*May 1971
CORRECTIONS TO TM L1-668

Page 9, para 4d(4), lines 30 and 31. Change the formula to:

B =% x1,000 x (+1)

5QL£.' +523 cps (approximately).
Page 20, para l1g(2), line 5. Change "25" to: 13.
Page 29, para 13d, make the following changes:

Line -16. Change "750,000 to: 75,000.

Line 18. Change "750,000" and ".001" to: 75,000 and .001 x 10'5l
respectively.

Page 36, para 18c, line 1. Change "shunt-fed" to: series-fed.
Figure 36, caption. Change "Shunt fed" to: Series-fed.

Page 37, para 20, first formula. Change to:

1
X¢ = Zxec

Page 40, para 22b(3), formula at top of page. Change to:

Z + zb
1 a
Z = x \—
ab g (l

ohms .

Zp
Z
oA x (102 6o = shos
1 Z
e e

Page 94, para 43d(3). Delete line 7, and substitute: less; therefore, a
positive voltage.

Page 118, para 59a, lines 17-25. Change to: The over-all putput is the
gquadrature sum of the signal and the noise voltages, multiplied by
the stage amplification, or

—
o/ 10% + 4.4% x 10 = 10.9 x 10 = 109 microvolts,

*This edition replaces correction sheet dated April 1969,
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CHAPTER 1

MODULATION SYSTEMS

1. Introduction

a. In the armed services, a reliable radio
communication system is of vital importance.
The swiftly moving operations of modern
armies require a degree of coordination made
possible only by radio. Today, the two-way
radio is standard equipment in almost all mili-
tary vehicles, and the walkie-talkie is a common
sight in the infantry. Until recently, a-m (am-
plitude modulation) communication was used
universally. This system, however, has one
great disadvantage: Random noise and other
interference can cripple communication beyond
the control of the operator. In the a-m receiver,
interference has the same effect on the r-f signal
as the intelligence being transmitted because
they are of the same nature and inseparable.

b. The engines, generators, and other elec-
trical and mechanical systems of military ve-
hicles generate noise that can disable the a-m
receiver. To avoid this difficulty a different
type of modulation, such as p-m (phase modula-
tiom) or f-m (frequency modulation), is used.
When the amplitude of the r-f (radio-fre-
quency) signal is held constant and the intelli-
gence transmitted by varying some other char-
acteristic of the r-f signal, some of the disrup-
tive effects of noise can be eliminated.

¢. In the last few years, f-m transmitters and
receivers have become standard equipment in
the Signal Corps, and their use in mobile equip-
ments exceeds that of a-m transmitters and re-
ceivers. The widespread use of frequency mod-
ulation means that the technician must be pre-
pared to repair a defective f-m unit, aline its
tuned circuits, or correct an abnormal condi-
tion. To perform these duties, a thorough under-
standing of frequency modulation is necessary.
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2. Carrier Characteristics

The r-f signal used to transmit intelligence
from one point to another is called the carrier.
It consists of an electromagnuetic wave having
amplitude, frequency, and phase. If the voltage
variations of an r-f signal are graphed in re-
spect to time, the result is a waveform such as
that in figure 2. This curve of an unmodulated
carrier is the same as those plotted for current
or power variations, and it can be used to inves-
tigate the general properties of carriers. The
unmodulated carrier is a sine wave that repeats
itself in definite intervals of time. It swings
first in the positive and then in the negative
direction about the time axis and represents
changes in the amplitude of the wave. This
action is similar to that of alternating current
in a wire, where these swings represent revers-
als in the direction of current flow. It must be
remembered that the plus and minus signs used
in the figure represent direction only. The
starting point of the curve in figure 2 is chosen
arbitrarily. It could have been taken at any
other point just as well. Once a starting point

- is chosen, however, it represents %he point from

which time is measured. Thé starting point
finds the curve at the top of its positive swing.
The curve then swings through 0 to some maxi-
mum amplitude in the negative direction, re-
turning through 0 to its original position. The
changes in amplitude that take place in this
interval of time then are repeated exactly so
long as the carrier remains unmodulated. A
full set of values occurring in any equal period
of time, regardless of the starting point, consti-
tutes onr - .e¢ of the carrier. This can be seen
in the figure, where two cycles with different
starting noints are marked off. The number of
these cycles that occur in 1 second is called the
frequency of the wave.
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Figure 2. Graph of typical unmodulated carrier.

3. Amplitude Modulation

a. General. The amplitude, phase, or fre-
quency of a carrier can be varied in accordance
with the intelligence to be transmitted. The
process of varying one of these characteristics
is called modulation. The three types of modu-
lation. then. are amplitude modulation, phase
modulation. and frequency modulation. Other
special tvpes, such as pulse modulation, can be
considered as subdivisions of these three types.
With a sine-wave voltage used to amplitude-
modulate the carrier, the instantaneous ampli-
tude of the carrier changes constantly in a sinu-
soidal manner. The maximum amplitude that
the wave reaches in either the positive or the
negative direction is termed the peak amplitude.
The positive and negative peaks are equal and
the full swing of the cycle from the positive to
the negative peak is called the peak-to-peak
amplitude. Considering the peak-to-peak ampli-
tude only, it can be said that the amplitude of
this wave is constant. This is & general ampli-
tude characteristic of the unmodulated carrier.
In amplitude modulation, the peak-to-peak am-
plitude of the carrier is varied in accordance
with the intelligence to be transmitted. For
example, the voice picked up by & microphone
is converted into an a-f (audio-frequency) elec-
trical signal which controls the peak-to-peak
amplitude of the carrier. A single sound at the
microphone modulates the carrier, with the
result shown in figure 3. The carrier peaks are

2

no longer constant in amplitude because they
follow the instantaneous changes in the ampli-
tude of the a-f signal. When the a-f signal
swings in the positive direction, the carrier
peaks are increased accordingly. When the a-f
signal swings in the negative direction, the car-
rier peaks are decreased. Therefore, the in-
stantaneous amplitude of the a-f moduiating
signal determines the peak-to-peak amplitude
of the modulated carrier.

b. Percentage of Modulation.
(1) In amplitude modulation, it is coramon

MODULATED CARRIER

™ 468-3
Figure 3. Efect of a-f signal on servisr in amplitudes
modulation.

