express L in millihenrys and f
in eycles without conversion factors.
Should it become desirable to know
the value of inductance necessary to
give a certain reactance at some def-
inite frequency, a transposition of the
original formula gives the following:

X
L=
2af
or when X, and L are known:
b.€%
f=
27 L

Capacity; Condensers

Two metallic plates separated from
each other by a thin layer of insulating
material (called a dielectric, in this
case), become a condenser. When a
source of d.c. potential i§ momentarily
applied across these plates, they may be
said to become charged. If the same two
plates are then joined together momen-
tarily by means of a wire, the condenser
will discharge.

When the potential was first applied,
electrons immediately started to flow
from one plate and to the other through
the battery or such source of d.c. po-
tential as was applied to the condenser
plates. However, the circuit from plate
to plate in the condenser was incom-
plete (the two plates being separated by
an insulator) and thus the electron flow
ceased, meanwhile establishing a short-
age of electrons on one plate and a sur-
plus of electrons on the other.

Remember that when a deficiency of
electrons exists at one end of a condue-
tor, there is always a tendency for the
electrons to move about in such a manner
as to reestablish a state of balance. In
the case of the condenser herein discussed,
the surplus quantity of electrons on one

of the condenser plates cannot move to
the other plate because the circuit has
been broken; that is, the battery or d.c.
potential was removed. This leaves the
condenser in a charged condition; the
condenser plate with the electron de-
ficiency is positively charged, the other
plate being negative.

In this condition, a considerable stress
exists in the insulating material (di-
electric) which separates the two con-
denser plates, due to the mutual attrac-
tion of two unlike potentials on the
plates. This stress is known as electro-
static energy, as contrasted with elec-
tromagnetic energy in the case of an in-
ductance. This charge can also be called
potential energy because it is capable of
performing work when the charge is re-
leased through an external circuit.

If the external circuit of the two con-
denser plates is completed by joining the
terminals together with a piece of wire,
the electrons will rush immediately from
one plate to the other through the exter-
nal circuit and establish a state of equi-
librium. This latter phenomenon explains
the discharge of a condenser. The
amount of stored energy in a charged
condenser is dependent upon the charg-
ing potential, as well as a factor which
takes into account the size of the plates,
dielectric thicknmess, nature of the dielec-
tric and the number of plates. This fac-
tor, which is determined by the fore-
going, is called the capacity of a conden-
ser and is expressed in farads.

C X E?
Stored energy in joules = —
2
where C = the capacity in farads,
E = potential in volts.

The farad is such a large unit of ca-
pacity that it is rarely used in radio
calculations, and the following more
practical units have, therefore, been
chosen:

1 microfarad = 1/1,000,000 of a
farad, or .000001 farad, or 10*
farads.

1 micro-microfarad = 1/1,000,000
of a microfarad, or .000001 micro-
farad, or 10™* microfarads.

1 micro-microfarad = one-million-
millionth of a farad, or
.000000000001 farad, or 107*
farads.

If the capacity is to be expressed in
microfarads in the equation just given,
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the factor C would then have to be
divided by 1,000,000, thus:
CXE

Stored energy in joules ——
2 X 1,000,000

This storage of energy in a condenser
ia one of its very important properties,
particularly in those condensers which
are used in power supply filter circuits.

Dielectric Constant

The capacity of a condenser is largely
determined by the thickness and nature
of the dielectric separation between
plates. Certain materials offer a greater
capacity than others, depending upon
their physical makeup. This property is
expressed by a constant K, called the
dielectric constant, A table for some of
the commonly used dielectries is given
here:

Material Dielectric Constant
ATE |50t e s 10 B8 o D end Geane 1.00
Mica .........cciiviienns 2.94
Hard rubber .............. 2.50 t0 3.00
Glass ..........c i, 4.90 t0 7.00
Bakelite derivatives ....... 3.50 to 6.00
Celluloid ................. 4.10
FADOY . i o5 otierd fue' 5, 5.5 omerioss. 4t06
Wood (without special prep-

aration) :

Oak ........c.ccivnnnnn 3.3

Maple ................. 4.4

Birch .................. 5.2
Transformeroil ........... 2.6
Castor oil ................ 5.0
Porcelain ................. 44

Dielectric Breakdown

The nature and thickness of a dielec-
tric have a very definite bearing on the
amount of charge of a condenser. If the
charge becomes too great for a given
thickness of dielectrie, the condenser will
break down, i.e., the dielectric will pune-
ture. It is for this reason that condensers
are rated in the manner of the amount
of voltage they will safely withstand.
This rating is commonly expressed as
the d.c. working voltage.

Capacity Calculation

The capacity of two parallel plates is
given with good accuracy by the follow-
ing formula:

A
C=10.2244 X K X —,
t

where C = capacity in micro-microfarads
K — dielectric constant of spacing

0

material,

A —area of dielectric in square
inches,

t = thickness of dielectric in
inches,

This formula indicates that the ca-
pacity is directly proportional to the
area of the plates and inversely propor-
tional to the thickness of the dielectric
(spacing between the plates). This sim-
ply means that when the area of the
plate is doubled, the spacing between
plates remaining constant, the capacity
will be doubled. Also, if the area of the
plates remains constant, and the plate
spacing is doubled, the capacity will be
reduced to half. The above equation also
shows that capacity is directly propor-
tional to the dielectric constant of the
spacing material. A condenser that has
a capacity of 100 in air would have a
capacity of 500 when immersed in castor
oil, because the dielectric constant of cas-
tor oil is 5.0 or five times greater than
the dielectric constant of air.

In order to determine the capacity of
a parallel plate condenser, the following
transposition is of value when the spac-
ing between plates is known:

CXt
A=
0.2244 X K
where A — area of plates in square
inches,
K = dielectric constant of spacing
material,
C = capacity in micro-micro-
farads,
.z T v °r 1115 5vT17
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t = thickness of dielectric (plate
spacing) in inches.
Where the area of the plates is definitely
set, and when it is desired to know the
spacing necded to secure a required
capacity,
A X 0.2244 X K
t=——-——,
C
where all units are expressed just as in
the preceding formula. This formula is
not confined to condensers having only
square or rectangular plates, but also
applies when the plates are circular in
shape. The only change will be the cal-
culation of the area of such circular
plates; this area can be computed by
squaring the radius of the plate, then
multiplying by 3.1416, or “pi”. Expressed
as an equation:
A = 3.1416 X r,
where r — radius in inches.

The capacity of a multi-plate conden-
ser can be calculated by taking the ca-
pacity of one section and multiplying
this by the number of dielectric spaces.
In such cases, however, the formula
gives no consideration to the effects of
edge capacity so that the capacity as
calculated will not be entirely accurate.
These additional capacities will be but a
small part of the effective total capacity,
particularly when the plates are reason-
ably large, and the final result will,
therefore, be within practical limits of
accuracy.

Equations for calculating capacities of
condensers in parallel connection are the
same as those for resistors in series:

C=0_C,+ G, ete.

[]

CONDENSERS IN PARALLEL

FIGURE 10.

Condensers in seriez connection are
calculated in the same manner as are
resistors in parallel.

Ci Cz2

g

0
\

CONDENSERS IN SERIES

FIGURE 11.

The formulas are repeated: (1) For two
or more condensers of unequal capacity
in series:

1 1 1 1 1
C=————— or —=—f ——
1 1 1 C G C G

G C G

(2) Two condensers of unequal capacity
in series:

Ci X C:

C=—
C.+GCs

(3) Three condensers of equal capacity
in series:

C,
C = —, where C, is the common capacity.
3

(4) Three or more condensers of equal
capacity in series:

Value of common capacity

0=
Number of condensers in series

(5) Six condensers in series parallel:
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FIGURE 12

Voltage Rating of
Series Condensers

Any good paper dielectric filter con-
denser has such a high internal resist-
ance (indicating a good dielectric) that
the exact resistance will vary consider-
ably from condenser to condenser even
though they are made by the same man-
ufacturer and are of the same rating.
Thus, when 1000 volts d.c. is connected
across two 1-ufd. 500-volt condensers,
the chances are that the voltage will
divide unevenly and one condenser will
receive more than 500 volts and the other
less than 500 volts.

By connecting a half-megohm 1-watt
carbon resistor across each condenser,
the voltage will be equalized because the
resistors act as a voltage divider and the
internal resistances of the condensers
are so much higher (many megohms)
that they have but little effect in disturb-
ing the voltage divider balance.

Carbon resistors of the inexpensive
type are not particularly accurate (not
being designed for precision service);
therefore it is advisable to check several
on an accurate ohmmeter to find two
that are as close as possible in resistance.
The exact resistance is unimportant, just
so it is the same for the two resistors
used.

When two condensers are connected in
series, alternuting current pays no heed
to the relatively high internal resistance
of each condenser, but divides across the
condensers in inverse proportion to the
capacity. Because, in addition to the d.c.
across a capacitor in a filter or audio
amplifier circuit there is usually an a.c.
or a.f. voltage component, it is inadvis-
able to series-connect condensers of un-
equal capacitance even if dividers are

provided to keep the d.c. within the
ratings of the individual capacitors.

For instance, if a 500-volt 1-#fd. ca-
pacitor is used in series with a 4-ufd.
500-volt condenser across a 250-volt a.c.
supply, the 1-gfd. condenser will have
200-volts a.c. across it and the 4-upfd.
condenser only 50 volts. An equalizing
divider to do any good in this case
would have to be of very low resistance
because of the comparatively low im-
pedance of the condensers to a.c. Such a
divider would draw excessive current
and be impracticable.

The safest rule to follow is to use
only condensers of the same capacity and
voltage rating and to install matched
high resistance proportioning resistors
across the various condensers to equalize
the d.c. voltage drop across each con-
denser. This holds regardless of how
many capacitors are series-connected.

Similar electrolytic capacitors, of the
same capacity and made by the same
manufacturer, have more nearly uniform
(and much lower) internal resistance
though it still will vary considerably.
However, the variation is not nearly as
great as encountered in paper condens-
ers, and the lowest d.c. voltage is across
the weakest (leakiest) electrolytic con-
densers of a series group.

As an electrolytic capacitor begins to
show signs of breaking down from ex-
cessive voltage, the leakage current
goes up, which tends to heat the con-
denser and aggravate the condition.
However, when used in series with one
or more others, the lower resistance
(higher leakage current) tends to put
less d.c. voltage on the weakening con-
denser and more on the remaining ones.
Thus, the capacitor with the lowest leak-
age current, usually the best capacitor,
has the highest voltage across it. For
this reason, dividing resistors are not
essential across series-connected electro-
lytic capacitors.

Electrolytic condensers use a very
thin film of oxide as the dielectric and
are polarized; that is, they have a posi-
tive and a negative terminal which must
be properly connected in a circuit; other-
wise, the oxide will boil, and the con-
denser will no longer be of service. When
electrolytic condensers are connected in
series, the positive terminal is always
connected to the positive lead of the
power supply; the negative terminal of
the condenser connects to the positive
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terminal of the next condenser in the
series combination. The method of con-
nection is illustrated in figure 13.

-

+ -
POLARIZED CONDENSERS, (ELECTROLYTIC) IN

FIGURE 13,

SERIES

Condensers in A. C.
and D. C. Circuits

When a condenser is connected into a
direct current circuit, it will block the
d.c. or stop the flow of current. Beyond
the initial movement of electrons during
which the condenser is charged, there
will be no flow of current because the
circuit is effectively broken by the dielee-
tric of the condenser. Strictly speaking,
a very small current may actually flow
because the dielectric of the condenser
may not be a perfect insulator. This
minute current flow is the leakage cur-
rent previously referred to and is de-
pendent upon the internal d.c. resistance
of the condenser. This leakage current is
usually quite noticeable in most types of
electrolytic condensers.

When an alternating current is ap-
plied to a condenser, it will charge and
discharge a certain number of times per
second in accordance with the frequency
of the alternating voltage. The electron
flow in the charge and discharge of a
condenser when an a.c. potential is ap-
plied constitutes an alternating current,
in effect. It is for this reason that a
condenser will pass an alternating cur-
rent yet offer practically infinite opposi-
tion to a direet current. These two prop-
erties are repeatedly in evidence in a
radio circuit.

Capacitive Reactance

It has been explained that inductive
reactance is the ability of an inductance
to oppose a change in an alternating
current. Condensers have a similar prop-
erty although in this case the opposition
is to the voltage which acts to charge

the condenser. This action is called
capacitive reactance and is expressed as
follows:

1
X =—
27 {iC
where X. = capacitive reactance in ohms,
7 = 3.1416,

f = frequency in cycles,
C = capacity in farads.
Here again, as in the case of inductive
reactance, the units of capacity and fre-
quency can be converted into smaller
units for practical problems encountered
in radio work. The equation may be
written:
1,000,000
Xi=m=—
27 iC
where f — frequency in megacycles,
C = capacity in micro-miecro-
farads.
In the design of filter circuits, it is often
convenient to express frequency (f) in
cycles and capacity (C) in microfarads,
in which event the same formula applies.

Comparison of Inductive
to Capacitive Reactance
with Changing Frequency

From the equation for inductive re-
actance, it is seen that as the frequency
becomes greater the reactance increases
in a corresponding manner. The re-
actance is doubled when the frequency is
doubled. If the reactance is to be very
large when the frequency is low, the
value of inductance must be very large.

The equation for capacitive reactance
shows that the reactance varies inversely
with frequency and capacity. With a
fixed value of capacity, the reactance
will become less as the frequency in-
creases. When the frequency is fixed, the
reactance will be greater as the capacity
is lowered. In order to have high re-
actance, it is necessary to have low
capacitance although in power filter cir-
cuits the reactance is always made low
so that the alternating current compo-
nent from the rectifier will be by-passed.
The capacitance must be made large in
this case because the frequency is quite
low (60-120 cycles).

A comparison of the two types of re-
actance, inductive and capacitive, shows
that in one case (inductive) the re-
actance increases with frequency, where-
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as the other (capacitive) the reactance
decreases with frequency.

Reactance and Resistance
in Combination

When a circuit includes a capacity or
an inductance or both, in addition to
a resistance, the simple calculations of
Ohm’'s law will not apply when the total
impedance to alternating current is to
be determined. Reference is here made
to the passage of an alternating current
through the circuit; the reactance must
be considered in addition to the d.c.
resistance because reactance offers an
opposition to the flow of alternating
current.

When alternating current passes
through a circuit which contains only a
condenser, the voltage and current re-
lations are as follows:

E
E=1X,and I = —,
xn
where E = voltage,
I —current in ampercs,
1
X. = capacitive reactance or
27fC

(expressed in ohms).
When the circuit contains inductance
only, yet with the same conditions as
above, the formula is as follows:

E
E=1IXy, and I = y
XL
where E — voltage,
I = current in amperes,

X. = inductive reactance or 2 7 fL
(expressed in ohms).

When a circuit has resistance, capaci-
tive reactance and inductive reactance in
series, the effective total opposition to
the alternating current flow is known as
the impedance of the circuit. Stated
otherwise, impedance of a circuit is the
vector sum of the resistance and the dif-
ference between the two reactances.

Z =Vr4+ X— X) or
, 7 5 il
r + | 27fL, — —
7 = 27fC
where Z = impedance in ohms,
r = resistance in ohms,
X. = inductive reactance (2%

fL) in ohms,

1
X. = capacitive reactance | ——
(2'n'fC)
in ohms.

An example will serve to clarify the
relationship of resistance and reactance
to the total impedance. If a 10-henry
choke, a 2-ufd. condenser and a resistance
of 10 ohms (which is represented by the
d.c. resistance of the choke) are all con-
nected in series across a 60-cycle source
of voltage:

for reactance X.=6.28 X 60X 10=

3,750 ohms (approx.),

1,000,000
Xe—— = =
6.28 X 60 X 2
1,300 ohms (approx.)

r = 10 ohms

Substituting these values in the imped-
ance equation:

Z=V 10"+ (3750 — 1300)° ==2450 ohms.

This is nearly 250 times the value of
the d.c. resistance of 10 ohms. The sub-
ject of impedance is more fully covered
under Resonant Circuils.

Again recalling previous text, an alter-
nating current is one which rises to a
maximum, then decreases to zero from
that point, and then goes through the
same pulse in the opposite direction.
This continual change of amplitude and
direction is maintained as long as the
current continues to flow. The number
of times that the current changes direc-
tion in a given length of time is called
the frequency of change, or more gener-
ally, it is simply called the frequency.

Alternating currents which range from
nearly zero to many millions of cycles
per second are commonplace in radio
applications. Such a current is produced
by the rotating machine which generates
the common 60-cycle house-lighting cur-
rent; it is likewise produced by oscilla-
tory circuits for the high radio frequen-
cies. A machine that produces alternat-

"ing current for house-lighting, industrial

and other uses is called an calternator.
It is also called an a.c. generator.

An alternator in its very basic form
is shown in figure 14. It consists of two
permanent magnets, M, the opposite
poles of which face each other, and the
poles being machined so that they have
a common radius. Between these two
poles, north (N) and south (S), mag-
netic lines of force exist; these lines of
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force constitute a magnetic field. If a
conductor in the form of C is so sus-
pended that it can freely rotate between
the two poles, and if the opposite ends
of conductor C are brought to collector
rings, R, which are contacted by brushes,
there will be a flow of alternating cur-
rent when conductor C is rotated. This
ic the basic method of producing alter-
nating current.

If the conductor loop is rotated so that
it cuts or passes through the magnetic
lines of force between the pole pieces
(magnets), a current will be induced in
the loop, and this current will flow out
through the collector rings R and brush-
es B to the external circuit, X-Y. As the
rotation continues, the current bgromes
increasingly greater as the center ot each
pole piece is approached by the loop.
The field intensity of the magnets is
greatest at the center, and gradually
falls to a low value either side of center.

Figure 15 will serve to clarify the
operation of the alternator. The point
P is taken as the revolving conductor,
which is C in figure 14. As point P is
revolved in a circular manner, the
change in field intensity with consequent
change in voltage can be visualized.
It will be seen that as the conduc-
tor P begins its rotation, it starts
through the lesser field intensity, grad-
ually coming into the maximum field,
then away again to another field of min-
imum intensity. The conductor then cuts
the magnetic field in the opposite direc-
tion, going through the same varying
intensity as previously related, then
reaching a maximum, and then falling
away to zero, from which point the cur-
rent again increases in the original direc-

> X Y <«

Figure 14. Basic form of alternator.

tion. When the conductor has completed

its 860° rotation, two complete changes—

one cycle—will have been completed.
Actually the voltage does not increase

mROC4=rek>» ‘#
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FIGURE 15,

directly as the angle of rotation, but
rather as the sine of the angle; hence,
such a current has the mathematical
form of a sine wave. Although most elec-
trical machinery does not produce a
strictly pure sine curve, the departures

4 CYCLE
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1 CYCLE = ';'
1 []
z cycLe = F
WHERE, F = FREQUENCY (N CYCLES PER SECOND

FIGURE 16.

are usually so slight that the assump-
tion can be regarded as fact for most
practical purposes.

Referring to figure 16, it will be seen
that if a curve is plotted for an alternat-
ing voltage, such a curve would assume
the shape of a sine wave and by plotting
amplitude against time, the voltage at
any instant could be found. When dealing
with alternating current of sine wave
character, it becomes necessary to make
constant use of terms which involve the
number of changes in polarity or, more
properly, the frequency of the current.
The instantaneous value of voltage at
any given instant can be calculated as
follows:
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e = Emlx sin wat,
where ¢ = the instantaneous voltage,
sin = the sine of the angle formed
by the revolving point P at
the instant of time, t.
E — maximum crest value of volt-
age (figure 16).

The term 27f should be thoroughly
understood because it is of basic impor-
tance. Returning again to the rotating
point P (figure 15), it can be seen that
when this point leaves its horizontal po-
sition and begins its rotation in a coun-
ter-clockwise direction, through a com-
plete revolution back to its initial start-
ing point, it will have traveled through
360 electrical degrces. Instead of refer-
ring to this movement in terms of de-
grees, mathematical treatment dictates
that the movement be expressed in
radians or segments equal to the radius.

WNERE,

O (THETA) = PHASE ANGLE = 2TFT
A=T navians or 90

B=7 RADIANS OR 180"
c=mavtans orn 270
D=2maabians or 360

4~ RADIAN ® 57,324 DEGREES

FIGURE 17,

If radians must be considered in terms
of degrees, there are approximately 57.32
degrees in one radian. In simple lan-
guage, the radian is nothing more than
a unit for dividing a circle into many
parts. In a complete circle (360 degrces),
there are 27radians. Figure 17 shows
lesser divisions of a circle in radians.

When the expression 27radians is
used, it implies that the current or volt-
age has gone through a complete circle
of 360 electrical degrees; this rotation
represents two complete changes in direc-
tion during one cycle, as was previously
shown. 27f then represents one cycle,
multiplied by the number of such cycles
per second or the frequency of the alter-
nating voltage or current. The expression
27mft is a means of showing how far
point P has traveled from its zero posi-
tion toward a possible change of 27ra-
dians or 360 electrical degrees.

In the case of an alternating current
with a frequency of 60 cycles per sec-
ond, the current must pass through twice
60 or 120 changes in polarity in the
same length of time. This time can be
expressed as:

1
2f

However, the only consideration at this
point is one half of one alternation, and
because the wave is symmetrical between
0 and 90 degrees rising, and from 90
degrees to zero when falling, the expres-
sion therefore becomes:

1

° v

The actual time t in the formula is
seen to be only a fractional portion of a
second; a 60-cycle frequency would make

1
—— equal to — of a second at the max-
240

imum value, and correspondingly less at
lower amplitudes. 27ft represents the
angular velocity, and since the instan-
taneous voltage or current is propor-
tional to the sine of this angle, a definite
means is secured for calculating the
voltage at any instant of time, provided
that the wave very closely approximates
a sine curve.

Current and voltage are synonymous
in the foregoing discussion since they
both follow the same laws. The instan-
taneous current can be found from the
same formula, except that the maximum
current would be used as the reference,
viz:

i = Imax sin 27ft,
where 7 = instantaneous current,
Ima: = maximum or peak current.

Effective Value of Alternating
Voltage or Current

An alternating voltage or current in
an a.c. circuit is rapidly changing in
direction, and since it requires a definite
amount of time for the indicator needle
on a d.c. measuring instrument to show
a deflection, such instruments cannot be
used to measure alternating current or
voltage. Even if the needle had such
negligible damping that it could be made
to follow the a.c. changes, it would mere-
ly vibrate back and forth near the zero
point on the meter scale.
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Alternating and direct current can be
expressed in similar terms from the
standpoint of heating effect. In other
words, an alternating current will have
the same value as a direct current in that
it produces the same heating effect. Thus,
an alternating current or voltage will
have an equivalent value of one ampere
when it produces the same heating effect
in a resistance as does one ampere of
direct current. This is known as the ef-
fective value; it is neither the maximum
nor the instantaneous value, but an en-
tirely different value.

This effective value is derived by tak-
ing the instantancous values of current
over a cycle of alternating current, then
squaring these values, then taking an
average of this value, and then taking
the square root of the average thus ob-
tained. By this procedure, the effective
value becomes known as the root mean
square or r.m.8, This is the value that is
read on alternating current voltmeters
and ammeters. The r.m.s. value is 70.7
per cent of the peak or maximum instan-
taneous value and is expressed as fol-
lows:

Eeer = 0.707 X Emlx, or

I.tt = 0.707 X Im-x,
where En.: and Im.. are peak values of
voltage and current respectively, and E.¢
and L. are effective or r.m.s. values.

The following relations are extremely
useful in radio and power work:

Erml = 00707 X Emlx,
Eww: = 1.414 X E;me.

In order to find the peak value when
the effective or. r.m.s. value is known,
simply multiply the r.m.s. value by 1.414.
When the peak value is known, multiply
it by 0.707 to find the r.m.s. value.

Rectified Alternating Current or
Pulsating Direct Current

If an alternating current is passed
through a full-wave rectifier, it emerges
in the form of a current of varying
amplitude which flows in one direction
only. Such a current is known as recti-
fied a.c. or pulsating d.c. A typical wave
form of a current of this nature is shown
in figure 18.

Measuring instruments designed for
d.c. operation will not read the peak
or instantaneous maximum value of the
pulsating d.c. output from the rectifier;
it wil! read only the average value. This

can be explained by assuming that it
could be possible to cut off some of the
peaks of the waves, using the cut-off
portions to fill in the spaces that are
open, thereby obtaining an average d.c.
value. A milliammeter and voltmeter
connected to the adjoining circuit, or
across the output of the rectifier, will
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FIGURE 18.

read this average value. It is related to
peak value by the following expression:

Euvg = 0.636 X Emax

It is thus seen that the average value is
63.6 per cent of the peak value.

Phase

When an alternating current flows
through a purely resistive circuit, it will
be found that the current will go through
maximum and minimum in perfect step
with the voltage. In this case the current
is said to be in step or tnphase with the
voltage. For this reason, Ohm’s law will
apply equally well for a.c. or for d.c.
where pure resistances are concerned,
provided that the effective values of a.c.
are used in the calculations.

If a circuit has capacity or inductance
or both, in addition to resistance, the cur-
rent does not reach a maximum at the
same instant as the voltage; therefore
Ohm’s law will not apply. It has been
stated that inductance tends to resist
any change in current; when an induct-
ance is present in a circuit through
which an alternating current is flowing,
it will be found that the current will
reach its maximum behind or later than
the voltage. In electrical terms, the cur-
rent will lag behind the voltage or, con-
versely, the voltage will lead the cur-
rent.

If the circuit is purely inductive, i.e.,
if it contains neither resistance nor ca-
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pacitance, the current does not start un-
til the voltage has first reached a maxi-
mum; the current, therefore, lags the
voltage by 90 degrees as in figure 19.
The angle will be less than 90 degrees
if resistance is present in the circuit.

When pure capacity alone is present
in an a.c. circuit (no inductance or re-
sistance of any kind), the opposite ef-
fect will be encountered; the current
will reach a maximum at the instant the
voltage is starting and, hence, will lead
the voltage by 90 degrees. The presence
of resistance in the circuit will tend to
decrease this angle.

Power Factor

It should now be apparent to the
reader that in such circuits that have
reactance as well as resistance, it will
not be possible to calculate the power
as in a d.c. circuit or as in an a.c. cir-
cuit in which current and voltage are in-
phase. The reactive components cause
the voltage and current to reach their
maximums at different times, as was ex-
plained under phase, and to calculate
the power in such a circuit we must use
a figure called the power factor in our
computations.

The power factor in a resistive-reac-
Lto'-l
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(CIRCUIT GONTAINING PURE INDUCTANCE ONLY)

e

TINE

Lo

CURRENT LEADING VOLTAG(W

(cirguiT

TINE

CONTAINING PURE CAPACITY ONLY)

FIGURE 19,

tive a.c. circuit may be expressed as
the actual watts (as measured by a
wattmeter) divided by the product of
voltage and current or:

w

EXI
where W = watts as measured,
E = voltage (r.m.s.)
= current in amperes (r.ms.).
Stated in another manner:
w
= cos?

EXI

The character 6 is the angle of phase
difference between current and voltage.
The product of volts times amperes gives
the apparent power of the circuit, and
this must be multiplied by the cosé to
give the actual power. This factor cosé
is called the power factor of the circuit.

When the current and voltage are in-
phase, this factor is equal to 1. Resonant
or purely resistive circuits are then
said to have unity power factor, in which
case

3
W=EXI W=I'R. W=—
R

Resonant Circuits

The reader is advised to review at
this point the subject matter on induec-
tance, capacity and alternating current
in order that he may gain a complete
understanding of the action of resonant
circuits. Once the basic conception of the
foregoing has been mastered, the more
complex ecircuits in which they appear
in combination will present no great
problem.

Figure 20 shows an inductance, a ca-
pacitance and a resistance arranged in
series, with a variable frequency source,
E, of a.c. applied across the combination.

© :
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FIGURE 20.
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Some resistance is always present in
a circuit because it is possessed in some
degree by both the inductance and capac-
itor. If the frequency of the alternator
E is varied from nearly zero to some
high frequency, there will be one partic-
ular frequency at which the inductive
reactance and capacitive reactance will
be equal. This is known as the resonant
frequency, and in a series ecircuit it is
the frequency at which the circuit cur-
rent will be a maximum. Such series
resonant circuits are chiefly used when
it is desirable to allow a certain fre-
quency to pass through the circuit (low
impedance to this frequency), while at
the same time the circuit is made to offer
considerable opposition to currents of
other frequencies.

If the values of inductance and ca-
pacity both are fixed, there will be only
one resonant frequency.

If both the inductance and capacitance
are made variable, the circuit may then
be changed or tuned, so that a number
of combinations of inductance and ca-
pacitance can resonate at the same fre-
quency. This can be more easily under-
stood when one considers that inductive
reactance and capacitive reactance travel
in opposite directions as the frequency
is changed. For example, if the frequency
were to remain constant and the values
of inductance and capacitance were then
changed, the following combinations
would have equal reactance:

Frequency is constant at 60 cycles.
L is expressed in henrys.

C is expressed in microfarads
(.000001 farad.)

L Xx, C XG

265 100 26.5 100

2.65 1,000 2.65 1,000

26.6 10,000 .266 10,000

265.00 100,000 0265 100,000

2,650.00 1,000,000 .0026 1,000,000

In the above table there are five rad-
ically different ratios of L to C (induct-
ance to capacitance) each of which satis-
fies the resonant condition, X.= X.
When the frequency is constant, L must
increase and C must decrease in order
to give equal reactance. Figure 21 shows
how the two reactances change with
frequency; this illustration will greatly
aid in clarifying this discussion.

For mechanical reasons, it is more
common to change the capacitance rather
than the inductance when a circuit is

IMPEDANCE

RESISTANCE — AEACTANCE —

SERIES CIRCUIT  REACTANCE VARIATION WITH
CHANGE OF APPLIED  FREQUENCY
FIGURE 21.

tuned, yet the inductance can be made
variable if desired.

Formula for Frequency
From the formula for resonance,

1
27fL =

, the resonant frequency
271C.

can readily be solved. In order to isolate

f on one side of the equation, merely

multiply both sides by 27f, thus giving:

1
47 0L = —.
C
Dividing by the quantity 4%’L, the
1
result is: £ = ;
47LC
Then, by taking the square root of
1
both sides: f=———,
27VLC

where f = frequency in cycies,
L = inductance in henrys,

C = capacity in farads.
It is more convenient to express L ana
C in smaller units, especially in malung
radio-frequency calculations; f can aiso
be expressed in megacycles or kilocycles.
A very useful group of such formulas is:

25,330 26,330 25,330
or L= y
LC 'Cc L

= or C=
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where f = frequency in megacycles,
L = inductance in microhenrys,
C — capacity in micromicrofarads.
In order to clarify the original for-
1
mula, f = ————, take two values of
27 VLC
inductance and capacitance from the
previously given chart and substitute
these in the formula. It was stated that
the frequency is 60 cycles; therefore
f = 60. Substituting these values to
check this frequency:
1 1
; 3,600 = ——;
2rVLC 4mLC
1

60 =

L=

3600 X 47 X 000026
L = 0.265

The significant point here is that the
formula calls for C in farads, whereas
the capacity was actually in microfarads.
Recalling that one microfarad equals
000001 farad, it is, therefore, possible
to express 26 microfarads as .000026
farads. This consideration is often over-
looked when computing for frequency
and capacitive reactance because capac-
itance is expressed in a totally imprac-
tical unit, viz: the farad.

Impedance of Series
Resonant Circuits

The impedance across the terminals
of a series resonant circuit (figure 20) is

Z= \/r’+ (XL—-:Xci)“,

where Z = impedance in ohms,
r = resistance in ohms,
X¢ = capacitive reactance in ohms,
X:. = inductive reactance in ohms.

From this equation, it can be seen
that the impedance is equal to the vector
sum of the circuit resistance and the
difference between the two reactances.
Since at the resonant frequency X.
equals X¢, the difference between them
(figure 21) is obviously zero so that at
resonance the impedance is simply equal
to the resistance of the circuit; therefore,
because the resistance of most normal
radio-frequency circuits is of a very low
order, the impedance is also low.

At frequencies higher and lower than
the resonant frequency, the difference
between the reactances will be a definite
quantity and will add with the resistance
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FIGURE 22.

to make the impedance higher and higher
as the circuit is tuned off the resonant
frequency.

Current and Vo'tage in
Series Resonant Circuits

Formulas for calculating series reso-
nance are similar to those of Ohm’s law.

E
— g~ E =1Z.
Z
The complete equations:

=

V4 (Xi—Xo)?
E=IVr 4+ (Xo—Xo)*

Inspection of the above formulas will
show the following to apply to series
resonant circuits: When the impedance
is low, the current will be high; con-
versely, when the impedance is high, the
current will be low.

Since it is known that the impedance
will be very low at the resonant fre-
quency, it follows that the current will
be a maximum at this point. If a graph
is plotted of the current against the
frequency either side of resonance, the
resultant curve becomes what is known
as a resonance curve. Such a curve is
shown in figure 22,

Several factors will have an effect on
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the shape of this resonance curve, of
which resistance and L-to-C ratio are
the important considerations. The
curves B and C in figure 22 show the
effect of adding increasing values of re-
sistance to the circuit. It will be seen
that the peaks become less and less
prominent as the resistance is increased;
thus, it can be said that the selectivity
of the circuit is thereby decreased. Se-
lectivity in this case can be defined as
the ability of a circuit to discriminate
against frequencies adjacent to the
resonant frequency.

Referring again to figure 22, it can
be seen from curve A that a signal, for
instance, will drop from 19 to 5, or
more than 10 decibels, at 50 ke. off reso-
nance. Curve B, which represents consid-
erable resistance in the circuit, shows a
signal drop of from 4 to 3, or approxi-
mately 2.5 decibels, when the signal is
also 50 kilocycles removed from the
resonant point. From this it becomes
evident that the steeper the resonant
curve, the greater will be the change in
current for a signal removed from reso-
nance by a given amount. The effect of
-adding more resistance to the circuit is
to flatten off the peaks without materially
affecting the sides of the curve. Thus,
signals far removed from the resonance
frequency give almost the same value of
current, regardless of the amount of
resistance present.

Voltage Across Coil and Condenser
in Series Circuit

Because the a.c. or r.f. voltage across
a coil and condenser is proportional to
the reactance (for a given current), the
actual voltages across the coil and across
the condenser may be many times greater
than the terminal voltage of the circuit.
Furthermore, since the individual re-
actances can be very high, the voltage
across the condenser, for example, may
be high enough to cause flash-over even
though the applied voltage is of a value
considerably below that at which the con-
denser is rated.

Circuit Q

An extremely important property of
an inductance is its factor-of-merit, more
generally called its Q. This factor can be
expressed as the ratio of the reactance
to the resistance, as follows:

27fL

’
R
where R = total d.c. and r.f. resistances.

The actual resistance in a wire or in-
ductance can be far greater than the d.c.
value when the coil is used in a radio-
frequency circuit; this is because the cur-
rent does not travel through the entire
cross-section of the conductor, but has a
tendency to travel closer and closer to
the surface of the wire as the frequency
is increased. This is known as the skin
effect.

The actual current-carrying portion
of the wire is decreased, therefore, and
the resistance is increased. This effect
becomes even more pronounced in square
or rectangular conductors because the
principal path of current flow tends to
work outwardly toward the four edges
of the wire.

Examination of the equation for Q
may give rise to the thought that even
though the resistance becomes greater
with frequency, the inductive reactance
does likewise, and that the Q might be
a constant. In actual practice, however,
the resistance usually increases more
rapidly with frequency than does the
reactance, with the result that Q nor-
mally decreases with increasing fre-
quency.

Parallel Resonance

In radio circuits, parallel resonance is
more frequently encountered than series
resonance; in fact, it is the basie foun-
dation of receiver and transmitter cir-
cuit operation. A cireuit is shown in
figure 23.

In this circuit, as contrasted with a
circuit for series resonance, L (indue-
tance) and C (capacitance) are con-

A /M
.
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nected in parallel, yet the combination
can be considered to be in series with the
remainder of the circuit. This combina-
tion of L and C, in conjunction with R,
the resistance which is principally in-
cluded in L, is sometimes called a tank
circuit because it effectively functions as
a storage tank when incorporated in
vacuum tube circuits.

Contrasted with series resonance, there
are two kinds of current which must be
considered in a parallel resonant circuit:
(1) the line current, as read on the in-
dicating meters M, (2) the circulating
current which flows within the parallel
L-C-R portion of the circuit. See figure
23.

At the resonant frequency, the line
current (as read on the meters M) will
drop to a very low value although the
circulating current in the L-C circuit
may be quite large. It is this line cur-
rent that is read by the milliammeter
in the plate circuit of an amplifier or
oscillator stage of a radio transmitter,
and it is because of this that the meter
shows a sudden dip as the circuit is
tuned through its resonant frequency.
The current is, therefore, a minimum
when a parallel resonant circuit is tuned
to resonance, although the impedance is
a marimum at this same point. It is in-
teresting to note that the parallel
resonant circuit, in this respect, acts in
a distinctly opposite manner to that of
a series resonant cireuit, in which the
current is at a maximum when the
impedance is minimum. It is for this
reason that in a parallel resonant circuit
the principal consideration is one of im-
pedance rather than current. It is also
significant that the impedance curve for
parallel circuits is very nearly identical
to that of the current curve for series
resonance. The impedance at resonance
is expressed as:

(27fL)?

’

R
where Z = impedance in ohms,
L = inductance in henrys,
f = frequency in cyecles,
R = resistance in ohms.

The curves illustrated in figure 22 can
be applied to parallel resonance in addi-
tion to the purpose for which they are
illustrated.

Reference to the impedance curve will
show that the effect of adding resistance
to the circuit will result in both a

broadening out and a lowering of the
peak of the curve. Since the voltage of
the circuit is directly proportional to
the impedance, and since it is this voltage
that is applied to the grid of the vacuum
tube in a detector or amplifier circuit,
the impedance curve must have a sharp
peak in order for the circuit to be
selective. If the curve is broadtopped in
shape, both the desired signal and the
interfering signals at close proximity to
resonance will give nearly equal voltages
on the grid of the tube, and the circuit
will then be nonsclective; i.e., it will tune
broadly.

Effect of L/C Ratio
In Parallel Circuits

In order that the highest possible
voltage can be developed across a parallel
resonant circuit, the impedance of this
circuit must be very high. The impedance
will be greater when the ratio of in-
ductance-to-capacitance is great, that is,
when L is large as compared with C.
When the resistance of the circuit is
very low, X. will equal X¢c at resonance
and, of course, there are innumerable
ratios of L and C that will have equal
reactance at a given resonant frequency,
exactly as is the case in a series resonant
circuit. Contrasted with the necessity
for a high L/C ratio for high impedance,
the capacity for maximum selectivity
must be high and the inductance low.
While such a ratio will result in lower
gain, it will offer greater rejectivity to
signals adjacent to the resonant signal.

In practice, where a certain value of
inductance is tuned by a variable
capacitance over a fairly wide range in
frequency, the L/C ratio will be small at
the lowest frequency and large at the
high-frequency end. The circuit, there-
fore, will have unequal selectivity at the
two ends of the band of frequencies
which is being tuned. At the low-fre-
quency end of the tuning band, where
the capacitance predominates, the selec-
tivity will be greater and the gain less
than at the high-frequency end, where
the opposite condition holds true. In-
creasing the Q of the circuit (lowering
the series resistance) will obviously in-
crease both the selectivity and gain.