AQO 41A



AUDIO

MODULATING7/\ /\ /\

SIGNAL

i Ea
EatEp v \-/ \ _t

FOR 100%
MODULATION

practice to express the degree to which
a carrier is modulated as a percentage
of modulation. When the peak-to-peak
amplitude of the modulating signal is
equal to the peak-to-peak amplitude of
the unmodulated carrier, the carrier is
said to be 100 percent modulated. In
figure 4, the peak-to-peak modulating
voltage, E,, is equal to that of the
carrier voltage, Ey, and the peak-to-
peak amplitude of the carrier varies
from 2E;, or 2F 4. to 0. In other words,
the modulating signal swings far
enough positive to double the peak-to-
peak amplitude of the carrier, and far
enough negative to reduce the peak-
to-peak amplitude of the carrier to 0.
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Figure 4. Carrier modulated 100 percent by a

(2)

AGO 421A

modulating signal.

If E, is less than E,, percentages of
modulation below 100 percent occur.
If E, is one-half F;, the carrier is
modulated only 50 percent (fig. 5).
When the modulsting signal swings to
its maximum value in the positive di-
rection, the carrier amplitude is in-
creased by 50 percent. When the modu-
lating signal ieaches its maximum
negative peak value, the carrier ampli-
tude is decreased by 50 percent.
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Figure 5. Fijty-percent modulation.

(3) It is possible tq increase the percent-
age of modulation to a value greater
than 100 percent by making E,
greater than E;. In figure 6, the mod-
ulated carrier is varied from 0 to some
peak-to-peak amplitude greater than
2Ey. Since the peak-to-peak ampli-
tude of the carrier cannot be less than
0, the carrier is cut off completely for
all negative values of K, greater than
Ey. This results in a distorted signal,
and the intelligence is received in a
distorted form. Therefore, the per-
centage oi modulation in a-m systems
of communication is limited to values
from 0 to 100 percent.
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Figure 6. Overmodulation of carrier.



(4) The actual percentage of modulation

of a carrier (M) can be calculated by

using the following simple formula
M = percentage of g E

modulation =F=%——72% X 100
where E,., is the greatest and E...
the smallest peak-to-peak amplitude of
the modulated carrier. For example,
assume that a modulated carrier varies
in its peak-to-peak amplitude from 10
to 30 volts. Substituting in the for-
mula, with E,., equal to 30 and E,.,

equal to 10,

M — percentage of modulation =

30—10 20
30710 X 100 =3¢ X 100 =
50 percent

This formula is accurate only for per-
centages between 0 and 100 percent.

¢. Side Bands.

(1) When the outputs of two oscillators
beat together, or heterodyne, the two
original frequencies plus their sum and
difference are produced in the output.
This heterodyning effect also takes
place between the a-f signal and the
r-f signal in the modulation process
and the beat frequencies produced are
known as side bands. Assume that an
a-f signal whose frequency is 1,000 cps
(cycles per second) is modulating an
r-f carrier of 500 ke (kilocycles). The
modulated carrier consists mainly of
three frequency components: the orig-
inal r-f signal at 500 ke, the sum of
the a-f and r-f signals at 501 ke, and
the difference between the a-f and r-f
signals at 499 kc. The component at
501 ke is known as the upper side
band, and the component at 499 ke is
known as the lower side band. Since
these side bands are always present in
amplitude modulation, the a-m wave
consists of a center frequency, an up-
per side-band frequency, and a lower
side-band frequency. The amplitude
of each of these is constant in value
but the resultant wave varies in ampli-
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tude in accordance with the audio
signal.

(2) The carrier plus the two side bands,
with the amplitude of each component
plotted against its frequency, is repre-
sented in figure 7 for the example
given above. The modulating signal,
fa, beats against the ecarrier, f¢ to
produce upper side band fy and lower
side band f.. The modulated carrier
occupies a section of the radio-fre-
quency spectrum extending from f;, to
fu, or 2 ke. To receive this signal, a
receiver must have r-f stages whose
bandwidth is at least 2 ke. When the
receiver is tuned to 500 ke, it also
must be able to receive 499 ke and
501 ke with relatively little loss in

response.
f =fec~
L=fe~fa CARRIER
fu=tetfa 500 KC
MODUL ATING LOWER UPPER
FREQUENCY 1KC SIDE BAND SIDE BAND
499 KC 501 KC
fa o fe fw
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Figure 7. Frequency spectrum of amplitude-modulated

wave.

(3) The audio-frequency range extends
approximately from 16 to 16,000 cps.
To accommodate the highest audio fre-
quency, the a-m frequency channel
should extend from 16 kc below to 16
kc above the carrier frequency, with
the receiver having a corresponding
bandwidth. Therefore, if the carrier
frequency is 500 ke, the a-m channel
should extend from 484 to 516 ke.
This bandwidth represents an ideal
condition; in practice, however, the
entire a-m bandwidth for audio repro-
duction rareiy exceeds 16 kec. For any
specific set of audio-modulating fre-
quencies, the a-m channel or band-
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width is twice the highest audio fre-
quency present.

(4) The r-f energy radiated from the
transmitter antenna in the form of a
modulated carrier is divided among
the carrier and its two side bands.
With a carrier component of 1,000
watts, an audio signal of 500 watts is
necessary for 100-percent modulation.
Therefore, the modulated carrier
should not exceed a total power of
1,500 watts. The 500 watts of audio
power is divided equally between the
side bands, and no audio power is as-
sociated with the carrier.

(5) Since none of the audio power is asso-
ciated with the carrier component, it
contains none of the intelligence. From
the standpoint of communication effi-
ciency, the 1,000 watts of carrier-com-
ponent power is wasted. Furthermore,
one side band alone is sufficient to
transmit intelligence. It is possible to
eliminate the carrier and one side
band, but the complexity of the equip-
ment needed cancels the gain in effi-
ciency.

d. Disadvantages of Amplitude Modulation.
It was noted previously that random noise and
electrical interference can amplitude-modulate
the carrier to the extent that communication
cannot be carried on. From the military stand-
point, however, susceptibility to noise is not the
only disadvantage of amplitude modulation. An
a-m signal is also susciptible to enemy jamming
and to interference from the signals of trans-
mitters operating on the same or adjacent fre-
quencies. Where interference from another sta-
tion is present, the signal from the desired sta-
tion must be many times stronger than the in-
terfering signal. For various reasons, the choice
of a different type of modulation seems desir-
able.

4. Phase Modulation

a. General.

(1) Besides its amplitude, the frequency
or phase of the carrier can be varied
to produce a signal bearing intelli-
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gence. The process of varying the
frequency in accordance with the in-
telligence is frequency modulation, and
the process of varying the phase is
phase modulation. When frequency
modulation is used, the phase of the
carrier wave is indirectly affected.
Similarly, when phase modulation is
used, the carrier frequency is affected.
Familiarity with both frequency and
phase modulation is necessary for an
understanding of either.

(2) In the discussion of carrier character-
istics, carrier frequency was defined
as the number of cycles occurring in
each second. Two such cycles of a car-
rier are represented by curve A in fig-
ure 8. The starting point for measur-
ing time is chosen arbitrarily, and at
0 time, curve A has some negative
value. If another curve B, of the same
frequency is drawn having 0 amplitude
at 0 time, it can be used as a reference
in describing curve A.
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Figure 8. Determining relative phase from a curve of
the same frequency.
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(3) Curve B starts at 0 and swings in the
positive direction. Curve A starts at
some negative value and also swings
in the positive direction, not reaching
0 until a fraction of a cycle after curve
B has passed through 0. This fraction
of a cycle is the amount by which A
is said to lag B. Because the two curves
have the same frequency, A will al-
ways lag B by the same amount. If the
positions of the two curves are re-
versed, then A is said to lead B. The
amount by which A leads or lags the
reference is called its phase. Since the

5



reference given is arbitrary, the phase
is relative.

b. Vector Representation.

(1)

(@)

(3)

The cyclic changes of the carrier have
been represented by plotting a curve
of amplitude against time. It also is
possible to represent the carrier cycle
as the projection of a point rotating
.counterclockwise in a circle. This is
called the vector representation and is
accomplished by plotting the ampli-
tude against the number of degrees of
rotation of the point instead of directly
against time. For each cycle of the
carrier, the point rotates in one com-
pfete circle, or 360°. This is the period
of the wave, or the time for one cycle.
The carrier cycle as the projection of
a point moving in a circle is plotted
in figure 9. Starting from 0 the point
rotates through 360° and back to 0,
where the next cycle begins. When this
point is projected along the set of axes
on the right, one complete revolution
of the point traces one complete cycle
of the wave. The frequency of the
wave in cycles per second is numeri-
cally equal to the revolutions per sec-
ond made by the point. The relative
phase of the wave shown is 0, since
it has 0 amplitude at 0°. The peak
amplitude of the wave is equal to the
radius of the circle, and the peak-to-
peak amplitude is equal to the diam-
eter of the circle.

The position of the point at any in-
stant can be indicated by an arrow
drawn from the center of the circle to
the point. This arrow is called a vector
and in the diagram the point is at a
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Figure 9. Projection of a point moving in a circle to

form one cycle of a sine wave.

position of 45°. It must be remem-
bered that this vector is not standing
still, but is rotating at a frequency
equal to that of the wave it represents.
The vector is a convenient device
with which to indicate phase rela-
tions between one wave and another
or between a wave and an arbitrar-
ily chosen reference. Suppose that
a wave is observed staring at a time
when its vector is in the 45° posi-
tion (fig. 10). A second vector having
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Figure 10. Measuring relative phase angle by means

of vectors.

0 amplitude at 0 time and rotating in
the same counterclockwise direction
can be used as a reference for deter-
mining relative phase. In the graphic
projection on the right, the two waves
have the same frequency ; however, the
wave being observed is said to have a
relative phase lead of 45°. An inspec-
tion of the figure shows that this is the
central angle between the two vectors,
as measured counterclockwise from
the reference vector. The solid sine
wave passes through 0 in a positive
direction 45° ahead of the dotted ref-
erence sine wave shown at the right.
If a particular carrier wave is consid-
ered in this manner, it has a relative
phase relation at any instant to a ref-
erence carrier having the same fre-
quency. The phase angle can be meas-
ured either in degrees or in radians.
Since 360° equals 2r radians, the phase
angle of 45° observed above can be
expressed as =/4 radians, or simply
=/4.