Circulating Tank Current
at Resonance

The Q of a circuit has a definite bear-
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ing on the circulating tank current at
resonance. This tank current is very
nearly the value of the line current
multiplied by the circuit Q. For example:
an r.f. line current of 0.050 amperes,
with a circuit Q of 100, will give a
circulating tank current of approxi-
mately 5 amperes. From this it can be
seen that the inductance and connecting
wires in a circuit with a high Q must be
of very low resistance, particularly in
the case of high power transmitters, if
heat losses are to be held to a minimum.

Effect of Coupling
on Impedance

If a parallel resonant circuit is
coupled to another circuit, such as an
antenna output circuit, the impedance of
the parallel circuit is decreased as the
coupling becomes closer, The effect of
closer (tighter) coupling is the same as
though an actual resistance were added
to the parallel circuit. The resistance
thus coupled into the tank circuit can be
considered as being reflected from the
output or load circuit to the driver cir-
cuit.

If the load across the parallel resonant
tank circuit is purely resistive, just as
it might be if a resistor were shunted
across part of the tank inductance, the
load will not disturb the resonant setting.
If, on the other hand, the load is reactive,
as it could be with a too-long or too-
short antenna for the resonant fre-
quency, the setting of the tank tuning
condenser would have to be changed in
order to restore resonance.

Tank Circuit Flywheel Effect

When the plate circuit of a class-B
or class-C operated tube (defined in the
following chapter) is connected to a
parallel resonant circuit, the plate cur-
rent serves to maintain this L/C circuit
in a state of oscillation. If an initial
impulse is applied across the terminals
of a parallel resonant circuit, the con-
denser will become charged when one set
of plates assumes a positive polarity, the
other set a negative polarity. The con-
denser will then discharge through the
inductance; the current thus flowing will
cut across the turns of the inductance
and cause a counter e.m.f. to be set up,
charging the condenser in the opposite
direction.

In this manner, an alternating current

is set up within the L/C circuit and the
oscillation would continue indefinitely
with the condenser charging, discharging
and charging again if it were not for the
fact that the circuit possesses some re-
sistance. The effect of this resistance is
to dissipate some energy each time the
current flows from inductance to con-
denser and back, so that the amplitude
of the oscillation grows weaker and
weaker, eventually dying out completely.

The frequency of the initial oscillation
is dependent upon the L/C constants of
the circuit. If energy is applied in short
spurts or pushes at just the right
moments, the L/C circuit can be main-
tained in a constant oscillatory state.
The plate current pulses from class-B
and class-C amplifiers supply just the
desired kind eof kicks.

Whereas the class-B plate current
pulses supply a kick for a longer period,
the short pulses from the class-C ampli-
fier give a pulse of very high amplitude,
thus being even more effective in main-
taining oscillation. So it is that the
positive half cycle in the tank circuit
will be reinforced by a plate current
kick, but since the plate current of the
tube only flows during a half cycle or
less, the missing half cycle in the tank
circuit must be supplied by the discharge
of the condenser.

Since the amplitude of this half cycle
will depend upon the charge on the plates
of the condenser, and since this in turn
will depend upon the capacitance, the
value of capacitance in use is very im-
portant. Particularly is this true if a
distorted wave shape is to be avoided,
as would be the case when a transmitter
is being modulated. The foregoing ap-
plies particularly to single-ended ampli-
fiers. If push-pull were employed, the
negative half cycle would secure an
additional kick, thereby greatly lessening
the necessity for the use of higher C in
the L/C circuit.

Impedance Matching: Impedance,
Voltage and Turns Ratio

A fundamental law of electricity is
that the maximum transfer of energy
results when the impedance of the load
is equal to the impedance of the driver.
Although this law holds true, it is not
necessarily a desirable one for every
condition or purpose. In many cases
where a vacuum tube works into a
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parallel resonant circuit load, it is desir-
able to have the load impedance con-
siderably higher than the tube plate im-
pedance, so the maximum power will be
dissipated by the load rather than in the
tube. On the other hand, one of the nota-
ble conditions for which the law holds
true is in the matching of transmission
lines to an antenna impedance.

Often a vacuum tube circuit requires
that the plate impedance of a driver
circuit be matched to the grid impedance
of the tube being driven. When the
driven tube operates in such a condition
that it draws grid current, such as in all
transmitter r.f. amplifier circuits, the
grid impedance may well be lower than
the plate tank impedance of the driver
stage. In this case it becomes necessary
to tap down on the driver tank coil in
order to select the proper number of
turns that will give the desired im-
pedance. If the desired working load
impedance of the driver stage is 10,000
ohms, for example, and if the tank coil
has 20 turns, the grid impedance of the
driven stage being 5,000 ohms, it is
evident that there will be required a

10,000
step-down impedance ratio of

5,000
or 2-to-1, This impedance value is not
secured when the driver inductance is
tapped at the center. It is of importance
to stress the fact that the impedance is
decreased four times when the number
of turns on the tank coil is halved. The
following equations show this fact:

N, 7, N:? Z
—_— —or =—
N, Z. N VA
N,

where = turns ratio,
N,

7
= impedance ratio

3

In the foregoing example, a step-down
impedance ratio of 2-to-1 would require
a turns step-down ratio of the square
root of the impedance or 1.41. Therefore,
if the inductance has 20 turns, a tap
would be taken on the 6th turn down
from the hot end or 14 turns up from
the cold end. This is arrived at by taking
the resultant for the turns ratio, i.e.,
1.41, and then dividing it into the total
number of turns, as follows:

20
—— =14 (approx.)
141

Either an impedance step-up or step-
down ratio can be secured from a parallel
resonant circuit. One popular type of
antenna impedance matching device
utilizes this principle. Here, however, two
condensers are effectively in series across
the inductance; one has quite a high
capacitance (500 uufd.), the other is a
conventional size condenser used prinei-
pally to restore resonance. The theory
of the device is simply that the im-
pedance is proportional to the reactances
of the condensers and, by changing the
ratio of the two, the antenna is effec-
tively connected into the tank circuit at
impedance points which reach higher or
lower values as the ratio of the con-
densers is changed.

In practice, however, it is usually
necessary to change the value of in-
ductance in order to maintain resonance
while still correctly matching it to the
antenna or feeder. This method is dis-
cussed at greater length in Chapter 4.

As the impedance step-down ratio be-
comes larger, the voltage step-down be-
comes correspondingly great. Such a con-
dition takes place when a resonant cir-
cuit is tapped down for reasons of im-
pedance matching; the voltage will be
stepped down in direct proportion to the
turn step-down ratio. The reverse holds
true for step-up ratios. As the step-up
ratio is increased, the voltage is in-
creased. This principle applies in the
case of an auto transformer illustrated
in figure 24.

The type of transformer in figure 24
when wound with heavy wire and over
an iron core is a common device in
primary power circuits for the purpose
of increasing or decreasing the line
voltage. In effect, it is merely a con-
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Figure 24, lllustrating  design  and
method of connecting an auto transformer.
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tinuous winding with taps taken at
various points along the winding, ‘the
input voltage being applied to the bot-
tom and also to one tap on the winding.
If the output is taken from this same
tap, the voltage ratio will be 1-to-1; i.e.,
the input voltage will be the same as the
output voltage. On the other hand, if
the output tap is moved down toward
the common terminal, there will be a
step-down in the turns ratio with a con-
sequent step-down in voltage.

The opposite holds true if the output
terminal is moved upward from the
middle input terminal; there will be a
voltage step-up in this case. The initial
setting of the middle input tap is chosen
so that the number of turns will have
sufficient reactance to keep the no-load
primary current at a reasonably low
value.

In the same manner as voltage is
stepped up and down by changing the
number of turns in a winding, so can
impedance be stepped up or down. Figure
25A shows an application of this prin-
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Figure 25. (Impedance step-up and step-

down may be obtained by utilizing the

plate tank circuit of a vacuum tube as
an auto transformer.

ciple as applied to a vacuum tube circuit
which couples one oircuit to another.
Assuming that the grid impedance
may be of a lower value than the plate
tank impedance of the preceding stage,
a step-down ratio will be necessary in
order to give maximum transfer of
energy. In B of figure 25, the grid
impedance is very high as compared with
the tank impedance of the driver stage,
and thus there is required a step-up
ratio to the grid. The driver plate is
tapped down on its plate tank coil in
order to make this impedance step-up
possible. A driver tube with very low

M

-l
Ly

Cz

5 O b

N
|
s

o

Figure 26. Two common examples of in-
ductive coupling in radio circuits.
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plate impedance must be used if a good
order of plate efficiency is to be realized.

In C of figure 25, the grid impedance
very closely approximates the plate im-
pedance and this connection is used when
no transformation is required. The grid
and plate impedances are not generally
known in many practical cases; hence,
the adjustments are made on the basis
of maximum grid drive consistent with
maximum safe input to the driver stage.

Inductive Coupling

Inductive coupling is often used when
two circuits are to be coupled. This
method of coupling is shown in figures
26A and 26B.

The two inductances are placed in such
inductive relation to each other that the
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lines of forece from the primary coil cut
across the turns of the secondary coil,
thereby inducing a voltage in the second-
ary. As in the case of capacitive
coupling, impedance transformation here
again becomes of importance. If two
parallel tuned circuits are coupled very
closely together, the circuits can in
reality be overcoupled. This is illus-
trated by the curve in figure 27.

The dotted line curve A is the original
curve or that of the primary coil alone.
Curve B shows what takes place when
two circuits are overcoupled; the reso-

mOGC4-rwE>

capacitive coupling is by means of a
coupling link circuit between two parallel
resonant circuits. The capacity of the
coupling link, with its one or two turns,
is so small as to be negligible.

Link coupling is widely used in trans-
mitter circuits because it adapts itself
so universally and eliminates the need of
a radio-frequency choke, thereby reduec-
ing a source of loss. Link coupling is
very simple; it is diagrammed in A and
B of figure 28.

In A of figure 28, there is an impe-
dance step-down from the primary coil
to the link circuit. This means that the
line which connects the two links or
loops will have a low impedance and
therefore can be carried over a con-
siderable distance without introduction
of appreciable loss. A similar link or
loop is at the output end of the line;
this loop is coupled to the grid tank of
the driven stage.

FREOUENCY

FIGURE 27.

nance curve will have a definite dip
on the peak, or a double hump. This
principle of overcoupling is advantage-
ously utilized in bandpass circuits where,
as shown in C, the coupling is adjusted
to such a value as to reduce the peak of
the curve to a virtual flat top, with no
dip in the center as in B.

Some undesirable capacitive coupling
will result when circuits are closely or
tightly coupled; if this capacitive
coupling is appreciable, the tuning of the
cireuits will be affected. The amount of
capacitive coupling can be reduced by so
arranging the physical shape of the
inductances as to enable only a minimum
surface of one to be presented to the
other.

Another method of accomplishing the
same purpose is by electrical means. A
turtain of closely-spaced parallel wires
or bars, connected together only at one
end, and with this end connected to
ground, will allow electromagnetic coup-
ling but not electrostatic coupling. Such
a device is called a Faraday screen or
shield.

Link Coupling

Still. another method of decreasing

LINK  COUPLING

o

i

TAP ON AND LINK COUPLING

INTERWOUND

il i ©

UNITY COUPLING

Figure 28. Two types of link (induc.
tive) coupling and below, unity coupling.
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Still another link coupling method is
shown in B of figure 28. It is similar
to that of A, with the exception that the
primary line is tapped on the coil, rather
than being terminated in a link or loop.

Unity Coupling

Another commonly used type of coup-
ling is that known as unity coupling,
by reason of the fact that the turns ratio
between primary and secondary is one-
to-one. This method of coupling is
illustrated in C of figure 28, Only one of
the windings is tuned although the inter-
winding of the two coils gives an effect
in the untuned winding as though it were
actually tuned with a condenser.

Unity coupling is used in some types
of ultra-high frequency circuits although
the mechanical considerations are some-
what difficult. The secondary, when it
serves as the grid coil, is placed inside
of a copper tubing coil; the latter serves
as the primary or plate coil.

Transformer Action;
Reflected Impedance

Two inductances coupled to each other
constitute a transformer in basic form.
The two inductances can be wound on
separate air core forms, or, as in an
audio or power transformer, on iron or
magnetic cores. Power transformers are
treated in a separate chapter of this
Handbook,; radio-frequency transformers
have already been treated; thus, this dis-
cussion will be confined to audio-
frequency transformers.

In all audio-frequency circuit applica-
tions, it is only necessary to refer to the
tube tables in this book in order to find
the recommended load impedance for a
given tube and a given set of operating
conditions. For example, the table shows
that a type 42 pentode tube requires a
load impedance of 7,000 ohms. Audio
transformers are always rated for both
their primary and secondary impedance,
which means that the primary impedance
will be of the rated value only when the
secondary is terminated in its rated im-
pedance.

If 2 7,000-ohm plate load is to work
into a 7-ohm loudspeaker voice coil, the
impedance ratio of the transformer

7,000 ’

would be = 1,000-to-1. Hence, the

7

turns-ratio will be the square root of
1,000 or 31.6. This does not mean that
the primary will have only 31.6 turns of
wire and only one turn on the secondary.
The primary must have a certain in-
ductance in order to offer a high impe-
dance to the lower audio frequencies.

Figure 29. The re-

flected impedance Zp

varies directly in pro-

portion to Zy, and the

square of the turns
ratio.

Consequently, it must have a large
number of turns of wire in the primary
winding. The ratio of total primary
turns to total secondary turns must
remain constant, regardless of the num-
ber of turns in the primary if the correct
primary impedance is to be maintained.

To summarize, a certain transformer
will have a certain impedance ratio
(determined by the square of the turns
ratio) which will remain constant. If
the transformer is terminated with an
impedance or resistance lower than the
original rated value, the reflected im-
pedance on the primary will also be
lower than the rated value. If the trans-
former is terminated in an impedance
higher than rated, the reflected primary
impedance will be higher.

For push-pull amplifiers the recom-
mended primary impedance is stated as
some certain value, plate to plate; this
refers to the impedance of the total
winding without consideration of the
center tap. The reflected impedance
across the total primary will follow the
same rules as previously given for single-
ended stages. The voltage relationship
in primary and secondary is the same as
the turns ratio. For a step-down turns
ratio of 10-to-1, the corresponding
voltage step-down would be 10-to-1
though the impedance ratio would be
100-to-1.



CHAPTER 2

Vacuum Tube 7/teo/u; and Praciice

Thermionic Effect—Tube Types and Applications—Circuits
and Characteristics—Class-A, AB, B and C Amplifiers

VACUUM TUBES are widely used for
the generation, detection and amplifica-
tion of audio- and radio-frequency cur-
rents; electron tubes also serve as power
rectifiers to convert alternating current
into direct current and, in special cases,
for controlling and converting electrie
power.

The performance of a thermionic tube
depends upon the emission of electrons
from a metallic surface and the flow of
these electrons to other surfaces; the
transition constitutes an electric current.

An electron tube consists essentially of
an evacuated glass or metal envelope in
which is enclosed an electron emitting
surface, called a cathode, and one or
more additional electrodes. The connce-
tions for the various elements are car-
ried through the tube envelope to special
connectors.

Electron Emission; Cathodes

The rate of electronic motion in every
atom increases if the molecular con-
stituents of any material are subjected to
thermal agitation. Hence, by heating
certain metallic conductors, the motion
of electrons becomes so rapid that some
of them break away from their parent
atoms and are set free in space. In the
absence of any cxternal attraction, the
electrons escaping from the emissive
surface repel each other because they are
all negatively charged. Therefore, the
number of electrons leaving the emitter
is limited because the free negatively-
charged electrons counteract the escape
function of new electrons.

The point of electronic saturation is
called the space charge effect. When this
condition is reached, no further electrons

will leave the emitter regardless of how
much higher the temperature of the emit-
ting surface is increased.

In most all modern vacuum tubes, the
surface of the cathode material is chemi-
cally treated in order to increase
electronic emission. The two principal
types of surface treatment include
thoriated tungsten filaments, as used in
medium- and high-powered transmitter
tubes, and oxide coated filaments or
cathode sleeves, such as used in most
receiver tubes. Pure tungsten filaments
are practically obsolete, and are only
being manufactured for some types of
high-power transmitter tubes in which
sufficient vacuum cannot be maintained
for operating properly a thoriated tung-
sten type of filament.

Cathode Current

When a heated cathode and a separate
metallic plate are placed in an evacuated
envelope, it is found that a few of the
electrons thrown off by the cathode will
leave with sufficient velocity to reach the
plate. If the plate is electrically con-
nected back to the cathode, the electrons
will flow from cathode to plate and
through the external circuit back to
cathode, due to the potential difference
between plate and cathode. This small
current flow is called plate current.

If a battery or other source of d.c.
voltage is placed in the external circuit
between the plate and cathode so that
the battery voltage places a positive
potential on the plate, the flow of current
from the cathode to plate will be in-
creased. This is due to the strong at-
traction offered by the positively charged
plate for any negatively charged elec-
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trons. If the positive potential on the
plate is increased, the flow of electrons
between the cathode and plate will also
increase up to the point of saturation.
Saturation current flows when all of the
electrons leaving the cathode are at-
tracted to the plate, and no increase in
plate voltage can increase the number
of electrons being attracted to the plate.

Operating a cathode at a temperature
materially above its normal rating will
shorten the life of the emitting surface.
In the case of thoriated tungsten
emitters, which are rather sensitive tn
changes in filament temperature, it is
advisable to have a close control over
the filament voltage. If there is doubt
about the filament voltage, it is better
to operate the filament slightly higher
than normal rather than below normal,
especially if the tube is operating with
high plate current.

Rectification

It has been stated that when the
potential of the plate is different from
that of the cathode, electrons will be at-
tracted to the plate and a current will
flow in the external circuit. If, on the
other hand, the plate is made negative,
the electron flow in the external circuit
will cease due to the repulsion of the
electron stream within the tube back to
its cathode. From this is derived a
valuable property, namely, the ability
to pass current in one direction only as
in a rectifier. Figure 2A shows a half-
wave rectifier circuit. For convenience of
explanation, a conventional power rectifier
is chosen although the same diagram and
explanation will apply to diode rectifica-
tion in a radio receiver.

When a sine wave voltage is induced
in the secondary of the transformer, the

rectifier plate is made alternately positive
and negative as the polarity of the alter-
nating-current changes. Electrons are
attracted to the plate from the cathode
when the plate is positive, and current
then flows in the external circuit. On
the succeeding half cycle, the plate be-
comes negative with respect to the
cathode, and no current flows. Thus,
there will be an interval before the
succeeding half cycle occurs when the
plate again becomes positive. Under
these conditions, plate current once more
begins to flow and there is another pulsa-
tion in the output circuit.

For the reason that one half of the
complete wave is absent in the output,
the result is what is known as half-wave
rectification. The output power is the
average value of these pulsations; it will,
therefore, be of a low value because of
the interval between pulsations.

In a full-wave circuit (figure 2B), the
plate of one tube is positive when the
other plate is negative; although the
current changes its polarity, one of the
plates is always positive. One tube,
therefore, operates effectively on each
half cycle, but the output current is in
the same direction. In this type of circuit
the rectification is complete and there is
no gap between plate current pulsations.
This output is known as rectified a.c.
or pulsating d.c.

Mercury Vapor Rectifiers

If a two-element electron tube is
evacuated and then filled with a gas such
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as mercury vapor, its characteristics and
performance will differ radically from
that of an ordinary high-vacuum diode
tube.

The principle upon which the operation
of a gas-filled rectifier depends is known
as the phenomenon of ionization. Investi-
gation has shown that the electrons
emitted by a hot cathode in a mercury
vapor tube are accelerated toward the
anode (plate) with great velocity. These
electrons move in the electrical force-free
space between the hot cathode and the
anode in which space they collide with
mercury vapor molecules.

If the moving electrons attain a
velocity so great as to enable them to
break through a potential difference of
more than 10.4 volts (for mercury), they
will literally knock the electrons out of
the atoms with which they collide.

As more and more atoms are broken
up by collision with electrons, the
mercury vapor within the tube becomes
ionized and transmits a considerable
amount of current. The ions are repelled
from the anode when it is positive; they
are then attracted to the cathode, thus
tending to neutralize the negative space
charge as long as saturation current is
not drawn. This effect neutralizes the
negative space charge to such a degree
that the resistance of the tube is re-
duced to a very low value; furthermore,
the reduction in heating of the diode
plate, as well as an improvement in the
voltage regulation of the load current,
is achieved. The efficiency of rectifica-
tion is thereby increased because the
voltage drop across any rectifier tube
represents a waste of power.

Vacuum Tube As An Amplifier

A rectifier tube is essentially a two-
element device. A third element can be
added to the tube as a means of con-
trolling the plate current. A third
clement of this type is called a grid,
It is. a mesh-like structure which sur-
rounds the cathode, interposed between
cathode and plate in such a manner
that the passage of electrons to the
plate must travel through the grid on the
way.

If this grid is made negative with
respect to ‘the cathode, the negatively-
charged electrons will be repelled back
to the cathode. Plate current can be
stopped entirely when the grid is made

sufficiently negative, even though there
is a positive voltage on the plate that
would ordinarily attract electrons. Thus,
it can be seen that the grid acts as a
valve in its control of the plate current;
it is for this reason that vacuum tubes
are termed valves in Britain, Australia
and Canada. When there is less negative
voltage on the grid than that necessary
to cut off the plate current, a steady
value of plate current will flow. The
value of fixed negative voltage on the
grid of a vacuum tube is referred to as
bias.

A graph of values of plate current for
various values of grid voltage can be
plotted as shown in figure 3.
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A suitable operating point is chosen
on the static characteristic curve; this
point is dictated by the service to which
the tube is to be subjected. The bias
determines the operating point, and a
signal causes the grid to vary back and
forth about this point in exact accord-
ance with the wave shape of the input
signal. This is the condition under which
a class-A amplifier functions. The
fluctuation in grid potential results in
a corresponding fluctuation in plate cur-
rent. When this current flows through
a - suitable- load device, . it produces a
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varying voltage drop which is a replica
of the original input voltage, although
considerably greater in amplitude.

Amplification Factor; Mutual
Conductance; Plate Resistance

The amplification factor or mu (#) of
a vacuum tube is the ratio of a change
in plate voltage to a change in grid volt-
age, either of which will cause the same
change in plate current. Expressed as
a differential equation:

dE,

dE;

The # can be determined experimen-
tally by making a slight change in the
plate voltage, thus slightly changing the
plate current. The plate current is then
returned to its original value by a change
in grid voltage. The ratio of the incre-
ment in plate voltage to the increment in
grid voltage is the # of the tube. The
foregoing assumes that the experiment
is conducted on the basis of rated
voltages as shown in the manufacturers’
tube tables.

The plate resistance can also be de-
termined by the previous experiment. By
noting the change in plate current as it
occurs when the plate voltage is changed,
and by dividing the latter by the former,
the plate resistance can then be deter-
mined. Expressed as an equation:

dE,
Ry = —

dI,

The mutual conductance, also referred
to as transconductance, is the ratio of
the amplification factor (#) to the plate
resistance:

dE,
u dE, dI,
Su = = p=
R, dE, dE,
dI,

The amplification factor is the ability
of the tube to amplify or increase the
voltages applied to the grid. The amount
of voltage amplification that can be ob-
tained from a tube is expressed as
follows:

uRy
R, + Re

where R, — ohmic load in the plate cir-
cuit. In the case of a type 6F5 tube with
a plate resistor of 50,000 ohms, the volt-
age amplification as calculated from the
previous equation would be:

100 X 50,000
_ = 43
50,000 + 66,000

From the foregoing, it is seen that an
input of 1 volt to the grid of the tube
will give an output of 43 volts (a.c.).

Class-A Amplifier

The expression, class-A, is simply a
means of classifying the operating con-
ditions of an amplifier stage. It was pre-
viously explained how the fixed bias
applied to the grid of an amplifier de-
termines the operating point from which
the signal input varies. From the char-
acteristic curve in figure 3, it will be
seen that this curve is not a perfectly
straight line, but is curved toward its
base with an additional curvature at the
top due to filament saturation. If an am-
plifier is to be designed so that it will
faithfully reproduce the character of the
input signal, the operating point on the
curve must be set in the center of the
straight line portion. Furthermore, the
amplitude of the input signal must be
such that the peaks do not exceed the
straight line portion of the characteristic
curve.

Should the signal be permitted to go too
far negative, the negative half cycle in
the plate output will not be the same as
the positive half cycle. In other words,
the output wave shape will not be a
duplicate of the input, and distortion in
the output will therefore result. The
fundamental property of class-A ampli-
fication is that the bias voltage and input
signal level must not advance beyond the
point of zero grid potential; otherwise,
the grid itself will become positive. Elec-
trons will then flow into the grid and
through its external circuit in much the
same manner as if the grid were actually
the plate. The result of such a flow of
grid current is a lowering of the input
impedance of the tube so that power is
required to drive it.

Class-A amplifiers are never designed
to draw grid current; in other words,
the grid is never permitted to hecome
positive. Class-A amplifiers do not real-
ize the optimum capabilities of any
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individual tube; it can, therefore, be
said that the efficiency of such amplifiers
is low. They are used because they give
very little distortion, even though larger
tubes and higher plate voltage are re-
quired to obtain a given audio output
power than when some grid current is
permitted to flow. The correct bias for
class-A operation is given in the Tube
Tables.

Load Impedance;
Dynamic Characteristic

The plate current in an amplifier in-
creases and decreases in proportion to
the value of applied input signal. If
useful power is to be realized from such
an amplifier, the plate circuit must be
terminated in a suitable resistance or
impedance across which the power can be
developed. When increasing and de-
creasing plate current flows through a
resistor or impedance, the voltage drop
across this load will constantly change
because the plate current is constantly
changing. The actual value of voltage on
the plate will vary in accordance with
the IZ drop across the load, even though
a steady value of direct current may be
applied to the load impedance; hence, for
an alternating voltage on the grid of
the tube, there will be a constant change
in the voltage at the anode.

The static characteristic curves give
an indication of the performance of the
tube for only one value of plate voltage.
If the plate voltage is changed, the char-
acteristic curve will shift. This sequence
of change can be plotted in a form that
permits a determination of tube per-
formance; it is customary to plot the
plate current for a series of permissible
values of plate voltage at some fixed
value of grid voltage. The process is
repeated for a sufficient number of grid
voltage values in order that adequate
data will be available. A group or family
of plate voltage-plate current curves,
each for a different grid potential, makes
possible the calculation of the correct
load impedance for the tube. Dynamic
characteristics include curves for varia-
tions in amplification factor, plate re-
sistance, transconductance and detector
characteristics.

The correct value of load impedance
for a rated power output is always spe-
cified by the tube manufacturer. The

plate coupling device generally reflects
this impedance to the tube. This subject
was treated under Impedance Matching.,

Tubes in Parallel and Push-Pull

Two or more tubes can be connected in
parallel in order to secure greater power
output; two tubes in parallel will give
twice the output of a single tube. Since
the plate resistances of the two tubes are
in parallel, the required load impedance
will be half that for a single tube.

When power is to be increased by the
use of two tubes, it is generally advisable
to connect them in push-pull; in this
connection the power output is doubled
and the harmonic content, or distortion,
is reduced. The input voltage applied to
the grids of two tubes is 180 degrees out
of phase, the voltage usually being se-
cured from a center-tapped secondary
winding with the center tap connected to
the source of bias and the outer ends of
the winding connected to each grid. The
plates are similarly fed into a center-
tapped winding and plate voltage is in-
troduced at the center tap. The signal
voltage supplied to one grid must always
swing in a positive direction when the
other grid swings negatively. The re-
sult is an increase in plate current in one
tube with a decrease in plate current in
the other at any given instant; one tube
pushes as the other pmdis; hence the
term: push-pull.

Voltage and Power Amplification

Practically all amplifiers can be divid-
ed into two classifications, voltage ampli-
fiers and power amplifiers. In a voltage
amplifier, it is desirable to increase the
voltage to a maximum possible value,
consistent with allowable distortion. The
tube is not required to furnish power
because the succeeding tube is always
biased to the point where no grid cur-
rent flows. The selection of a tube for
voltage amplifierr service depends upon
the voltage amplification it must provide,
upon the load that is to be used and
upon the available value of plate voltage.
The varying signal current in the plate
circuit of a voltage amplifier is employed
in the plate load solely in the production
of voltage to be applied to the grid of the
following stage. The plate voltage is al-
ways relatively high, the plate current
small.
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A power amplifier, in contrast, must
be capable of supplying a heavy current
into a load impedance that usually lies
between 2,000 and 10,000 ohms. Power
amplifiers normally furnish excitation to
power-consuming devices such as a loud-
speaker or antenna. They also serve as
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Figure 4. Five common methods of a.f.
interstage coupling.

drivers for other larger amplifier stages
whose grids require power from the pre-
ceding stage. Power amplifiers are com-
mon in transmitters.

The difference between the plate power
input and output is dissipated in the tube
in the form of heat, and is known as
the plate dissipation. Tubes for power
amplifier service have larger plates and
heavier filaments than those for a volt-
age amplifier. High-power audio circuits
for commercial broadcast transmitters
call for tubes of such proportions that it
becomes necessary to cool their plates by
means of water jackets or air-cooling
systems,

Interstage Coupling

Common methods of coupling one stage
to another are shown in figure 4.

Transformer coupling for a single-
ended stage is shown in A; coupling to
a push-pull stage in B; resistance
coupling in C; impedance coupling in D.
A combination impedance-transformer
coupling system is shown in E; this ar-
rangement is generally chosen for high
permeability audio transformers of small
size and where it is necessary to prevent
the plate current from flowing through
the transformer primary. The plate cir-
cuit in the latter is shunt-fed.

Class-AB Amplifier

In a class-AB amplifier, the fixed grid
bias is made higher than would be the
case for a push-pull class-A amplifier.
The resting plate current is thereby re-
duced and higher values of plate voltage
can be used without exceeding the rated
plate dissipation of the tube. The result
is an increase in power output.

Class-AB amplifiers can be subdivided
into class-AB, and class-AB.. There is
no flow of grid current in a class-AB,
amplifier; that is, the peak signal volt-
age applied to each grid does not exceed
the negative grid bias voltage. In a
class-AB. amplifier the grid signal is
greater than the bias voltage on the
peaks and grid current flows.

The class-AB amplifier should be oper-
ated in push-pull if distortion is to be
held to a minimum. Class-AB, will fur-
nish more power output for a given pair
of tubes than will class-AB,. The grids
of a class-AB: amplifier draw current,
which calls for a power driver stage.
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Class-B Amplifier

A class-B audio amplifier operates
with two tubes in push-pull. The bias
voltage is increased to the point where
but very little plate current flows. This
point is called the cut-off point. When the
grids are fed with voltage 180 degrees
out of phase, that is one grid swinging
in a positive direetion and the other in a
negative direction, the two tubes will
alternately supply current to the load.
When the grid of tube no. 1 swings in a
positive direction, plate current flows in
this tube. During this process, grid no. 2
swings negatively beyond the point of
cut off; hence, no current flows in tube
no. 2. On the other half-cycle tube, no. 1
is idle, and tube no. 2 furnishes current.
Each tube operates on one-half cycle of
the input voltage so that the complete
input wave is reproduced in the plate
circuit. Since the plate current rests at
a very low value when no signal is ap-
plied, the plate efficiency is considerably
higher than in an A amplifier.

There is a much higher steady value of
plate current flow in a class-A amplifier,
regardless of whether or not a signal is
present. The average plate dissipation or
plate loss is much greater than in a B
amplifier of the same power output capa-
bility.

For the reason that the plate current
rises from a low to a very high peak
value on input swings in a class-B audio
amplifier, the demands upon the power
supply are quite severe; a power supply
for class-B amplifier service must have
good regulation. A high-capacity output
condenser must be used in the filter cir-
cuit to give sufficient storage to supply
power for the stronger audio peaks, and
a choke-input filter system is required
for good regulation.

Radio-Frequency Amplifier

Class-B radio-frequency amplifiers are
used primarily as linear amplifiers whose
function is to increase the output from
a modulated class-C stage. The bias is
adjusted to the cut-off value. In a single-
ended stage, the r.f. plate current flows
on alternate half cycles. The power out-
put in class-B r.f. amplifiers is propor-
tional to the square of the grid excita-
tion voltage. The grid voltage excitation
is doubled in a linear amplifier at 100%
modulation, the grid excitation voltage
being supplied by the modulated stage;

hence, the power output on modulation
peaks in a linear stage is increased four
times in value. In spite of the fact that
power is supplied to the tank circuit only
on alternate half cycles, the flywhesl
effect of the tuned tank circuit supplies
the missing half cycle of radio frequency,
and the complete wave form is repro-
duced in the output to the antenna.

Class-C R. F. Amplifier

The class-C amplifier differs from
others in that the bias voltage is in-
creased to a point well beyond cut off.
When a tube is biased to cut off as in a
class-B amplifier, it draws plate current
for a half cycle or 180°. As this point
of operation is carried beyond cut off,
that is, when the grid bias becomes
more negative, the angle of plate current
flow decreases. Under normal conditions,
the optimum value for class-C amplifier
operation is approximately 120°. The
plate current is at zero value during the
first 30° because the grid voltage is
still approaching cut off. From 30° to
90°, the grid voltage has advanced be-
yond cut off and swings to a maximum
in a region which allows plate current
to flow. From 90° to 150°, the grid
voltage returns to cut off, and the plate
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current decreases to zero. From 150° to
180°, no plate current flows since the
grid voltage is then beyond cut off.

The plate current in a eclass-C ampli-
fier flows in pulses of high amplitude,
but of short duration. Efficiencies up to
76% are realized under these conditions.
It is possible to convert nearly all of the
plate input power into r.f. output power
(approximately 909 efficiency) by in-
creasing the excitation, plate voltage and
bias to extreme values.

The r.f. plate current is proportional
to the plate voltage; hence, the power
output is proportional to the square of
the plate voltage. Class-C amplifiers are
invariably used for plate modulation be-
cause of their high efficiency and because
they reflect a pure resistance load into
the modulator. The plate voltage of the
class-C stage is doubled on the peaks at
100% modulation; the power output at
this point is consequently increased four
times.

Oscillation

The ability of an amplifier tube to con-
trol power enables it to function as an
oscillator in a suitable circuit. When part

of the amplified output is coupled back
into the input circuit, sustained oscilla-
tions will be generated provided the in-
put voltage to the grid is of the proper
magnitude and phase with respect to the
plate.

The voltage that is fed back and ap-
plied to the grid must be 180° out of
phase with the voltage across the load
impedance in the plate circuit. The volt
age swings are of a frequency depending
upon cireuit constants.

If a parallel resonant circuit consist-
ing of an inductance and a capacitance is
inserted in series with the plate circuit of
an amplifier tube and a connection iy
made so that part of the potential drop
is impressed on the grid of the same tube
180° out of phase, amplification of the
potential across the L/C circuit will re-
sult. The potential would increase to an
unrestricted value were it not for the
limited plate voltage and the limited
range of linearity of the tube character-
istie, which causes a reversal of the proc-
ess after a certain point is reached. The
rate of reversal is determined by the
time constant or resonant frequency of
the tank circuit.

The frequency range of an oscillator
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can be made very great; thus, by varying
the circuit constants, oscillations from a
few cycles per second up to many mil-
lions can be generated. A number of dif-
ferent types of oscillators are treated in
detail elsewhere in this Handbook.

Harmonic Distortion

Distortion exists when the output wave
shape of an amplifier departs from the
shape of the input voltage wave. The
flywheel effect in an r.f. amplifier tends
literally to iron out the irregularities in
the plate circuit wave, but, unless the
ratio of capacitance is high as compared
to the value of inductance, the foregoing
does not hold entirely true. Distortion is
present in the form of harmonics, which
are voltages existing simultaneously with
the fundamental at frequencies 2, 3, 4, b,
ete. times this fundamental frequency.

The lower order of harmonics, namely,
those whose frequencies are twice and
three times that of the fundamental fre-
quency, are generally the strongest. The
presence of strong harmonics in an audio-
frequency amplifier gives rise to speech
or music distortion plainly apparent to
the human ear. The average ear can
tolerate a certain amount of distortion,
and audio amplifiers are, therefore, rated
in percentage of harmonic content. The
value of 5% is generally accepted as
being the maximum permissible total
harmonic distortion from an average
audio amplifier.

The effect of harmonics in a c.w. tele-
graph transmitter is objectionable, for
the reason that frequencies in addition
to those for the desired transmission may
be radiated if means are not taken to
suppress them or keep them from reach-
ing the antenna. This is covered in
Chapter 4.

Detection

Detection is the process by which the
audio component is separated from the
modulated radio-frequency signal carrier
at the receiver. Detection always in-
volves either rectification or nonlinear
amplification of an alternating current.

Two general types of amplifying detec-
tors are used in radio circuits:

(1) Plate Detector. The plate detector
or bias detector (sometimes called a
power detector) amplifies the radio-fre-
quency wave and then rectifies it and
passes the resultant audio signal com-

ponent to the succeeding audio amplifier.
The detector operates on the lower bend
in the plate current characteristie, be-
cause it is biased close to the cut-off
point and therefore could be called a
single-ended class-B amplifier. The plate
current is quite low in the absence of
a signal and the audio component is evi-
denced by an increase in the average un-
modulated plate current. See figure 7.

(2) Grid Detector. The grid detector
differs from the plate detector in that it
rectifies in the grid circuit and then am-
plifies the resultant audio signal. The
only source of grid bias is the grid leak
so that the plate current is maximum
when no signal is present. This form of
detector operates on the upper or sat-
urated bend of its characteristic curve,
at a high plate voltage, and the demodu-
lated signal appears as an audio-fre-
quency decrease in the average plate cur-
rent. However, at low plate voltage, most
of the rectification takes place as the
result of the curvature in the grid char-
acteristic. By proper choice of grid leak
and plate voltage, distortion can be held
to a reasonably small value. In extreme
cases the distortion ean reach a very
high value, particularly when the carrier
signal is modulated to a high percentage.
In such cases the distortion can reach
25%.

The grid detector will absorb some
power from the preceding stage because
it draws grid current. It is significant
to relate that the higher gain through
the grid detector does not necessarily
indicate that it is more sensitive. Detec-
tor sensitivity is a matter of rectifica-
tion efficiency and amplification, not
amplification alone. Grid leak detectors
are often used in regenerative detector
circuits because smoother control of re-
generation is possible than in other forms
of plate and bias detectors.