¢. Phase Modulation.
{1) In phase modulation, the relative phase

of the carrier is made to vary in ac-
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cordance with the intelligence to be
transmitted. The carrier phase angle,
therefore, is no longer fixed. The am-
plitude and the average frequency of
the carrier are held constant while the
phase at any instant is being varied
with the modulating signal (fig. 11).
Instead of having the vector rotate at
the carrier frequency, the axes of the
graph can be rotated in the opposite
direction at the same speed. In this
way the vector (and the reference)
can be examined while they are stand-
ing still. In A of figure 11 the vector
for the unmodulated carrier is given,
and the smaller curved arrows indicate
the direction of rotation of the axes
at the carrier frequency. The phase
angle, ¢, is constant in respect to the
arbitrarily chosen reference. Effects
of the modulating signal on the rela-
tive phase angle at four different
points are illustrated in B, C, D, and E.
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Figure 11. Successive vector representation of a
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phase-modulated carrier.

(2)

(3)

The effect of a positive swing of the
modulating signal is to speed the ro-
tation of the vector, moving it counter-
clockwise and increasing the phase
angle, ¢. At point 1, the modulating
signal reaches its maximum positive
value, and the phase has been changed
by the amount A¢. The instantaneous
phase condition at 1 is, therefore, (¢
+ A¢). Having reached its maximum
value in the positive direction, the
modulating signal swings in the oppo-
site direction. The vector speed is
reduced and it appears to move in the
reverse direction, moving toward its
original position. When the modulat-
ing signal reaches 0 (position 2 in C),
the vector has returned to its original
position. The phase angle again is ¢
in respect to the reference. The modu-
lating signal continues to swing in the
negative direction and the vector is
carried past its original position in a
clockwise direction. When it reaches
its maximum negative position, at 3
in D, the vector phase angle has been
changed by — /¢, and the instantan-
eous phase angle is reduced to (¢ —
A¢). Finally, the vector returns to
its original phase angle as the modu-
lating signal amplitude falls to 0, at
position 4 in E. The phase angle again
is ¢, and the cycle is complete. The
entire cycle of phase shift is repeated
for each cycle. of modulating signal;
that is, the frequency of the modulat-
ing signal is reproduced as the repe-
tition rate of the cycle of phase shift.

For each cycle of the modulating sig-
nal, the relative phase of the carrier
is varied between the values of (¢ -+
Ae¢) and (¢ — Aé). These two values
of instantaneous phase, which occur
at the maximum positive and maxi-
mum negative values of modulation,
are known as the phase-deviation lim-
its. The upper limit is +A¢; the
lower limit is —Ag¢. The relations
between the phase-deviation limits and
the carrier vector are given in figure
12, with the limits of = Ag¢ indicated.

7
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Figure 12. Phase-deviation limits of a modulated

carrier.

(4) If the phase-modulated vector is

vlofted against time, the result is the
wave illustrated in figure 13. The
modulating signal is shown in A. The
dashed-line waveform, in B, is the
curve of the reference vector and the
solid-line waveform is the carrier. As
the modulating signal swings in the
positive direction, the relative phase
angle is increased from an original
phase lead of 45° to some maximum,
2s shown at 1 in B. When the signal
swings in the negative direction, the
phase lead of the carrier over the ref-
erence vector is decreased to minimum
value, as shown at 2; it then returns
to the original 45° phase lead when
the modulating signal swings back to
0. This is the basic resultant wave for
sinusoidal phase modulation, with the
amplitude of the modulating signal
controlling the relative phase charac-
teristic of the carrier.

d. P-M and Carrier Frequency.
(1) In the vector representation of the p-m

carrier, the carrier vector is speeded
up or slowed down as the relative
phase angle is increased or decreased
by the modulating signal. Since vector
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Figure 13. Phase-modulated carrier over 1 cycle of

modulating signal.

speed is the equivalent of carrier fre-
quency, the carrier frequency must
change during phase modulation. A
form of frequency modulation, known
as equivalent f-m, therefore, takes
place. Both the p-m and the equiva-
lent f-m depend on the modulating sig-
nal, and an instantaneous equivalent
frequency is associated with each in-
stantaneous phase condition.

The phase at any instant is determined
by the amplitude of the modulating
signal. The instantaneous equivalent
frequency is determined by the rate
o/ change in the amplitude of the mod-
ulating signal. The rate of change in
modulating-signal amplitude depends
on two factors—the modulation ampli-
tude and the modulation frequency. If
the amplitude is increased, the phase
deviation is increased. The carrier
vector must move through a greater
angle in the same period of time, in-
creasing its speed, and thereby increas-
ing the carrier frequency shift. If the
modulation frequency is increased, the
carrier must move within the phase-
deviation limits at a faster rate, in-
creasing its speed and thereby increas-
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ing the carrier frequency shift. When
the modulating-signal amplitude or
frequeney is decreased, the carrier fre-
quency shift is decreased also. The
faster the amplitude is changing, the
greater the resultant shift in carrier
frequency; the slower the change in
amplitude, the smaller the frequency
shift.

(3) The rate of change at any instant can
be determined by the slope, or steep-
ness, of the modulation waveform. As
shown by curve A in figure 14, the
greatest rates of change do not occur
at points of maximum amplitude; in
fact, when the amplitude is 0 the rate
of change is maximum, and when the
amplitude is maximum the rate of
change is 0. When the waveform
passes through 0 in the positive direc-
tion, the rate of change has its maxi-
mum positive value; when the wave-
form passes through 0 in the negative
direction, the rate of change is a maxi-
mum negative value.