Tetrodes

When still another grid is added to
a vacuum tube between the control grid
and plate, the tube is then called a tet-
rode, meaning that it has four elements.
Such tubes are more familiarly known
as screen grid tubes since the additional
element is called a screem. The inter-
position of this screen between grid and
plate serves as an electrostatic shield
between these two elements, with the
consequence that the grid-to-plate capac-



Vacuum Tubes 495

itance is reduced, This effect is accom-
plished by establishing the screen at r.f.
ground potential by by-passing it to
ground with a fairly large condenser.
The grid-plate capacitance is then so
small that the amount of feed-back
voltage from plate to grid is normally
insufficient to start oscillation. The ad-
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vent of the screen grid tube eliminated
the necessity for lossers and neutraliza-
tion previously required to prevent a tri-
ode r.f. amplifier stage from oscillating.
In addition to the shielding effect, the
screen grid serves another very useful
purpose. Since the screen is maintained
at a positive potential, it serves to in-
crease or accelerate the flow of electrons
to the plate. There being large openings
in the screen mesh, most of the electrons
pass through it and on to the plate. Due
also to the screen, the plate current is
largely independent of plate voltage,
thus making for high amplification.
When the screen is held at a constant
value, it is possible to make radical
changes in plate voltage without appre-
ciably affecting the plate current.

Secondary Emission; Pentodes

When the electrons from the cathode
travel with sufficient velocity, they dis-
lodge electrons upon striking the plate.
This effect of bombarding the plate with
high velocity electrons, with the conse-
quent dislodgment of other electrons
from the plate, is known as secondary
emission. This effect ean cause no par-
ticular difficulty in a triode tube because
the secondary electrons so emitted are
eventually attracted back to the plate.
In the screen grid tube, however, the
screen is close to the plate and is main-
tained at a positive potential. Thus, the
screen will attract these electrons that
have been knocked from the plate, par-
ticularly when the plate voltage falls
to a lower value than the sereen volt-
age, with the result that the plate cur-
rent is lowered and the amplification is
decreased.

This effect is eliminated when still
another element is added between the
screen and plate. This additional element
is called a suppressor, and tubes in which
it is used are called pentodes. The sup-
pressor grid is sometimes connected to
cathode within the tube, sometimes it is
brought out to a connecting pin on the
tube base, but in any ecase it is estab-
lished negative with respect to the mini-
mum plate voltage. The secondary elec-
trons that would travel to the secreen, if
there were no suppressor, arc diverted
back to the plate. The plate current is,
therefore, not reduced and the amplifica-
tion possibilities are increased.

Pentodes for audio applications are
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designed so-that the suppressor increases
the limits to which the plate voltage may
swing; therefore the consequent power
output and gain can be very great.
Pentodes for radio-frequency service
funetion in such a manner that the sup-
pressor allows high voltage gain, at the
same time permitting fairly high gain
at low plate voltage. This holds true even
if the plate voltage is the same or slightly
lower than the screen voltage.

Beam Power Tubes

A beam power tube makes use of a
new method for suppressing secondary
emission. In this tube there are four
electrodes: a cathode, a grid, a screen
and a plate, so spaced and placed that
secondary emission from the plate is
suppressed without actual power. Be-
cause of the manner in which the elec-
trodes are spaced, the electrons which

Internal structure of beam
power tube. (Courtesy R.C.A. Radiotron.)

Figure 8.

travel to the plate are slowed down
when the plate voltage is low, almost to
zero velocity in a certain region between
screen and plate. For this reason the
electrons form a stationary cloud, a
space charge. The effect of this space
charge is to repel secondary electrons
emitted from the plate and thus cause
them to return to the plate. In this way,
secondary emission is suppressed.
Another feature of the beam power
tube is the low current drawn by the
screen. The screen and the grid are

spiral wires wound so that each turn in
the sereen is shaded from the cathode by
a grid turn. This alignment of the
screen and the grid causes the electrons
to travel in sheets between the turns of
the screen so that very few of them flow
to the screen. Because of the effective
suppressor action provided by the space
charge, and because of the low current
drawn by the screen, the beam power
tube has the advantages of high power
output, high power sensitivity and high
efficiency. The 6L6 is such a beam power
tube.

Pentagrid Converters

A pentagrid converter is a multiple
grid tube so designed that the functions
of superheterodyne oscillator and mixer
are combined in one tube. One of the
principal advantages of this type of
tube in superheterodyne circuits is that
the coupling between oscillator and mixer
is automatically done; the oscillator ele-
ments effectively modulate the electron
stream and, in so doing, the conversion
conductance is high. The principal dis-
advantage of these tubes lies in the fact
that they are not particularly suited for
operation at frequencies much above 20
Mec. because of difficulties encountered in
the oscillator section.

Special Tube Types; Twin Triodes;
Frequency Converters

Some of the commonly known vacuum
tubes are in reality two tubes in one, i.e.,
in a single glass or metal envelope. Twin
triodes, such as the types 53, 6A6 and
6N7, are typical examples. A feature of
the twin triode tube is its common
cathode.

Of a different nature are the 6H6 twin
diode and 6C8-G twin triode tubes; the
cathode is a separate element in these
tubes, thus making them true dual-
tubes in one envelope. Other types com-
bine the functions of double diode and
triode in a common envelope, as well as
a similar combination with a pentode
section instead of a triode. Still other
types offer a triode and a pentode in a
common envelope.

Notable among the special purpose
multiple grid tubes is the 6L7 heptode,
used principally as a mixer in super-
heterodyne circuits. This tube has five
grids: control grid, screens, suppressor
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and special injection grid for oscillator
input. Oscillator coupling to control grid
and screen grid circuits of ordinary
pentodes is effective as far as mixing
is concerned, but has the disadvantage
of considerable interaction between
oscillator and mixer. Oscillator injection
into the suppressor grid of an ordinary
pentode also is not particularly success-
ful.

The 6L7 has a special injection grid
so placed that it has reasonable effect
on the electron stream without the dis-
advantage of interaction between the
screen and control grid. The principal
disadvantage is that it requires fairly
high oscillator input in order to realize
its high conversion conductance. It may
also be used as an r.f. pentode amplifier.

The 6J8-G and 6K8 are two tubes
designed for converter service. They con-
sist of a heptode mixer unit and a
triode unit in the same envelope, in-
ternally connected to provide the proper
injection for conversion work. While
both tubes function as a triode oscillator
feeding a heptode mixer, the method of

injection is different in the two tubes.
In the 6J8-G, the control grid of the
oscillator is connected internally to a
special shielded injector grid in the
heptode section. In the 6K8, the control
grid of the heptode is connected inter-
nally to the control grid of the oscillator
triode.

Conversion Transconductance

Conversion transconductance is a term
applied to mixer circuits in superhetero-
dyne receivers and may be considered as
a factor of merit for such stages.

Tube Manuals

The larger tube manufacturers offer
at a nominal cost tube manuals which
are very complete and give much valu-
able data which, because of space limita-
tions, cannot be included in this hand-
book. Those especially interested in
vacuum tubes are urged to purchase one
of these books as a supplementary
reference.

-%



CHAPTER 3

Decilels and .[’o;amlﬂtm/i

Expression of Gain or Loss in Decibels—Amplifier and
Microphone Ratings—Conversions

THE DECIBEL unit as used in radio
engineering and virtually universal in all
power and energy measurements is actu-
ally a unit of amplification expressed as
a common logarithm of a power or energy
ratio. One decibel is 1/10th of a bel. One
bel or 10 decibels indicate an amplifica-
tion by 10, the common logarithm of 10
being 1. Similarly, 2 bels or 20 db mean
amplification by 100; 30 db mean ampli-
fication by 1,000, and so on. The power
ratio for one decibel is expressed as

P,
— =10 (1)
P,

where P is the power input; P, the
power output. The number of decibels
represents a power gain or loss, depend-
ing upon whether the relation P./P: is
greater or less than 1.

Expressions for various power ratios
are now commonly employed in com-
munication engineering at audio and at
radio frequencies. To express a ratio
between any two amounts of power, it is
convenient to use a logarithmic scale. A
table of logarithms facilitates making
conversions in positive or negative direc-
tions between the number of decibels and
the corresponding power, voltage and cur-
rent rattos.

Logarithmic Table

The table of logarithms presented here
does not differ essentially from any other
similar table except that no proportional
parts are given and the figures are stated
to only three decimal places; this ar-
rangement does not permit great ac-
curacy but has been found to bg satisfac-
tory for all practical radio purposes. A
complete exposition on logarithms is

outside the scope of this Hundbook; how
ever, the very essentials together with the
practical use of the tables and their ap-
plication to decibels are given herewith.
The following discussion is not concerned
with the study of logarithms other than
their direct employment to decibels.

The logarithm of a number usually
consists of two parts: a whole number
called the characteristic and a decimal
called the mantissa. The characteristic is
the integral portion to the left of the
decimal point (see examples below), and
the mantissa is the value placed to the
right. The mantissa is all that appears
in the table of logarithms.

In the logarithm, the mantissa is in-
dependent of the position of the decimal
point, while the characteristic is depend-
ent only on the position of the number
with the relation to the decimal point.
Thus, in the following examples:

Number Logarithm
(a) 4021 = 3.604
(b) 402.1 = 2.604
(c) 40.21 = 1.604
(d) 4.021 = 0.604
(e) 4021 =—1604
(f) 04021 =—2.604

It will be seen that the characteristic is
equal, algebraically, to the number of
digits minus one to the left of the deci-
mal point.

In (a) the characteristic is 3, in (b)
2,in (d) 0, in (e) —1, in (f) —2. The
following should be remembered: (1)
that for a number greater than 1, the
characteristic is one less than the num-
ber of digits to the left of the decimal
point; (2) that for a number wholly a
decimal, the characteristic is negative
and is numerically one greater than the

0520
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number of ciphers immediately follow-
ing the decimal point. Notice (e) and
(f) in the above examples.

To find a common logarithm of any
number, proceed as directed herewith.
Suppose the number to be 5576. First,
determine the characteristic. An inspec-
tion will show that this number will be
three. This figure is placed to the left of
a decimal point. The mantissa is now
found by referring to the logarithm table.
Proceed selecting the first two numbers
which are 55, then glance down the N
column until coming to these figures. Ad-
vance to the right until coming in line
with the column headed 7; the number
will be 746. (Note that the column
headed 7 corresponds to the third figure
in the number 5576). Place the mantissa
746 to the right of the decimal point
making the number now read 3.746. This
is the logarithm of 5576. Important: do
not consider the last figure, 6, in the
number 5576 when looking for the man-
tissa in the accompanying three-place
tables; in fact, disregard all digits be-
yond the first three when determining
the mantissa. However, be doubly sure
to include «all figures when ascertaining
the magnitude of the characteristic.

Practical applications of logarithms to
decibels will follow. Other methods of
using logarithms will be discussed as the
subject develops.

Power Levels

In the design of radio devices and am-
plifying equipment, the standard power
level of six milliwatts (.006 w) is the arbi-
trary reference level of zero decibels.
All power levels above the reference
level are designated as plus quantities,
and below as minus. The figure is al-
ways prefixed by a plus (4+) or minus
(—) sign indicating the direction in
which the quantity is to be read.

Power to Decibels

The power output (watts) of any am-
plifier may be converted into decibels
by the following formula, assuming that
the input and output impedances are
equal;

P,

Na =10 Log.o ==

P,

where Nav is the desired power level in
decibels; Py, the output of the amplifier,

(2)

and P,, the reference level of 6 milliwatts.
The subnumeral, 10, affixed to the loga-
rithm indicates that the log is to be ex-
tracted from a log table using 10 as the
base, such as the one given here.

Substitute values for the letters in the
above formula as in the following:

An amplifier using 2A5 tube should
be able to deliver an undistorted output
of three watts. How much is this in

decibels?
Solution by formula (2)
P, 3
— = — =500
P, .006

10 X Log 500 = 10 X 2.69
therefore 10 X 2.69 — 26.9 DECIBELS.

Substituting other values for those
shown allows any output power to be
converted into decibels provided that the
decibel equivalent is above the zero ref-
erence level or the power is mot less
than 6 milliwatts.

To solve almost all problems to which
the solution will be given in minus de-
cibels, an understanding of algebraic ad-
dition i3 required. To add algebraically,
it is necessary to observe the plus and.
minus signs of expressions. (Do not con-
fuse these signs with decibels.) In the
succeeding illustrations notice that the
result is obtained sometimes by addition
and at other times by subtraction.

(a) (b) (c) (d)
+2 —4 —4 +4
—4 —2 +2 +2
—2 6 —2 46

The terms used in (e) are those that
apply to decibel calculations.

When the solution to a problem involv-
ing logarithms will be in minus decibels

DB POWER RATIO
[+} 1.00
1 1.26
2 1.58
3 2.00
4 2.51
5 3.18
6 3.98
7 5.01
8 6.31
9 7.94

10 10.00

20 100

30 1,000

40 10,

50 100.000

69 1.000.000

70 10 07°0.000

80 100,000,000
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(when the power lewel under considera-
tion is less than 6 milliwatts), note par-
ticularly that the characteristic of this
logarithm will be prefixed by a minus
sign (—). Note also that this sign af-
fects only the characteristic; the man-
tissa remains positive. The mantissa al-
ways remains positive, regardless of
whether the solution of the problem re-
sults in a positive or a negative charac-
teristic.

A prefix —1 to a logarithm means that
the first significant figure of the number
which it represents will be the first place
to the right of the decimal point; —2
means that it will occupy the second place
to the right while the first will be filled
by a cipher; —3, the third place with two
ciphers filling the first and second, and
so on.

To multiply a logarithm with a minus
characteristic and a positive mantissa by
another number, each part must be con-
sidered separately, multiplied by the

THREE-PLACE LOGARITHMS

N 0 1 2 3 4 5 6 7 8 9
00 000 000 000 000 000 000 000 00O 0G0 000
10 000 004 008 012 017 021 025 029 033 037
11 041 045 049 053 056 060 064 068 071 075
12 079 082 086 089 093 096 100 103 107 110
13 113 117 120 123 127 130 133 136 139 143
14 146 149 152 155 158 161 164 167 170 178
15 176 179 181 184 187 190 193 195 198 201

30 477 478 480 481 482 484 485 487 488 490
31 491 492 494 495 496 498 499 501 502 503
32 606 507 509 510 511 613 514 515 517

49 690 691 692 692 693 694 695 696 697 698
50 699 699 700 701 702 703 704 705 705 706
51 707 708 709 710 711 712 713 713 715 715
52 716 716 717 718 719 720 721 722 722 723

25 725 726 727 728 729 730 730 731
84 732 733 734 734 735 736 737 738 738 739
N 0 1 2 3 4 5 6 7 8 9

number (10 or 20 for decibel calcula-
tions), and then the products added al-
gebraically. Thus, in the following il-
lustration:

A preamplifier for a microphone is
feeding 1.5 milliwatts into the line going
to the regular speech amplifier. What
is this power level expressed in decibels?
Solution by formula (2):

P, .0015
P, .006

Log .25 = —1.397 (from table). There-
fore, 10 X —1.397 = (10 X —1 = —10)
+ (10 X .397 = 3.97) ; adding the prod-
ucts algebraically gives 6.03 DB.

By substituting other values for those
in the above example, any output power
below 6 milliwatts (zero reference level)
can be converted into decibels,

=.25

Determining Db Gain or Loss

In using amplifiers, it is a prime requis-
ite to be able to indicate gain or loss in
decibels, To determine the gain or loss
in db employ the following formula:.

Pe

(gain) Ng =10 Log — 3)
P,

(loss) Nay = 10 Log — (4)
P,

where Ngs is the number of db gained or
lost; Py, the input power, and P, the out-
put power.

Applying, for example, formula (3):
Suppose that an intermediate amplifier
is being driven by an input power of 0.2
watt and after amplification, the output
is found to be 6 watts.

P, 6
- == 30
P, 2
Log 80 =1.48
Therefore 10 X 148 = 148 DB
POWER GAIN.

Amplifier Ratings

The technical specifications or rating
on power amplifiers should contain the
following information: the overall gain
in decibels, the power output in watts,
the value of the input and output im-
pedances, the input signal level in db,
the input signal voltage and the power
output level in decibels.

If the specifications on an amplifier in-
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clude only the input and output signal
levels in db, it then is necessary to cal-
culate how much these values represent
in power. The methods employed to de-
termine power levels are not similar to
those used in previous calculations. Cau-
tion should, therefore, be taken in read-
ing the following explanations, with par-
ticular care and attention being paid to
the minor arithmetical operations.

The Antilogarithm

To determine a power level from some
given decibel value, it is necessary to in-
vert the logarithmic process formerly em-
ployed in converting power to decibels.
Here, instead of looking for the log of
a number, it is now necessary to find the
antilogarithm or number corresponding
to a given logarithm.

In deriving a number corresponding to
a logarithm, it is important that these
simple rules be committed to memory:
(1) that the figures that form the orig-
inal number from a corresponding loga-
rithm depend entirely upon the mantissa
or decimal part of the log (2) that the
characteristic serves only to indicate
where to place the decimal point of the
original number, (3) that, if the original
number was a whole number, the decimal
point would be placed to the extreme
right.

The procedure of finding the number
corresponding to a logarithm is explain-
ed by the following: Suppose the loga-
rithm to be 3.574. First, search in the
table under any column from 0 to 9 for
the numbers of the mantissa 574. If the
exact number cannot be found, look for
the next lowest figure which is nearest
to, but less than, the given mantissa.
After the mantissa has been located,
simply glance immediately to the left to
the N column and there will be read the
number, 37. This number comprises the
first two figures of the number cor-
responding to the antilog. The third
figure of the number will appear at the
head of the column in which the man-
tissa was found. In this instance the
number heading the column will be 5.
If the figures have been arranged as
they have been found, the number will
now be 375.

Now, since the characteristic is 3,
there must be four figures to the left
of the decimal point; therefore by annex-
ing a cipher, the number becomes 3750;
this ig the number that corresponds- to

the logarithm 3.574. If the characteristic
were 2 instead of 3, the number would
be 375. If the logarithm were —3.574
or —1.574, the antilogs or corresponding
numbers would be .003756 and .375 re-
spectively. After a little experience, a
person can obtain the number correspond-
ing to a logarithm in a very few seconds.

Converting Decibels to Power

It is always convenient to be able to
convert a decibel value to a power equiv-
alent. The formula used for converting
decibels into watts is similar in many re-
spects to equation (2), the only differ-
ence being that the factor P, correspond-
ing to the power level is not known.
Usually the formula for converting deci-
bels into power is written as:

P,

Naw =10 Log (5)

.006
It is difficult to derive the solution to

THREE-PLACE LOGARITHMS

N o 1 2 3 4 5 6 7 8 9
55 740 741 741 742 743 744 745 746 747 747
56 748 749 749 750 751 752 752 753 754 755
57 755 756 757 758 758 759 760 761 761

58 763 764 764 765 766 767 767 768 769 770
59 770 771 772 773 773 774 775 776 776 777
60 zg 778 779 780 781 781 782 783 783 784

995 996 996 996 997 997 998 998 999 999
00 000 004 008 012 017 021 025 029 033 037
N 0 1 2 3 4 5 6 7 8 9
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the above equation because of the expres-
sion being written in the reverse. How-
ever, by rearranging the various factors,
the expression can be simplified to permit
easy visualization; thus:

Na
P = .006 X antilog —
10

(6)

where P is the desired power level; .006,
the reference level in milliwatts; Nay, the
decibels to be converted, and 10, the
divisor.

To determine the power level, P, from
a decibel equivalent, simply divide the
decibel value by 10, then take the num-
ber comprising the antilog and multiply
it by .006; the product gives the power
level of the decibel value.

NotE: In all problems dealing with the
conversion of minus decibels to power, it
often happens that the decibel value
—Naes, is not always equally divisible by
30. When this is the case, the numer-
ator in the factor —Na»/10 must be made
evenly divisible by the denominator in
order to derive the proper power ratio.
Note that the value —Naw is negative;
hence, when dividing by 10, the negative
signs must be observed and the quotient
labeled accordingly.

To make the numerator in the value
—Na» equally divisible by 10, procced as
follows: Assume —Na» to be the value
-38; hence, to make this figure equally
divisible by 10, we must add a -2 to it,
and, since we have added a negative 2
to it, we must also add a positive 2 to
make the net result the same.

Our decibel value now stands, —40 -+2.
Dividing both of these figures by 10 (as
in equation 6), we have —4 and a plus
0.2. Putting the two of them together,
we have —4.2 as our resulting logarithm,
with the negative characteristic and pos-
itive mantissa required to indicate a
number smaller than one.

While the above discussion applies
strictly to negative values, the following
examples will clearly show the technique
to be followed for almost all practical
problems.

(a) The output level of a popular
velocity ribbon microphone is rated at
-74 db. What is the equivalent in milli-
watts?

Solution by equation (6)

—Nas -74
—— = —— (not equally divisible by 10)
10 10

Routine:
-74
-6 +6
-80 +6
—Naw -80 46
= ——— = -8.6
10 10

Antilog -8.6 = .00000004
.006 x .00000004 = .00000000024 watt or
240 microwatts

(b) This example differs somewhat
from that of the foregoing one in that
the mantissas are added differently. A
low-powered amplifier has an input sig-
nal level of —-17.3 db. How many milli-
watts does this value represent?

Solution by equation (6)

Routine:
-17.3
- 27 +2.7
-20.0 +2.7
—Nas -20 +2.7
= = -2.27
10 10

Antilog -2.27 — .0186
006 x .0186 = .0001116 watt or .1116
milliwatts.

Voltage Amplifiers

When plans are being drafted contem-
plating the design of power amplifiers,
it is essential that the following data be
determined: first, the input and output
signal levels to be used; second, the size
of the power tubes that will adequately
deliver sufficient undistorted output;
third, the input signal voltage that must
be applied to the amplifier to deliver
the desired output. This last require-
ment is the most important in the design
of voltage amplifiers.

The voltage step-up in a transformer-
coupled amplifier depends chiefly upon
the ¢ of the tubes and the turns ratio of
the interstage coupling transformers.
The step-up value in any amplifier is cal-
culated by multiplying the step-up fac-
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tor of each voltage amplifying or step-
up device. Thus, for example, if an am-
plifier were designed having an output
transformer with a ratio of 3:1 coupled
to a tube having a # of 7, the voltage
step-up would be approximately 3 times
7 or 21. It is seldom that the total prod-
uct will be exactly the figure derived
because it is not quite possible to realize
amplification equal to the full u# of the
tube.

From the voltage gain in an amplifier,
it is possible to calculate the input and
output signal levels and at the same time
be able to determine at what level the in-
put signal must be in order to obtain
the desired output. By converting volt-
age ratios into decibels, power levels can
be determined. Hence, to find the gain
in db when the input and output volt-
ages are known, the following expres-
sion is used:

E,
(gain) Naw =20 Log —

(7

where E,, is the output voltage, and E,,
the input voltage.

Employing the above equation in a
practical problem, note the logarithm
is multiplied by 20 instead of by 10 as in
previous examples. For instance:

A certain one-stage amplifier consists
of the following parts: 1 input trans-
former, ratio 2:1, and 1 output tube
having a # of 95. Determine the gain in
decibels with an input voltage of 1 volt.

Solution by equation (7)
2 X 95 =190 voltage gain
E. 190
therefore, — — = 190

, 1
Log 190 = 2.278
20 X 2.278 = 4556 DECIBELS GAIN.

To reverse the above and convert deci-
bels to voltage ratios, use the following
expression :

Ndh
E (gain) = antilog —
20

where E is the voltage gain (power
ratio) ; Nu, the decibels, and 20, the
divisor.

(8)

To find the gain, simply divide the
decibels by 20, then extract the antilog
from the quotient; the result gives the
voltage ratio.

Input Voltages

In designing power amplifiers, it is
paramount to have exact knowledge of
the magnitude of the input signal voltage
necessary to drive the output power tubes
to maximum undistorted output.

To determine the input voltage, take
the peak voltage necessary to drive the
grid of the last class-A amplifier tube
to maximum output and divide this figure
by the total overall gain preceding this
stage.

Computing Specifications

From the preceding explanations the
following data can be computed with a
very high degree of accuracy:

(1) Voltage amplification

(2) Overall gain in db

(3) Output signal level in db
(4) Input signal level in db
(6) Input signal level in watts
(6) Input signal voltage

Microphone Levels

Practically all acoustic-electric appa-
ratus used to energize amplifiers have
output levels rated in decibels. The out-
put signal levels of these devices vary
considerably, as may be noted from the
table below:

Aver-

Decibels age

Phonographiec pickup. 0to —30 —15

Carbon microphones. —30to —60 —45
Piezo-electric micro-

phones ........... —55 to —80 —60

Dynamic microphones —75 to —95 —85

Condenser micro-
phones ........... —80 to -100 —90
Velocity microphones —70 to-110 —85

In general, the lower the output signal
level, the higher will be the acoustic
fidelity over the entire audio spectrum.

The output levels of microphones and
phonograph pickups have the same power
values ascribed to them as those derived
from calculating power output levels of
amplifiers. Therefore, the same equations
employed in connection with power ratios
are similarly applied when converting
output signal levels to power levels.

Push-Pull Amplifiers

To double the output of any cascade
amplifier, it is only necessary to connect
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in push-pull the last amplifying stage
and replace the interstage and output
transformers with push-pull types.

To determine the voltage gain (voltage
ratio) of a push-pull amplifier, take the
ratio of one half of the secondary wind-
ing of the push-pull transformer and
multiply it by the u# of one of the output
tubes in the push-pull stage; the product,
when doubled, will be the voltage ampli-
fication or step-up.

Acoustically, that is from the loud-
speaker standpoint, it takes approxi-
mately three db before any change in the
volume of sound is noted. This is be-
cause the intensity of sound as heard
by the ear varies logarithmically with
the acoustic power. For practical pur-
poses it is only necessary to remember
that if two sounds differ in physical
intensity by less than three db, they
sound practically alike.

Preamplifiers are employed to raise
low input signal levels up to some re-

quired input level of another intermedi-
ate or succeeding amplifier. For example:
if an amplifier was designed to operate
at an input level of —30 db and instead
a considerably lower input level were
used, a preamplifier would then have to
be designed to bring the low input signal
up to the rated input-signal level of —30
db to obtain the full undistorted output
from the power tubes in the main am-
plifier. The amount of gain necessary to
raise a low input-signal level up to
another level may be determined by the
following equation:

Ndbl —Ndb3
E (gain) = antilog (9)

20

where E is the voltage step-up or gain;
Naw, the input signal level of the pre-
amplifier or the new input signal level;
Navz, the input signal level to the inter-
mediate amplifier, and 20, the divisor.

k



CHAPTER 4

Anlennaci

Antenna and Feeder Types—Radiator and Feeder Dimensions
—Coupling—Directive Arrays—Field Patterns

RADIO waves are electromagnetic
waves which consist of condensations
and rarefactions of energy as they travel
through space.

Electromagnetic waves travel through
space with the speed of light (186,000
miles or 300,000,000 meters per second).
Radio waves include an electrostatic and
an electromagnetic component. The
electrostatic component corresponds to
the voltage of the wave, and the electro-
magnetic component corresponds to the
wave current.

High-frequency waves travel in direct
rays from transmitter to receiver, but
also can be radiated upward into the
variable ionosphere to be bent downward
in an indirect ray.

Energy radiated from the transmitting
antenna along the surface of the earth
is rapidly attenuated so that it is praec-
tically useless for consistent communi-
cation for distances over 100 miles.

This ray was formerly thought to be
guided by the earth in the same manner
that a wave is guided by a pair of wires.
Investigation by the Bell Telephone
Laboratories has proved this assumption
to be incorrect.

Energy sent off at an angle above the
horizon is partly returned to earth by the
bending effect of the ionized particles in
the various layers of the ionosphere.

The ionosphere consists of layers of
ionized particles of gas located above
the stratosphere and extending up to
possibly 7560 miles above the surface of
the earth (H layer).

The amount of bending which the sky
wave undergoes depends on the fre-
quency of the wave and the amount of
ionization in the ionosphere which is, in

turn, dependent on ultra-violet radiation
from the sun. The ionization is much
greater in the daytime. Also, the height
of the ionosphere is affected by the
sun. Therefore, radio waves act very
differently at night.

The higher the frequency of the radio
wave, the more it penetrates the
ionosphere and the less it is bent back
toward earth. The 160- and 80-meter
signals are bent so much by the layers
of the ionosphere that they are often
bent back; thus if these low-frequency
short waves are radiated straight up,
they will return back to earth (close to
the transmitter). As the frequency goes
up beyond about 5,000 ke., it is found
that waves whose angle with the horizon
exceeds a certain ecritical angle never
return to earth. Thus, as the frequency
goes up, it is usually desirable to confine
radiation to low angles since the high-
angle waves simply penetrate the iono-
sphere and are lost.

Signals above about 45,000 ke. are bent
so slightly that they seldom return to
earth, although under exceptional cir-
cumstances radio waves of 75,000 ke.
have been known to return to earth for
very short periods of time.

Thus, the sky wave does not give
consistent communication at frequencies
above 45,000 ke., and even above about
22,000 kec. the results are not good
enough for commercial use.

The ground wave of a 14,000-ke.
transmitter rarely can be heard over a
hundred miles away. Also, the first bend-
ing of the sky wave rarely brings the
sky wave back down to earth within three
hundred miles from the 14,000-ke. trans-
mitting antenna at night. Thus, there is

0600
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E4F LAYER HEIGHT CRITICAL FREQUENCIES
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Figure 1.

an area between 100 and 300 miles from
the transmitter in which the signals
cannot usually be heard. This area lies
in what is termed the skip distance. Mov-
ing closer to or farther away from the
transmitter allows the signals to be
heard, but in the skip distance (or zone)
no reception is possible.

The lower the angle of radiation of
the wave, with respect to the horizon,
the farther away will the wave return
to earth and the greater the skip dis-
tance. The wave can be reflected back
up into the ionosphere by the earth and
then be reflected back down again, caus-
ing a second skip distance area. The
drawing of figure 1 shows the multiple
reflections possible. When the receiver
receives signals which have traveled
over more than one path between trans-
mitter and receiver, the signal impulses
will not all arrive at the same instant
as they do not all travel the same dis-
tance. When two or more signals arrive
in the same phase at the receiving an-
tenna, the resulting signal in the receiver
will be quite loud. On the other hand, if
the signals arrive 180 degrees out of
phase so they tend to neutralize each
other, the received signal will drop—
perhaps to zero if perfect neutralization
occurs. This explains why high-frequency
signals fade in and out.

Fading can be greatly reduced on the
high frequencies by using a transmitting
antenna with sharp vertical directivity,
thus cutting down the number of multi-
ple paths of signal arrival. A receiving
antenna with similar characteristics
(sharp vertical directivity) will further
reduce fading. It is desirable when using
antennas with sharp vertical directivity
to use the lowest vertical angle consistent
with good signal strength for the fre-
quency used. This cuts down the number
of hops the signal has to make to reach
the receiver, and consequently reduces

" LAYERS ARE RAPID
CHANGES IN I1ON| ZA=
TION DENSITY

Showing some of the many possible paths of a high-frequency “sky wave” signal.

the chance for arrival via different paths.

Selective Fading

Selective fading affects all modulated
signals. Modulated signals are not a
single frequency signal but consist of a
narrow band of waves perhaps fifteen
ke. wide. It will be seen that the whole
modulated signal band may not be neu-
tralized at any instant, but only part
of it. This causes a peculiar and chang-
ing form of audio distortion at the
receiver, which suppresses some audio
frequencies, emphasizes others, is known
as selective fading.

Radiation Angle

The reflection of low-frequenecy waves
and the reflection of high-frequency
waves from the ionosphere show that
for any given distance and ionosphere
neight there is an ideal angle with the
horizon which the radio wave should
take. For long-distance communication
the angle of radiation should be low,
while for short-distance communication
the angle of radiation should be higher.
Different types of antennas have differ-
ent major angles of radiation as will be
shown later.

Antenna Radiation

When an alternating current is passed
through a conductor, an alternating
electro-magnetic field extends around
that conductor. Energy is alternately
stored in the field and then returned to
the conductor. As the frequency is raised,
it is found that more and more of the
energy does not return to the conductor
but is radiated off into space in the
form of electromagnetic waves which
travel through space with the speed of
light. Radiation from a wire or line is
materially increased wherever there is a
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sudden change in the electrical constants
of the line. Such changes produce re-
flection, which places standing waves on
the line.

For example, a wire in space, to which
is fed radio-frequency energy with a
wavelength close to 2.08 times the length
of the wire in meters, is said to resonate
as a dipole or half-wave antenna at that
wavelength or frequency. As both ends
of the dipole are terminated in an in-
finite impedance (open circuit), there is
a mismatch at each end, which produces
reflection. This means that an incident
radio-frequency wave will travel to one
end of the dipole and will be reflected
right back toward the center of the
dipole.

The returning waves which have been
reflcectcd meet the next incident wave,
and the voltage and current at any point
along the antenna are the algebraic sum
of the two waves. At the ends of the
dipole the voltages add up while the
currents in the two waves cancel, thus
producing high voltage and low current
at the ends of the dipole or half-wave sec-
tion of wire. In the same manner, it is
found that the currents add up while
the voltages cancel at the center of the
dipole. Thus, at the center there i3 high
current but low voltage. Note in figure
2 that the current in the dipole uni-
formly decreases as the measuring in-
strument is moved out from the center
to either end, while the voltage uniformly
increases (the polarities being opposite
at the two ends, however). The curve of
voltage or current represents a standing
wave on the wire. If the voltage, or
current, measured the same all along the
wire, it would indicate the absence of
standing waves.

The points of maximum and minimum
current and voltage are described as
loops and nmodes. A voltage or current
loop in a wire or line is a point of
maximum voltage or current. A voltage
oer current node is a point of minimum
or zero voltage or current. In a wire
or line containing standing waves but no
reactance, it will always be found that a
voltage node coincides with a current
loop, and a current node coincides with a
voltage loop.

A nonradiating transmission line must
be always terminated in its characteristic
impedance in order to avoid reflection
and standing waves. A Hertz antenna
is an ideal example of a type of trans-

mission line that is not terminated in its
characteristic impedance at its ends.

A two-wire resonant line, such as zepp
feeders, may have high reflection losses
and standing waves, but the effective
radiation can be reduced by having the
radiation from two adjacent wires in
such amplitude and phase as to cancel
out. In other words, the radiation from
one wire is absorbed by the other wire,
and vice-versa.

Frequency, Wavelength,
Antenna Length

All antennas used by amateurs are
based on the fundamental Hertz type,
which is any wire in space a half wave-
length long electrically. The Marconi
antenna is a special type of Hertz an-
tenna used only when space considera-
tions necessitate using something shorter
than half of an electrical wavelength.
The Marconi antenna always is grounded
and is an odd number of quarter wave-
lengths long electrically. In other words,
the ground acts as the missing quarter
wavelength.

In any discussion of antennas, the
relationship between wavelength and
frequency must be kept in mind. As the
velocity of radio waves through space
is constant at the speed of light, it will be
seen that the more waves that pass a
point per second (higher the frequency),
the closer together the peaks of those
waves must be (shorter the wavelength).
Therefore, the higher the frequency the
lower the wavelength. Frequency de-
seribes the number of wave peaks (in
cycles or thousands of cycles) passing a
point per second. Wavelength describes
the distance in meters between adjacent
peaks of a wave train.

A radio wave in space can be compared
to a wave in water. The wave, in either
case, has peaks and troughs; one peak
and one trough constitute a full wave
or one wavelength.

As a radio wave travels 300,000,000
meters a second (speed of light), a fre-
quency of one cycle per second corre-
sponds to a wavelength of 300,000,000
meters. As the frequency increases, the
wavelength decreases; so if the fre-
quency is multiplied by a million, the
wavelength must be divided by a million
in order to have them still refer to the
same thing.

Thus, a frequency of one million cycles
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per second (a thousand kilocycles) equals
a wavelength of 300 meters. Multiplying
frequency by ten and dividing wave-
length by ten we get: a frequency of
10,000 kilocycles equals a wavelength of
30 meters. Multiplying by ten and di-
viding by ten again we get: a frequency
of 100,000 kilocycles equals 3-meters
wavelength, Therefore, remember when
changing wavelength to frequency that
frequency in kilocycles equals 300,000
divided by wavelength in meters. Also,

wavelength in meters equals 300,000
divided by frequency in kilocycles.
300,000
Frem——
A
300,000
AT
Fi,

When speaking of antenna lengths, it
is necessary to speak of electrical length.
When speaking of a half-wave antenna,
we mean one whose electrical length is a
half wave. Actually a half-wave antenna
is slightly less than a half wave long
physically, due to the end effects and the
fact that the velocity of a high-frequency
radio wave traveling along a conductor
is not as high as it is in free space.

Below 30,000 kilocycles this effect is
relatively constant, so that an electrical
half wave is a fixed percentage shorter
than a physical half wavelength. This
percentage is approximately 5%; there-
fore most half-wave antennas are really
95% of a half wave long. This is taken
into consideration in the formula shown
below. Thus, a half-wave antenna reso-
nant at exactly 80 meters would be
80 x 1.56, or 124.8 feet long physically.

Another way of saying the same thing
is that a wire resonates at a wavelength
of about 2.1 times its length in meters.

Wire length 467,400 4674
of half-wave =1L5A=———
radiator, in feet Fi.

B Fle

Harmonic Resonance

A wire in space resonates at more
than one frequency. The lowest fre-
quency at which it resonates is called its
fundamental frequency, and at that fre-
quency it is approximately a half wave-
length long. A wire can have two, three,
four, five or more standing waves on it,
and thus resonates at approximately the

integral harmonies of its fundamental
frequency. However, the higher har-
monics are not exactly integral multiples
of the lowest resonant frequency as end
effects affect only the outer quarter
waves.

As the end effect comes in only at the
ends, regardless of whether the antenna
has its minimum resonant length or any
of the longer resonant lengths (harmonic
resonance), the equivalent electrical
length approaches the actual physical
length more and more, as the antenna
length, measured in wavelengths, in-
creases.

The following two formulas can be
used to determine either the frequency
or length of a wire with a given number
of half waves on it. These formulas are
accurate between 3000 and 30,000 ke.

492 (K—.06) 492 (K—.05)
L = e

Me—

Fu. L

Where F equals frequency in megacycles.
L equals length in feet.
K equals number of half waves on wire.

Radiation Resistance, -
Antenna Impedance

A half-wave antenna is much like a
tuned tank circuit. The main difference
lies in the fact that the elements of
inductance, capacity and resistance are
lumped in the tank circuit and are dis-
tributed throughout the length of an
antenna. The center of a half-wave
radiator is effectively at ground poten-
tial as far as r.f. voltage is concerned,
although the current is highest at that
point. See figure 2.

When the antenna is resonant, and it
always should be: for best results, the
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impedance at the center is a pure re-
sistance and is termed the radiation
resistance. Radiation resistance ‘is a
fictitious term used to express the power
radiated by the antenna. It is the re-
sistance which would dissipate the same
amount of power that is being radiated
by the antenna.

The radiation resistance at the voltage
node (current loop: in other words,
minimum voltage and maximum current)
depends on the length of the antenna and
its proximity to nearby objects which
either absorb or reradiate power, such as
the ground, other wires, ete.

The theoretical radiation resistance of
a grounded quarter-wave antenna equals
36.67 ohms. A half-wave antenna, far
from ground and other reflecting objects,
has a radiation resistance at the center
exactly twice as high, namely 73.14 ohms,
since each half of the half-wave antenna
carries the same current and radiates the
same amount of energy for a given im-
pressed voltage as does the grounded
quarter-wave antenna.