(4) Curve B is a graph of the rate of
change of curve A. This waveform is
leading A by 90°. This means that the
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Figure 14. Amplitude compared to rate of change of ¢
signal.
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frequency deviation resvlting from
phase modulation is 90° out of phase
with the phase deviation. The relation
between phase deviation and frequency
shift is shown by the vectors in figure
15. At times of maximum phase devia-
tion, the frequency shift is 0; at times
of 0 phase deviation, the frequency
shift is maximum. The equivalent-fre-
quency deviation limits of the phase-
modulated carrier can be calculated by
means of the formula,
. AF = A¢ f cos (2x ft)

where

AF is the frequency deviation,
A¢ is the maximum phase deviation,
f is the modulating-signal frequency,
cos (2 ft) is the amplitude variation

of the modulating signal at any

time, ¢t.

When (2- ft) is 0 or 180°, the signal
amplitude is 0 and the cosine has max-
imum values of 41 at 360° and —1 at
180°. If the phase deviation limit is
30°, or »/6 radians, and a 1,000-cps
signal modulates the carrier, then

F — g— % 1,000 X 41,

F — 4528 cps, approximately.
When the modulating signal is passing
through 0 in the positive direction, the
carrier frequency is raised by 523 cps.
When the modulating signal is passing
through 0 in the negative direction, the

carrier frequency is lowered by 523
cps.

5. Frequency Modulation

a. When a carrier is frequency-modulated by
a modulating signal, the carrier amplitude is
held constant and the carrier frequency varies
directly as thé amplitude of the modulating sig-
nal. There are limits of frequency deviation
similar to the phase-deviation limits in phase
modulation. There is also an equivalent phase
shift of the carrier, similar to the equivalent
frequency shift in p-m.

b. A frequency-modulated wave resulting
from 2 cycles of modulating signal imposed on
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Figure 15. Phase deviation and frequency shift.

a carrier is shown in A of figure 16. When the
modulating-signal amplitude is 0, the carrier
frequency does not change. As the signal swings
positive, the carrier frequency is increased,
reaching its highest frequency at the positive
peak of the modulating signal. When the signal
swings in the negative direction, the carrier
frequency is lowered, reaching a minimum when
the signal passes through its peak negative
value. The f-m wave can be compared with the
p-m wave, in B, for the same 2 cycles of modu-
lating signal. If the p-m wave is shifted 90°,
the two waves look alike. Practically speaking,
there is little difference, and an f-m receiver
accepts both without distinguishing between
them. Direct phase modulation has limited use,
however, and most systems use some form of
frequency modulation.

6. A-M, P-M, and F-M Transmitters

a. General. All f-m transmitters use either
direct or indirect methods for producing f-m.
The modulating signal in the direct method has
a direct effect on the frequency of the carrier;
in the indirect method, the modulating signal
uses the frequency variations caused by phase-
modulation. In either case, the output of the
transmitter is a frequency-modulated wave, and
the f-m receiver cannot distinguish between
them.

b. A-M Transmitter.
(1) In the block diagram of the a-m trans-
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Figure 16. Comparison of f-m and p-m signals.

(2)

mitter (A of fig. 17), the r-f section
consists of an oscillator feeding a buf-
fer, which in turn feeds a system of
frequency multipliers and/or interme-
diate power amplifiers. If frequency
multiplication is unnecessary, the buf-
fer feeds directly into the intermediate
power amplifiers which, in turn, drive
the final power amplifier. The input
to the antenna is taken from the final
power amplifier.

The audio system consists of a micro-
phone which feeds a speech amplifier.
The output of this speech amplifier is
fed to a modulator. ¥or high-level
“modulation, the output of the modula-
tor is connected to the final amplifier
(solid arrow), where its amplitude
modulates the r-f carrier. For low-
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level modulation, the output of the
modulator is fed to the intermediate
power amplifier (dashed arrow). The
power required in a-m transmission
for either high- or low-level modula-
tion is much greater than that required
for f-m or p-m.

¢. P-M Transmitter. In the p-m, or indirect
f-m, transmitter, the modulating signal is
passed through some type of co.rection net-
work before reaching the modulator, as in C.
When comparing the p-m to the f-m wave, it
was pointed out that a phase shift of 90° in the
p-m wave made it impossible to distinguish it
from the f-m wave (fig. 16). This phase shift
is accomplished in the correction network. The
output of the modulator which is also fed by
a crystal oscillator is applied through frequency
multipliers and a final power amplifier just as
in the direct f-m transmitter. The final output
is an f-m wave.

d. F-M Transmitter. In the f-m transmitter,
the output of the speech amplifier usually is
connected directly to the modulator stage, as
in B. The modulator stage supplies an equiva-
lent reactance to the oscillator stage that varies
with the modulating signal. This causes the
frequency of the oscillator to vary with the
modulating signal. The frequency-modulated
output of the oscillator then is fed to frequency
multipliers which bring the frequency of the
signal to the required value for transmission.
A power ambplifier builds up the signal before
it is applied to the antenna.

e. Comparisons.

(1) The primary difference between the
three transmitters lies in the method
used to vary the carrier. In a-m trans-
mission, the modulating signal con-
trols the amplitude of the carrier. In
f-m transmission, the modulating sig-
nal controls the frequency of the oscil-
lator output. In p-m, or indirect f-m,
transmission, the modulating signal
controls the phase of a fixed-frequency
oscillator. The r-f sections of these
transmitters function in much the
same manner, although they may dif-
fer appreciably in construction.

(8) The frequency multipliers used in a-m

12

transmitters are used to increase the
fundamental frequency of the oscilla-
tor. This enables the oscillator to
operate at low frequencies, where it
has increased stability. In f-m and p-m
transmitters, the frequency multi-
pliers not only increase the frequency
of transmission, but also increase the
frequency deviation caused by the
modulating signal.

(3) In all three transmitters, the final
power amplifier is used chiefly to in-
crease the power of the modulated sig-
nal. In high-level a-m modulation, the
final stage is modulated, but this is
never done in either f-m or p-m.