Because the power throughout the an-
tenna is the same, the impedance of the
antenna at any point along its length
merely expresses the ratio between volt-
age and current at that point. Thus, the
lowest impedance occurs where the cur-
rent is highest, namely: at the center.
The impedance rises uniformly toward
each end. The impedance at the center
of a resonant half-wave antenna is about
73 ohms and at the ends, approximately
2400 ohms, provided the antenna is re-
mote from ground.

If a vertical half-wave antenna is set
up so that its lower end is at the ground
level, the effect of the ground reflection

Figure 3. Three antennas, all equal elec-
trically to one-half wavelength.

is to increase the radiation resistance to
approximately 100 ohms. When a hori-
zontal half-wave antenna is used, the
radiation resistance (and, of course, the
amount of energy radiated for a given
antenna current) depends on the height
of the antenna above ground, since the
height determines the phase angle be-
tween the wave radiated directly in any
direction and the wave which combines
with it after reflection from the ground.

The radiation resistance of an antenna
generally increases with length, although
this increase varies up and down about
a constantly increasing average. The
peaks and dips are caused by the re-
actance of the antenna when its length
does not allow it to resonate at the
operating frequency.

Antennas have a certain loss resis-
tance as well as a radiation resistance.
The loss resistance defines the power
lost in the antenna due to ohmic re-
sistance of the wire, ground resistance,
corona discharge and insulator losses.
The losses rarely amount to 5% of the
power supplied to the antenna at the
high frequencies.

Resonating Antennas

Antennas should always be resonated
at the frequency of operation (except for
certain special types of aperiodic direc-
tive arrays, such as the diamond). The
radiation efficiency of a resonant wire
is many times that of a wire which is
not resonant. Thus, an ungrounded an-
tenna should always be an even multiple
of a quarter wave long, while a grounded
antenna (Marconi) should always be an
odd multiple of a quarter wave long.
Note that length means electrical length
in this case. Short wires can be
lengthened electrically by series indue-
tive loading. Long wires can be shortened
by about one-eighth wavelength by
means of a series condenser located near
the voltage node.

It is desirable to know the radiation
resistance of an antenna when attempt-
ing to match a nonresonant transmission
line to a resonant antenna. As the an-
tenna end of the line must be terminated
in its characteristic surge impedance in
order to allow the line to operate with-
out line radiation, it must be attached
to the antenna at a point where the
antenna impedance equals the line im-
prdance.
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CHARACTERISTICS AND CONSIDERATIONS

Fundamental Types

Antennas used by amateurs for gen-
eral coverage are usually of either the
Hertz or the Marconi type. The Hertz
antenna consists of a wire suspended
above the earth and insulated from it;
it is of such a length as to be some
multiple of a half wave.

Usually a Marconi antenna is one
quarter or three quarters of a wave in
length and is connected to the carth or
to a ground screen for the purpose of
obtaining resonance. The ground acts
as a mirror in effect and takes the place
of the extra quarter wave that would be
required to resonate the wire were it not
grounded.

Most popular for all-around use is the
simple half-wave dipole (Hertz) radia-
tor mounted either horizontally or verti-
cally. It can be fed in a number of
ways. Hertz antennas usually are most
efficient. There is a power loss due to the
resistance of the earth connection re-
quired with a Marconi radiator.

Grounded (Marconi) antennas are
normally used for longer wavelengths
where the physical length of a half-wave
antenna wire makes such an antenna
impractical. The Marconi antenna also
is advantageous on mobile vehicles, as
its overall span is one half the span
required by a half-wave radiator. How-
ever, the grounded Marconi antenna is
always materially less efficient than the
half-wave type; so, wherever possible,
the half-wave type should be used.

Radiation Resistance

Along a half-wave antenna the im-
pedance varies from a minimum at the
center to a maximum at the ends. The
impedance is that property which de-
termines the antenna current at any
point along the wire for the value of
radio-frequency voltage at that point.
The main component of this impedance
is the radiation resistance; normally, the
latter is referred to the center of the
half-wave antenna where the current is
at maximum. The square of the current
multiplied by the radiation resistance is
equal to the power radiated by the an-

tenna. For convenience, these values are
usually referred to the center of a half-
wave section of antenna.

In figure 4 the curves indicate the
theoretical center-point radiation resis-
tance of a half-wave antenna for various
heights above perfect ground. These
values are of some importance in match-
ing untuned radio-frequency feeders to
the antenna in order to obtain a good
impedance match and an absence of
standing waves on the feeders.

Above average ground, the actual
radiation resistance of a dipole will
seldom be that given in the chart of
figure 4 which assumes a hypothetical
perfect ground having no loss and per-
fect reflection. Fortunately, the curves
for the radiation resistance over most
types of earth will correspond rather
closely with those of the chart, except
that the radiation resistance for a hori-
zontal dipole does not fall off as rapidly
as is indicated for heights below an
eighth wavelength. However, with the
antenna so close to the ground and the
soil in a strong field, much of the radia-
tion resistance is actually represented
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by ground loss; this means that a good
portion of the antenna power is being
dissipated in the earth, which, unlike the
hypothetical perfect ground, has resis-
tance. The type of soil also has an effect
upon the radiation pattern, especially in
the vertical plane, as will be seen later.

If the radiation resistance of an
antenna or array is very low, the current
at a voltage node will be quite high for
a given power. Likewise, the voltage at
a current node will be very high. Even
with a heavy conductor and excellent in-
sulation, the losses due to the high volt-
age and current will be appreciable if
the radiation rcsistance is sufficiently
low.

Usually, it is not considered desirable

TOP VIEW
30 CONE

% ANTENNA

Figure 5. Radiation from half-wave an-
tenna a half wave above perfect ground,
for fixed vertical angle of 30°.

to use an antenna or array with a radia-
tion resistance of less than approxi-
mately 10 ohms unless there is sufficient
directivity, compactness or other advan-
tage to offset the losses resulting from
the low radiation resistance.

Ground Resistance

The radiation resistance of a Marconi
antenna, especially, should be kept as
high as possible. This will reduce the
antenna current for a given power, thus
minimizing loss resulting from the series
resistance offered by the earth connec-
tion. The radiation resistance can be
kept high by making the Marconi radia-
tor as long as possible (five-sixteenths
wave being about the maximum for
a series-tuned quarter-wave Marconi)
and removed from ground as much as
possible (vertical being ideal). Methods
of minimizing the resistance of the earth

connection will be found in the discussion
of the Marconi antenna.

Directivity of Antennas

When choosing and orienting an an-
tenna system, the radiation patterns of
the various common types of antennas
should be given careful consideration.
The dircctional characteristics are of
still greater importance when a directive
antenna array is used.

There are two kinds of antenna di-
rectivity: vertical and horizontal. The
latter is not generally desirable for ama-
teur work except (1) for point-to-point
work between stations regularly commu-
nicating with each other, (2) where
several broad arrays are so placed as to
cover most useful directions from a given
location, and (8) when the beam may
be directed by electrical or mechanical
rotation.

Considerable horizontal directivity can
be used, provided that the beam is not
narrower than perhaps 5°. Signals fol-
low the great circle path or are within
a few degrees of that path a good share
of the time.

For general amateur work, however,
too much horizontal directivity is ordi-
narily undesirable, inasmuch as it
necessitates having the beam pointed ex-
actly at the station being worked.
Making the array rotable overcomes this
obstacle, but arrays having extremely
high horizontal directivity are too cum-
bersome to be rotated, except perhaps
above 56 Mec.
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On the 28- and 14-Mc. bands and, to o' G 'Gon o ASnase Gos. yams. . ikt
an extent on the 7-Me. band, the matter [7 N \/3(’
of vertical directivity is of as much . " 208
importance as is horizontal directivity. \/\ et ﬁ
Only the power leaving the antenna near [ ° ~) N
a certain vertical angle is instrumental > ; 30
in putting a signal into a distant re- pg\"gcr cncuNo NETCONG GROUNO e
ceiving antenna; the rest may be con- ** X [ 2
sidered as largely wasted. In other words 4o ; £ 100
the important thing is the amount of 5 I~-
power radiated in a desired direction at %, PN R e S PVt
the useful vertical angles, rather than RECEIVEO CURRENT
the actual shape of the directivity
curves as read on the ground by a field Figure 8. Vertical directivity of vertical
strength meter. doublets above perfect ground and above

A nondirectional antenna such as a ground at Netcong, N. ).

vertical or horizontal dipole will give

excellent results with general coverage

on 28 and 14 Me. if the vertical angle of  gjelectric or, perhaps in an extreme case,
radiation is favorable. The latter type 3 leaky insulator.

is slightly directional broadside, es- Let us first study the horizontal an-
pecially on 28 Me., but is still con-  tenna above average ground, because
sidered as a nondirectional type. it is less seriously affected.

The resulting change in the pattern
Effect of Average Ground of an antenna is shown in figure 6,

. . . which includes a perfect ground compari-
_ Most articles appearing in amateur g,n The ground constants in this case
journals discussing antenna radiation ;.. those for Holmdel, New Jersey.
have been based upon the perfeet The country there is flat farmland, and
ground assumption in order to cover p,ohahly is similar to midwestern farm-
the subject in the most simple manner. Jand. It will be noted that there is only
Yet, little has been said about the real , . . derate loss in power due to the
situation ‘which exists, the ground gen- imperfect ground. Figure 7 shows rela-
erally being everything but a perfect {ive power for antennas at various
conductor. Consideration of the effect of heights over a perfect conductor. These
a ground that is not perfect may explain  oyryes are illustrative of the need for

many things. height, in order to favor the useful low
When the .earth is less than a perfgct angles when using a horizontal antenna.
conductor, it becomes a conducting The effect of the earth on the radiation

pattern of a vertical dipole is apparent
from figure 8. It shows how radiation

£ I w3 from a half-wavelength vertical wire is
no® H= 22 AN \[\ severely reduced by deficiencies of the
R ground. Even over the most perfect
§ \& ey ground available, sea water or salt
g” marsh, radiation at the lowest angles
é“ , approaches that for a horizontal an-
Yo tenna, and complete cancellation takes
4 é ‘\ place at the horizontal.
Z oa
5 o ML , :
5. 1T Al | I\ Vertical vs. Horizontal
§ o ‘ L l A very important factor in the ad-
3 R vantages of horizontal or vertical an-
o 10 20 7 40 30 e tennas, therefore, appears to be the
/11 DEGAEES condition of the ground. Figure 9 shows
Figure 7. Patterns of vertical directivity a comparison between such doublets
for horizontal doublets calculated for per- elevated 0.6 wavelength above Rumson,

fectly conducting ground. New Jersey, salt marsh and Holmdel



farmland. This suggests that the hori-
zontal has some advantages for high-
angle waves, but none for low angles
over dry farmland. On the other hand,
there is a substantial advantage favoring
the vertical located over wet or marsh-
land when low angles are involved.

FEEDING TH

A high-frequency doublet or direc-
tional array is usually mounted as high
and in the clear as possible for obvious
reasons. Power can then be fed to the
antenna system via one of the various
transmission lines discussed in the next
chapter.

However, it is sometimes justifiable to
bring part of the radiating system right
in to the transmitter, feeding the an-
tenna without benefit of a transmission
line. This is permjssible when (1) there
is insufficient room to erect a 7b- or
160-meter Hertz and feed line, (2) when
a long wire is operated on one of the
higher frequency bands on a harmonic.
In either case, it is usually possible to
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Figure 9. Vertical-plane directional char-
acteristics of horizontal and vertical
doublets elevated 0.6 wavelength and
above two types of ground.

The best angle of radiation varies
with frequency, layer height and many
other factors. For instance, a lower
optimum vertical angle is found to hold
for high-frequency communication with
South America from the U.S.A. than
for Europe and the U.S.A.

E ANTENNA

get the main portion of the antenna in
the clear because of its length. This
means that the power lost by bringing
the antenna right in to the transmitter
is relatively small.

Even so, it is not the best practice to
bring the business part or high-voltage
end of an antenna in to the operating
room, especially for phone operation,
beecause of the possibility of r.f. feed-
back from the strong antenna field. For
this reason, one should dispense with a
feed line in conjunction with a Hertz
antenna only as a last resort.

END-FED ANTENNAS

The end-fed Fuchs (pronounced
“Fooks”) antenna has no form of trans-
mission line to couple the antenna to
the transmitter, but brings the radiating
portion of the antenna right down to the
transmitter where some form of coupling
system is used to transfer energy to the
antenna.

This antenna is always voltage-fed
and always consists of an even number
of quarter wavelengths. There has been
considerable reference to end-fed,
current-fed Hertz antennas, but it should
be pointed out that they are neither end-
fed nor Hertz antennas, being Marconi
antennas fed somewhere above the
ground end. Figure 10 shows several
common methods of feeding the Fuchs
antenna or end-fed Hertz.

The Fuchs type of antenna has rather
high losses unless at least three-quarters
of the radiator can be placed outside the
operating room and in the clear. As
there is high r.f. voltage at the point
where the antenna enters the operating
room, the insulation at that point should
be several times as effective as -the in-
sulation commonly used with low-voltage
feeder systems. This antenna can be
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operated on all of its higher harmonics
with good efficiency, and can be operated
at half frequency against ground as a
quarter-wave Marconi.

If the system is operating properly
as an end-fed Hertz, there will be high
r.f. voltage at the point P.

THE MARCONI ANTENNA

A grounded quarter-wave antenna is
widely used on the 160-meter band due
to the fact that a half-wave antenna at
that low frequency is around 260 feet
long, which is out of the question for
those confined to an ordinary city lot.
It is also widely used in mobile five-
meter applications where a compact
radiator is required.

The Marconi-type antenna allows the
use of half of the length of wire used
for a half-wave Hertz radiator. The
Marconi antenna is not as satisfactory
for long-distance communication as the
Hertz type, and the antenna efficiency is
never as great, due to the losses in the
ground connection. However, it can be
made almost as good a radiator on 160
meters if sufficient care is taken with
the ground system.

The fundamental Marconi antenna is
shown in figure 11, and all Marconi an-
tennas differ from this only in the
method of feeding energy. Antenna A
in figure 12 is the fundamental vertical
type. Type B is the inverted-L type; type
C is the T type with the two halves of
the top portion of the T effectively in
parallel.

The Marconi antenna should be as
high as possible, and too much attention
cannot be paid to getting a good ground.

Importance of Ground Connection

With a quarter-wave antenna and a
ground, the antenna current is generally
measured with a meter placed in the
antenna circuit close to the ground con-
nection. Looking at this meter, it is not
at all difficult to picture the flow of cur-
rent into the ground. Now, if this current
flows through a resistor, or if the ground
itself presents some resistance, there
will definitely be a power loss in the
form of heat. Improving the ground
connection, therefore, provides a definite
means of reducing the loss of antenna
power, of increasing radiated power.
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Figure 10. Five methods of end-feeding
an antenna.

The best possible ground consists of
as many wires as possible, each at least
a quarter wave long, buried just below
the surface of the earth and extending
out from a common point in the form of
radials. Copper wire of any size larger
than no. 16 is satisfactory, though the
larger sizes will take longer to corrode
through. In fact, the radials need not
even be buried; they may be supported
just above the earth and insulated from
it. This arrangement is called a counter-
poise, and operates by virtue of its high
capacity to ground.

Unless a large number of radials are
used, fairly close to the ground, the
counterpoise will act more like the
bottom half of a half-wave Hertz than
like a ground system. However, the
efficiency with a counterpoise will be
quite good regardless. It is when the
radials are buried or laid on the ground
that a large number should be used for
best efficiency.
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When it is impossible to extend buried
radials in all directions from the ground
connection for an inverted L-type
Marconi, it is of importance that a few
wires be buried directly below the flat
top and spaced at least 10 feet from one
another.

Should the antenna be physiecally
shorter than a quarter wavelength, an-
tenna current would be higher, due to
lower radiation resistance, consequently,
the power lost in resistive soil would be
greater. The importance of a good

A

4 DIRECT INDUCTIVE
COUPLING

i

v

Figure 11. The series-tuned V4-wave
Marconi, the basic Marconi antenna
system.

ground with short inductive-loaded Mar-
coni radiators is, therefore, quite obvious.
With a good ground system, even very
short antennas can be expected to give
upwards from 909% of the efficiency of a
quarter-wave antenna used with the
same ground system.

Water-Pipe Grounds

A piece of water pipe, because of its
physical size, has about as low an r.f.
resistance as copper wire. If it is possible
to attach to a junction of several water
pipes (where they branch in several
directions and run for some distance
under ground), a satisfactory ground
connection will be obtained. If one of the
pipes attaches to a lawn or garden
sprinkler system in the immediate vi-
cinity of the antenna, and runs hither
and thither to several neighboring fau-
cots within a radius of a hundred yards,
the effectiveness of the system will ap-
proach that of buried copper radials.

Chief objection to water pipe grounds
is the possibility of high resistance joints

in the pipe due to the dope put on the
coupling threads. By attaching to a
junction with three or more legs, the
possibility of requiring the main portion
of the r.f. current to flow through a
high-resistance connection is greatly
reduced.

Contrary to popular opinion, the pres-
ence of water in the pipe adds but little
to the conductivity; it, therefore, docs
not relieve the problem of high-resistance
joints. Bonding the joints is the best
insurance, but this is, of course, im-
practicable where the pipe is buried.
Bonding together the various water
faucets in your yard above the surface
of the ground with copper wire will im-
prove the effectiveness of a water pipe
ground system hampered by high-resis-
tance pipe couplings.

Radiator Length

A Marconi antenna is exactly an odd
number of electrical quarter-waves long
(usually only % wave in length), which
is the same thing as saying that a
Marconi is always resonated to the op-
erating frequency. The loading adjust-
ment is accomplished by varying the
coupling rather than by detuning the
antenna from resonance.

Physically, a quarter-wave Marconi
may be made anything from one-eighth
to nearly three-eighths wavelength
overall, meaning the total length of the
antenna wire and ground lead from the
end of the antenna to the point where the
ground lead attaches to the junction of
the radials or counterpoise wires. The
longer the antenna is made physically,
the higher will be the radiation resis-
tance, the lower will be the current
flowing in the ground connection and the
greater will be the overall radiation
cfficiency. However, when the antenna
length approaches three-eighths wave-
length, the antenna becomes difficult to
resonate by means of a series condenser,
and it begins to take shape as an end-fed
Hertz, requiring a different method of
feed than that illustrated in figure 11
for current feed of a Marconi.

A radiator physically shorter than a
quarter wavelength can be lengthened
electrically by means of a series loading
coil, and used as a quarter-wave Mar-
coni. However, if the wire is made
shorter than approximately one-eighth
wavelength, the radiation resistance will
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be so low that good efficiency cannot be
obtained.

To resonate an inductive-loaded Marco-
ni, the inductance would have to be in the
form of a variometer in order to permit
continuous variation of the inductance.
The more common practice is to use a
tapped loading coil and a series tuning
condenser. More than the required
amount of inductance for resonance is
clipped in series with the antenna, and
the system is then resonated by means
of the series variable condenser the same
as though the radiator were actually too
long physically.

To estimate whether a loading coil
will probably be required, it is necessary
only to note if the length of the antenna
wire and ground lead is over a quarter
wavelength; if so, no loading coil should
be required, provided the series tuning
condenser has a high maximum capacity.

Amateurs primarily interested in the
higher frequency bands but who like to
work 160 meters for an occasional local
ragchew can usually manage to resonate
one of their antennas as a Marconi by
working the whole system, feeders and
all, against a water pipe ground and

resorting to a loading coil if necessary.
A high-frequency zepp, doublet or single-
wire-fed antenna will make quite a good
160-meter Marconi if high and in the
clear, with a rather long feed line to act
as a radiator on 160 meters. Where two-
wire feeders are used, the feeders should
be tied together for Marconi operation.
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Figure 12, Three common variations of
the Marconi-type antenna,

TRANSMISSION LINES

It is desirable to place a radiator as
high and in the clear as possible, utilizing
some form of nonradiating transmission
line to carry energy with as little loss as
possible from the transmitter to the
radiating antenna.