7. A-M and F-M Receivers

a. General. The only difference between the
a-m superheterodyne and the two basic types
of f-m superheterodyne receivers (fig. 18) is in
the detector circuit used to recover the modula-
tion. In the a-m system, in A, the i-f signal is
rectified and filtered, leaving only the original
modulating signal. In the f-m system, the fre-
quency variations of the signal must be trans-
formed into amplitude variations before they
can be used.

b. F-M Receiver. In the limiter-discriminator
detector, in B, the f-m signal is amplitude-lim-
ited to remove any variations caused by noise
or other disturbances. This signal is then passed
through a discriminator which transforms the
frequency variations to corresponding voltage
amplitude variations. These voltage variations
reproduce the original modulating signal. Two
other types of f-m single-stage detectors in gen-
eral use are the ratio detector and the oscillator
detector, shown in C.

8. Summary
a. The carrier has the properties of fre-
quency, amplitude, and relative phase.

b. In modulation, one of these three proper-
ties of the carrier is modified.

¢. In amplitude modulation, the amplitude
of the carrier is varied in proportion to the
amplitude of the modulating wave.

d. The percentage of modulation of an a-m
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Figure 18. Basic a-m and f-m receivers.

wave is the percentage ratio of the peak-to-peak
amplitude of the modulating voltage to the peak-
to-peak amplitude of the carrier.

e. In amplitude modulation, the modulated
wave consists of the carrier wave and of fre-
quencies equal to the sum and difference be-
tween the carrier and the modulating frequency,
called side bands.

f. The intelligence is contained in the side
bands.

AGO 421A

g. A-m has the disadvantage of being suscep-
tible to some types of noise and interference.

k. In phase modulation, the instantaneous
phase of the signal is varied by the modulating
signal.

i. A change in phase is equivalent to an in-
stantaneous change in frequency.

j. In a phase-modulation system, the equiva-
lent frequency deviation is proportional to the
frequency of the modulating signal.

13



k. When the carrier frequency is varied di-
rectly, the process is called direct f-m.

l. When the carrier frequency is varied indi-
rectly, the process is called indirect f-m.

m. In a frequency-modulation system, the
frequency varies directly with the amplitude of
the modulating signal. The amplitude of the
modulated wave remains constant, and the
equivalent phase varies about a mean value.

9. Review Questions

a. What is meant by modulation of a carrier
wave?

b. Name the most widely used types of modu-
lation.

¢. When a wave is amplitude-modulated 100
percent, what is the relationship between the
amplitude of the modulating signal and that of
the carrier?

14

d. What causes overmodulation of an a-m
signal?

e. How many side bands are produced in a
wave that is amplitude-modulated by a single
sinusoidal tone?

f. What are the principal disadvantages of
a-m?
g. Define phase deviation.

k. What happens to the instantaneous fre-
quency during phase deviation?

t. How does the frequency of a2 p-m wave
change during a cycle of modulating voltage?

j. How does the frequency of the f-m wave
change during a single cycle of modulating
voltage?

k. What characteristic of the modulating
wave determines the maximum frequency devi-
ation of an f-m wave?
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CHAPTER 2
PRINCIPLES OF F-M

10. Frequency-Modulated Wave

a. Modulating Signal Amplitude and Fre-
quency Deviation.

(1) In a frequency-modulated wave, the
frequency varies instantaneously
about the unmodulated carrier fre-
quency in proportion to the amplitude
of the modulating signal. When the
modulating signal increases in ampli-
tude, the instantaneous frequency in-
creases, and when the modulating sig-
nal decreases, the frequency decreases.

(2) A radio-frequency carrier and an
audio-frequency signal are shown sep-
arately in A and B of figure 19. When
they are combined in the modulation
process, the resultant signal is the f-m
wave in C. As the amplitude of the
audio signal increases in the positive
direction, the modulated wave seems
to bunch up, spreading out when the
audio signal goes in the negative direc-
tion. These changes in the spacing of
the modulated wave are caused by in-
stantaneous changes in frequency.
When the modulating signal is in-
creased in amplitude, as in D, the
changes in the spacing of the wave are
proportionally greater, as in F. There-
fore, the frequency deviation of the
modulated wave is directly propor-
tional to the amplitude of the modu-
lating signal. When the audio voltage
reaches its peak value in the positive
direction, the frequency of the carrier
is at its highest value above the center
value. When the modulating voltage
reaches its negative peak, the fre-
quency of the carrier wave is reduced
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to its lowest value below that of the
center carrier frequency. Maximum
frequency deviation, therefore, takes
place at the peaks of the audio signal.

b. Signal Frequency and Deviation. Figure
20 shows that each cycle of the modulating volt-
age, A, produces a corresponding variation in
the frequency of the carrier wave, C. Two cycles
of the audio wave produce 2 cycles of frequency
change in the carrier. In D, the frequency of
the modulating wave is increased so that in the
same time interval the signal undergoes 3 com-
plete cycles. Under this condition, the maxi-
mum frequency deviation remains the same as
before; this is because the amplitude of the
modulating wave has not been changed. The
effective result of raising the frequency of the
modulating signal is shown by comparing C and
F. The audio signal is superimposed on the
modulated carrier to demonstrate more clearly
the relationship between the frequency of the
modulating signal and the frequency changes in
the carrier. This comparison indicates that,
with a higher modulating frequency, the modu-
lated wave deviates more frequently. However,
the limits of frequency deviation are the same,
regardless of the modulating frequency, since
the audio signal is of constant amplitude.