There are many different kinds of
transmission lines, and generally speak-
ing, practically any type of transmission
line or feeder system can be used with
any type of antenna; however, certain
types are often better adapted than
others for use with a certain antenna.

Transmission lines are of two general
types: resonant and nonresonant. Strict-
ly speaking, the term transmission line
should really only be applied to a non-
resonant line. Strictly speaking, a reso-
nant line should be termed a feeder
system, such as zepp feeders, etc.

The principal types of nonresonant
transmission lines include the single-
wire-feed, the two-wire open and the
twisted-pair matched impedance, the

coaxial (concentric) feed line and the
multiwire matched-impedance open line.

Voltage Feed and Current Feed

The half-wave Hertz antenna has
high voltage and low current at each
end, and it has low voltage and high
current at its center. As any un-
grounded resonant antenna consists
merely of one or more half-wave an-
tennas placed end to end, it will be seen
that there will be a point of high r.f.
voltage every half wave of length mea-
sured from ecither end of the antenna.
Also, there will be a point of high r.f.
current halfway between any two adja-
cent high-voltage points.

A voltage-fed antenna is any antenna
which is excited at one of these high-
voltage points or, in other words, a
point of high impedance. Likewise, a
current-fed antenna is one excited at ®m
point along the antenna where the cur-
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rent is high and the voltage low, which
corresponds to a point of low impedance.

THE ZEPP ANTENNA

The zepp antenna system is very
widely used, due to the fact that it is
rather easy to tune up and can be used
on several bands by merely retuning the
feeders. The overall efficiency of the
zepp antenna system is probably not
quite as high for long feeder lengths
as some of the antenna systems which
employ nonresonant transmission lines,
but where space is limited and where
operation on more than one band is de-
sired, the zepp has some decided ad-
vantages.

Zepp feeders really consist of an addi-
tional length of antenna which is folded
back on itself so that the radiation from
the two halves cancels out. In figure
13A is shown a simple Hertz antenna
fed at the center by means of a pickup
coil. Figure 13B shows another half-wave
radiator tied directly on one end of the
radiator shown in figure 13A. Figure
13C is exactly the same thing except that
the first half-wave radiator, in which is
located the coupling coil, has been folded
back on itself. In this particular case,
each half of the folded part of the
antenna is exactly a quarter-wave long
electrically.

Addition of the coupling coil naturally
will lengthen the antenna, electrically;

} 3 =] MADIATOR ONE MALF WAVE-
LENGTH LONG ELECTRICALLY
\.l/
| ] |
Iy 4 ) 3 {
\b

SECOND HALF WAVE ADDED
e
P——¢ .

FIRST HALF WAVE FOLDED |-wu f
BACK AND C1 ADDED FOR A
4

TUNING ADJUSTMENT
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Figure 13. The evolution of a zepp an-

tenna. (A) Radiator one-half wave long

electrically, current-fed at center. (B)

Second half-wave added. (C) First half-

wave folded back on itself, C, added for
tuning adjustment.

thus, in order to bring this portion of
the antenna back to resonance, we must
electrically shorten it by means of the
series tuning condenser, C,. The two
wires in the folded portion of the an-
tenna system do not have to be exactly a
quarter wave long physically although
the total electrical length of the folded
portion must be equal to one-half wave-
length electrically.

When the total electrical length of the
two feeder wires plus the coupling coil
is slightly greater than any odd multiple
of one-half wave, then series condensers
must be used to shorten the electrical
length of the feeders sufficiently to
establish resonance. If, on the other
hand, the electrical length of the feeders
and the coupling coil is slightly less than
any odd multiple of one-half wave, then
paralle] tuning must be used wherein a
condenser is shunted across the coupling
coil in order to increase the electrical
length of the whole feeder system to a
multiple of one-half wavelength.

As the radiating portion of the zepp-
antenna system must always be some
multiple of a half wave long, there is
always high voltage present at the point
where the live zepp feeder attaches to
the end of the radiating portion of the
antenna. Thus, this type of zepp-antenna
system is voltage-fed.

The idea that it takes two condensers
to balance the current in the feeders, one
condenser in each feeder, is a common
misconception regarding the zepp-type
end-fed antenna. Balancing the feeders
with tuning condensers for equal cur-
rents is useless anyhow, inasmuch as the
feeders on an end-fed zepp can never be
balanced for both current and phase
because of the dead feeder.

The condition will be most nearly met
when the flat top is of the correct length,
and if the flat top is of the correct length,
no juggling of the individual feeders is
required. One tuning condenser in one
of the feeders is all that is required; it
will not unbalance the system any more
than it is already unbalanced as a result
of having one dead feeder; a condenser
in each feeder does nothing to restore
the balance of a system that is inherently
unbalanced as a whole.

It is impossible to remove completely
all radiation from the feeders of an end-
fed zepp antenna. For the reason that it
is of no particular disadvantage to allow
the feeders to do a little radiating on
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their own, and because some feeder radi-
ation will be present regardless, the
zepp-antenna system may be operated
over a range of about 5 per cent each
side of the resonant frequency of the flat-
top radiator.

THE TUNED DOUBLET

A current-fed doublet with spaced
feeders, sometimes erroneously called a
center-fed zepp, is an inherently bal-
anced system (if the two legs of the
radiator are exactly equal eleetrically)
and there will be no radiation from the
feeders regardless of what frequency the
system is operated on. A series con-
denser may be put in one feeder with-
out affecting the balance of the sys-
tem. The system can successfully be
operated on most any frequency if the
system as a whole can be resonated to
the operating frequency. This is usu-
ally possible with a tapped coil and a
tuning condenser that can optionally be
placed either across the antenna coil or
in series with it.

This type of antenna system is shown
in figure 14. It is a current-fed system
on the lowest frequency for which it
will operate, but becomes a voltage-fed
system on all its even harmoniecs.

When operated on harmonies, this an-
tenna has a different radiation pattern,
as would be expected. The arrange-
ment used on the second harmonie is
better known as the Franklin colinear
array and is described later in this chap-
ter. The pattern is similar to a half-
wave doublet except that it is sharper
in the broadside direction. On higher
harmonies there will be multiple lobes.

TUNED FEEDER CONSIDER-
ATIONS

If a transmission line is terminated
in its characteristic surge impedance,
there will be no reflection at the end of
the line and the current and voltage dis-
tribution will be uniform along the line.
If the end of the line is either open-
circuited or short-circuited, the re-
flection at the end of the line will
be 100 per cent, and standing waves
or voltage variation will appear on
the line. There will still be no radia-
tion from the line, but voltage nodes
will be found along the wire spaced a half

Figure 14. The tuned doublet, using an
open line. A condenser in only one feeder
may be used if desired.

wavelength. Likewise, voltage loops
will be found every half wavelength,
the voltage loops corresponding to cur-
rent nodes.

When the line is terminated in some
value other than the characteristic surge
impedance, there will be some reflec-
tion, the amount being determined by
the amount of mismatch. With reflec--
tion, there will be standing waves or ex-
cursions of current and voltage along
the line, though not to the same extent
as with an open-circuited or short-cir-
cuited line. The current and voltage
loops will occur at the same points along
the line, and as the terminating im-
pedance is made to approach the charac-
teristic impedance of the line, the current
and voltage along the line will become
more uniform. The foregoing assumes,
of course, a purely resistive (nonreac-
tive) load.

A well-built 400- to 600-ohm transmis-
sion line may be used as a resonant feed-
er for lengths up to several hundred feet
with very low loss, so long as the am-
plitude of the standing waves (ratio of
maximum to minimum voltage along the
line) is mot too great. The amplitude,
in turn, depends upon the mismatch at
the line termination. A line of no. 12
wire, spaced 6 inches with good ceramic
spreaders, has a surge impedance of
approximately 600 ohms, and makes an
excellent tuned fceder for feeding any-
thing between 60 and 6000 ohms. If
used to feed a load of higher or lower
impedance than this, the standing waves
become great enough in amplitude that
some loss will occur unless the feeder is
kept short.

A transmission line which is not per-
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fectly matched should be made resonant,
even though the amplitude of the stand-
ing waves (voltage variation) is small.
This prevents reactance from being
coupled into the final amplifier. A tuned
feed system may be made to present a
nonreactive load to the amplifier cither
by tuning or pruning the feeders to
resonance.

It is usually preferable with tuned
feeders to have a current loop (voltage
minima) at the transmitter end of the
line. This means that when voltage-
feeding an antenna the tuned feeders
should be made an odd number of quar-
ter wavelengths long, and when current-
feeding an antenna the feeders should
be made an even number of quarter
wavelengths long. Actually, the feeders
are made about 10 per cent of a quar-
ter wave longer than the calculated
value (the same value given in the
tables) when they are to be series tuned
to resonance by means of a condenser
instead of being trimmed and pruned to
resonance.

When tuned feeders are used to feed
an antenna on more than one band, it is
necessary to compromise and make pro-
vision for both series and parallel tun-
ing, inasmuch as it is impossible to cut
a feeder to a length that will be opti-
mum for several bands. If a voltage
loop appears at the transmitter end of
the line on certain bands, parallel tun-
ing of the feeders will be required in
order to get a transfer of energy. It is
impossible to transfer energy by in-
ductive coupling unless current is flow-
ing. This is effected at a voltage loop by
the presence of the resonant tank cir-
cuit formed by parallel tuning of the
antenna coil.

Methods of coupling to a transmitter
arc discussed later in the chapter.

UNTUNED TRANSMISSION LINES

A nonresonant or untuned line is a
line which does not possess standing
waves. Physically, the line itself should
be identical throughout its length; there
will be a smooth distribution of voltage
and current throughout its length, both
gradually tapering off slightly towards
the antenna end of the line as a result
of line losses. The attenuation (loss) in
certain types of untuned lines can be
kept very low for the line lengths of

several thousand feet. In other types,
particularly where the dielectric is not
air (such as in the twisted-pair line),
the losses may become excessive at the
higher frequencies unless the line is rela-
tively short.

The termination at the antenna end is
the only critical characteristic about the
untuned line. It is the reflection from
the antenna end which starts waves
moving back toward the transmitter end.
When waves moving in both directions
along a conductor meet, standing waves
are set up.

All transmission lines have distributed
inductance, capacity and resistance.
Neglecting the resistance, as it is of
minor importance in short lines, it is
found that the inductance and capacity
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per unit length determine the charac-
teristic or surge impedance of the line.
Thus, the surge impedance depends upon
the nature and spacing of the econductors
and the dielectric separating them.

When any transmission line is termi-
nated in an impedance equal to its surge
impedance, reflection of energy does not
occur and no standing waves are present.
When the load termination is exactly the
same as the line impedance, it simply
means that the load takes energy from
the line just as fast as the line delivers
it, no slower and no faster.

Thus, for proper operation of an un-
tuned line (with standing waves elimi-
nated), some form of impedance-match-
ing arrangement must be used between
the transmission line and the antenna so
that the radiation resistance of the an-
tenna is reflected back into the line as a
nonreactive impedance equal to the line
impedance. It is important that the
radiator itself be cut to exact resonance;
otherwise, it will not present a pure re-
sistive load to the nonresonant line.

An untuned feeder system may con-
sist of one, two, four or even more paral-
lel wires. Increased constructional diffi-
culties of the multiwire type of line
where three or more parallel wires are
used and the danger of appreciable
feeder radiation from an improperly-
adjusted single-wire feeder make the
more familiar two-wire type of line the
most satisfactory for general use.

If four, six, eight and even greater
numbers of wires are used, it is possible
to secure a somewhat lower surge im-
pedance than is possible with the more
conventional two-wire line.

Two-Wire Open Lines

A two-wire transmission system is easy
to construct. Its surge impedance can
be calculated quite easily, and when
properly adjusted and balanced to
ground, undesirable feeder radiation is
minimized since the current flow in the
adjacent wires is in opposite directions
and the magnetic fields of the two wires
are in opposition to each other. When
a two-wire line is terminated with the
equivalent of a pure resistance equal to
the surge impedance of the line, the line
becomes a nonresonant line. It is, then,
the problem to find a way to go about
ealculating the surge impedance of any
two-wire transmission line, which im-
pedance we will call Z..

wire
Diameter
in Inches

Wire gauge
Number

Figure 16. Necessary data for computa-
tion of surge impedance of any two-wire
open line,

It can be shown mathematically that
the true surge impedance of any two-
wire parallel line system is approxi-
mately equal to

28
Z. = 276 logi

Where:

S is the exact distance between wire
centers in some convenient unit of
measurement, and

d is the diameter of the wire measured
in the same units as the wire spacing, S.

28

Since expresses a ratio only, the

d
units of measurement may be centi-
meters, millimeters or inches. This
makes no difference in the answer so long
as the substituted values for S and d are
in the same units.

The equation is surprisingly accurate
so long as the wire spacing i3 relatively
large as compared to the wire diameter.

Surge impedance values of less than
200 ohms are seldom used in the open-
type two-wire line and, even at this com-
paratively high value of Z,, the wire
spacing S is uncomfortably close, being
only 5.3 times the wire diameter d.

Figure 15 gives in graphical form the
surge impedance of any practicable two-
wire line. The chart is self-explanatory
and sufficiently accurate for practical
purposes.

Twisted-Pair Untuned Line

Low-loss, low-impedance transmission
cable (such as EO1) allows a very flexi-
ble transmission line system to be used
to convey energy to the antenna from the
transmitter. The low-loss construction
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is largely due to the use of untinned,
solid eonductors, low-loss insulation, plus
a good grade of weatherproof covering.
The older twisted flex cables used by
amateurs had quite high losses and
should be avoided.

A twisted-pair line should always be
used as an untuned line as standing
waves on the line will produce excessive
losses and can easily break down the line
insulation.

For turning sharp corners and run-
ning close to large bodies of metal, the
twisted pair is almost as good at the
lower frequencies as the coaxial line
whose cost unfortunately places it out
of reach of the average amateur at the
present time.

Above 14 Mec., however, the rubber in-
sulation causes appreciable dielectric
loss, and the twisted-pair type of low-
impedance line should not be used except
where the length is short or where con-
centrie tubing might not be suitable from
a mechanical standpoint, as in certain
types of rotary arrays.

The low surge impedance of the
twisted-pair transmission line is due not
only to the close spacing of the conduec-
tors, but to the rubber insulation sepa-
rating them:. The latter has a dielec-
tric constant considerably higher than
that of air, which not only lowers the
surge impedance but also results in
slower propagation of a4 wave along the
conductors. This results in the voltage
loops occurring closer together on the
line when standing waves are present

COMPARATIVE R. F. FEEDER LOSSES

DB
FRE. PER TYPE OF LINE
QUENCY 100FT.

150.0hm impedance,
7 Mc. 0.9 rubber insulated
14 Mc. 1.5 twisted-pair with
30 Mc. 3 outer covering of

braid.

W. Ef. 1)% con::tehntlrlc

pipe feeder w n.
7 Mc. 0.4 ner wire on bead
30 Mc. 0.9 spacers. Impedance,

70 ohms.

Open 2-wire line no.
7 Mc. 0.05
30 Me. 0.12 {lgov;i'rl-;s.lmpedance.

Twisted no. 14 solid
7 Mec. 3 weatherproof wire,
14 Mc. 4V, weathered for six
30 Mc. 8 months (telephone

wire).

than for an open-wire line working at
the same frequency.

Coaxial Line

Lately, coaxial cable has come into
wide use for connecting an antenna to
the transmitter. A cross-sectional end
view of a coaxial cable is shown in
figure 17.

As in the parallel-wire line, the power
lost in a properly-terminated line is the
sum of the effective resistance losses
along the length of the cable and the
diclectric losses between the two con-
ductors. In a well-designed line, both
are negligible, the actual measured loss
in a good line being less than 0.5 db per
1000 feet at one megacycle.

Of the two losses, the effective re-
sistance loss is the greater; since it is
largely due to the skin effect, the line
loss (all other conditions the same) will
increase directly as the square root of
the frequency. Such lines are almost
always made of soft copper tubing hav-
ing a very low d.c. resistance, which,
with the large conductor surface avail-
able (high-frequency currents tend to
travel on the surface of a conductor),
will make the line losses of negligible im-
portance for the line lengths normally
used.

Figure 17 shows that, instead of hav-
ing two conductors running side by side
with each other, one of the conductors
is placed inside of the other. Because of
this, the line has been termed the con-
centric, or more correctly, coaxial trans-
mission line. Since the grounded out-
side conductor completely shields the
inner one, no radiation takes place.

The conductors may both be tubes, one
within the other, or the line may con-
sist of a solid wire within a tube. In
either case, the inner conductor is sup-
ported at regular intervals from the
outside tube by a circular insulator of
either pyrex or some nonhygroscopic
ceramic material with low high-fre-
quency losses. The insulators are
slipped over the inner conductor and
held in place either by some system of
small clamps or by crimping the wire
immediately in front of and behind cach
insulator. If the insulator fits snugly
over the inside conductor, this latter
method is to be preferred, as the mean
or average distance of the outside diame-
ter of the inside conductor from that of
the inside diameter of the outside con-
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ductor remains more uniform, and the
calculated results will be more accurate
than if some other system using clamps
or small metal collars to hold the in-
sulating spacers were used.

Moisture must be kept out of the tube
if best results are to be secured. It is,
therefore, necessary to solder or other-
wise to join tightly the line sections to-
gether so that no leak occurs. This pre-
vents water from seeping into the line in
outdoor installations.

To avoid condensation of moisture on
the inside walls of the line, it is the
general practice to fill the line with
dry nitrogen gas at a pressure of ap-
proximately 85 pounds per square inch.

Filling a line with dry nitrogen gas
also greatly increases its power capa-
city, a power capability rating of three
to one being quite common for the nitro-
gen-filled line as compared to a line
operating under normal atmospheric
pressures.

Nearby metallic objects cause no loss
and the cable can be run up air duets,
wire conduit or elevator shafts just as
easily as a flexible hose. Insulation
troubles can be forgotten. The coaxial
cable may be either buried in the ground
or suspended above ground.

This characteristic makes the coaxial
cable valuable where transmitter in-
stallations must be made in large build-
ings, as in the case with a majority of
police transmitters. Even at frequencies
as high as 100 megacycles, line losses
can be kept within tolerable limits. For
the smaller powers, flexible coaxial cable
can be secured in line lengths up to
several hundred feet, thus doing away
with the need for couplings or sections.

MATCHING NON-RESONANT
LINES

The most practical open-wire untuned
line is onc having a surge impedance of
from 400 to 600 ohms. Unfortunately,
it is seldom that the antenna system be-
ing fed has a radiation resistance of
similar value. It is sometimes necessary
with current-fed antennas to match the
line to an impedance as low as 8 or 10
ohms, while with voltage-fed antenna
systems and arrays it is ocecasionally
necessary to match the line to an im-
pedance of many thousands of ohms.
There are many ways of accomplishing
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Figure 17. Curve for determination of
surge impedance of any coaxial line.

this, the more common and most satis-
factory methods being discussed here.

Delta-Matched Antenna System

The delta matched-impedance antenna
system is quite widely used. Figure 18
shows this feeder system. The im-
pedance of the transmission line is trans-
formed gradually into a higher value by
the fanned-out Y portion of the feeders,
and the Y portion is tapped on the an-
tenna at points where the antenna im-
pedance equals the impedance at the ends
of the Y.

The constants of the system are
rather critical, and the antenna must
resonate at the operating frequency in
order to get the standing waves off the
line. Some slight readjustment of the
taps on the antenna is desirable if stand-
ing wa