¢. Characteristics of F-M. The most impor-
tant characteristics of a frequency-modulated
wave are as follows: The amplitude of the mod-
ulated wave remains constant; the frequency of
the modulated wave varies directly as the ampli-
tude of the modulating signal; the limits of fre-
quency shift on either side of the carrier are
known as the frequency deviation limits. In an
f-m system, the frequency of the modulating
voltage determines the number of times per
second that the frequency shifts between the
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deviation limits. . The higher the frequency of
the modulating signal, the greater number of
times per second the frequency varies between
the deviation limits set by the peak amplitude
of the modulating signal. The ratio between the
maximum frequency deviation and the maxi-
mum frequency of the modulating signal is
called the modulation index.
maximum frequency
deviation
maximum frequency of
modulating signal

d. Percentage of Frequency Modulation.
The percentage of modulation of an f-m signal
cannot be determined in the same manner as an
a-m signal because 100-percent modulation
would mean that the entire carrier varies in
frequency from 0 to twice the carrier frequency.
Percentage of modulation in f-m is defined as
the percentage of maximum deviation incorpor-

Modulation index —

ated in a transmitter for a particular type of-

service. For an f-m transmitter with maximum
deviation of 75 ke, 100-percent modulation oc-
curs when the transmitter deviates the full 75
ke. When the deviation falls to 3714 ke, the
transmitter is being modulated only 50 percent.
Such a definition is flexible, of course, and de-
pends on the maximum deviation of the equip-
ment used.

11. Side Bonds

a. Amplitude Modulation.

(1) The intelligence superimposed on the
carrier wave generates side-band fre-
quencies closely adjacent to the carrier
frequency. The generation of the side
bands actually is the purpose of modu-
lation, since the modulating energy
cannot travel through space by itself.
In an amplitude-modulated wave, the
‘information represented by a sinusoid-
al modulating signal is carried in two
side bands spaced on each side of the
carrier frequency by an amount equal
to the frequency of the modulating
wave.

(2) If the modulating signal is composed
of more than one sinusoidal wave, two
side bands are generated for each
sinusoidal component of the modulat-
ing wave. The greater the number of
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(3)

modulating frequencies present, the
greater the number of side bands pro-
duced. However, only one pair of side
bands is present for each frequency in
the modulated wave, and the side
bands farthest away from the carrier
are those of the highest modulating
frequency. Therefore, if the transmit-
ter is amplitude-modulated no more
than 100 percent, the bandwidth occu--
pied by an a-m carrier and its side
bands is twice the highest audio fre-
quency in the modulating wave.

In figure 21, frequency is plotted hori-
zontally and the power contained in
a signal of a particular frequency
governs the vertical height. The car-
rier wave produced by the transmitter
has only one frequency and its ampli-
tude appears as a sharp line. Its
power, represented by the heavy cen-
ter line, is determined by the capa-
bilities of the equipment. When a sine-
wave signal from the audio power
amplifier is combined with the carrier
in the modulator stage, two identical
side-band frequencies appear on either
side of the carrier. The power of the
applied audio signal is divided between
theém, and they are separated from the
carrier by a frequency difference equal
to the frequency of the audio signal.
The carrier frequency of 1,000 ke is
amplitude-modulated by a 5-kc tone,
producing two side bands of equal
power at 995 and 1,005 kc respectively,
which are shown adjacent to the line
representing the carrier. When a 10-
ke modulating signal is added to the
first, two additional side-band pairs
appear, having frequencies of 990 and
1,010 ke, respectively.

b. Frequency Modulation.
(1) In an f-m wave, the amplitude of the

modulating signal determines the de-
parture of the instantaneous fre-
quency from the center, or carrier fre-
quency. The instantaneous frequency
can be made to deviate as much as
desired from the carrier frequency by
changing the amplitude of the modu-
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(2)

lating signal. It is possible to obtain
a frequency deviation many times the
frequency of the modulating signal it-
self. In practical equipment, this de-
viation frequency may be as high as
several hundred kilocycles, even
though the modulation frequency is
but a few kilocycles. Therefore, ihe
side bands generated by f-m are not
restricted to the sum and difference
between the highest modulating fre-
quency and the carrier, as in a-m.

Whereas in a-m, only two side bands,
spaced equally on both sides of the
carrier frequency, are generated, in
f-m, many side bands are generated
depending both in number and ampli-
tude on the modulation index. The
first pair of side bands in an f-m sig-
nal are those of the carrier frequency
plus and minus the modulating fre-
quency, and a pair of side bands will
appear also at each multiple of the
modulating frequency. As a result,
an f-m signal occupies a greater band-
width than does an a-m signal. For
example, if a carrier of 1 mc (mega-
cycle) is frequency-modulated by an
audio signal of 10 ke, several side
bands will be spaced equally on either
side of the carrier frequency at 990
and 1,010, 980 and 1,020, 970 and
1,030, and so on. The total number
present of significant amplitude (more
than 1 percent of the amplitude of the
unmodulated carrier) depends on the
modulation index. With a high modu-
lation index, more side bands are of

appreciable amplitude, and the band-
width is correspondingly greater.

¢. Bandwidth. The maximum bandwidth of
an amplitude-modulated transmission is twice
that of the maximum frequency present in the
modulating wave. Since the bandwidth in an
f-m transmitter can exceed this by many times,
the ratio of the bandwidth occupied to the abso-
lute carrier frequency can be considerably
larger than that of a-m transmitters. When a
very wide bandwidth is used (wide-band f-m),
it is necesary to choose a carrier frequency suf-
ficiently high that the bandwidth is a small per-
centage of the carrier frequency, in order to
permit a reasonabie number of assigned chan-
nels. The f-m transmitter, however, can be ad-
justed so that the maximum bandwidth does not
exceed that of an equivalent a-m transmission—
that is, for the production of only one pair of
side bands with significant amplitude. When
the f-m transmitter is adjusted for a deviation
that produces a bandwidth equal to that pro-
duced by an equivalently modulated a-m trans-

_mitter, it is called nfm (narrow-band f-m).

With this narrow bandwidth, the transmitter
can be operated at much lower frequencies (gen-
erally below 40 me).

d. Relation Between Modulating Signal, De-
viation, and Bandwidth. There are definite re-
lations between the amplitude of the modulat-
ing signal, its frequency, the frequency devia-
tion it produces, and the total bandwidth occu-
pied by the resultant modulated f-m wave. If
the frequency deviation is kept constant, the
number of side bands increases as the modulat-
ing frequency decreases, and the total band-
width occupied decreases as the modulating
frequency decreases. The total bandwidth, how-
ever, can never be less than the bandwidth set
by the peak-to-peak deviation alone, no matter
how low the frequency of the modulating signal
becomes. If the amplitude of the modulating
signal increases and its frequency remains con-
stant, the deviation increases, and the modula-
tion index increases. This means that more
energy goes into the outer side bands and cor-
respondingly more of them increase to signifi-
cant amplitude. The result is an increase in the
number of useful side bands, as well as an in-
crease in bandwidth.



e. Side-Band Spectrum and Modulation In-
dex. The position of the side-band pairs for a
single sinusoidal modulating wave depends only
on the frequency of the modulating wave. The
amplitude of the side bands depends on the ratio
of the maximum frequency deviation of the car-
rier to the frequency of the modulating wave;
that is, on the modulation index. The modula-
tion index, in turn, depends on the amplitude of
the modulating signal, because frequency devia-
tion is proportional to signal amplitude. For a
given modulation index and sinusoidal modulat-
ing frequency, the side-band pairs appear on
either side of the carrier frequency (fig. 22).
All the side-band components taken together
form the frequency spectrum of the f-m wave.
For example, if the modulating fraquency is 15
ke and the frequency deviation is 75 ke, the
modulation index will be 75/15, or 5, and the
frequency components beyond the eighth pair
of side bands will be less than 1 percent of
the unmodulated carrier amplitude, and con-
sidered negligible.

f. Carrier Amplitude.

(1) The f-m wave consists of a center or
carrier frequency and a number of
side-band pairs, which, for a given
2udio frequency and amplitude, are

(2)

constant. However, the resultant wave
varies in frequency but is constant in
amplitude. This resultant wave is the
algebraic sum of the components
which form it, and the carrier or cen-
ter frequency will vary in amplitude
with the modulation. When the trans-
mitted signal is unmodulated, there
is a certain constant amount of power
in the carrier signal. When modula-
tion is applied, power is taken from
the carrier and forced into the side
bands; therefore, the carrier ampli-
tude, or center-frequency component,
is reduced. The maximum power (fig.
22) is carried in the fourth side band,
which is 4 times 15, or 60 ke, away
from the carrier frequency.

The carrier frequency or center-fre-
quency component changes in ampli-
tude with modulation, whereas, in a-m,
the power for the side bands is sup-
.plied by the modulator and is not
drawn away from the carrier. Since
no information is in the earrier, re-
ducing its amplitude increases the effi-
ciency of operation in terms of power
consumed. For some value of modula-
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Figure 28. Frequency spectrum of f-m wave.
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tion index and modulating frequency,
carrier amplitude falls to 0 and all
the power is contained in the side
bands.

g. Numerical Values of Side Bands.
(1) In figure 22, with a frequency devia-

(2)

tion of 75 k¢ and a modulating fre-
quency of 15 ke, the center-frequency
component is reduced to less than 20
percent of its unmodulated amplitude.
If the modulating frequency is reduced
to 5 ke with the same frequency devia-
tion of 75 ke (fig. 23), the center fre-
quency is reduced to only 1.4 percent
of its unmodulated value. The side
bands are spaced every 5 kc on either
side of the center frequency out to the
nineteenth pair of side bands, and all
subsequent side bands are less than
1 percent of the unmodulated carrier
amplitude.

For the 15-ke¢ modulating frequency
of figure 22, with a modulation index
of 5, the total bandwidth is 240 ke. In
figure 23, with a 5-kc modulating fre-
quency and a modulating index of 25,

100

the total bandwidth occupied is 190 ke.
The bandwidth of both is greater than
the deviation limits of =75 ke, which
is equal to a peak-to-peak deviation of
150 ke. However, the side bands above
or below the limit are relatively small
in amplitude and can be disregarded.
In both figures, the unmodulated car-
rier is shown in dashed lines for com-
parison with the amplitudes of the f-m
side bands.

h. Side-Band Amplitude Computations.

(1)

The relationship between the ampli-
tudes of the side bands and an audio-
modulating frequency for a modula-
tion index of 2 is shown in figure 24.
The deviation is 30 ke, with a modu-
lating frequency of 15 ke. The modu-
lated carrier wave, which is the re-
sultant of the algebraic sum of the
carrier and side bands is shown in A,
with the modulating frequency, f.,,
superimposed on it. At the positive
peaks of the modulation cycle, the
instantaneous frequency of the wave
is f plus fp, the frequency peak devia-
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tion, whereas at the negative peaks
the frequency is fo minus fp. The peak-
to-peak deviation is, therefore, 2fp. If
the carrier frequency is 100 mc with
a frequency deviation of 30 ke, then
the lower deviation limit is 99.97 mec
and the upper one is 100.03 mc. There
are four side-band pairs whose ampli-
tudes exceed the 1-percent level and
some of these are greater in amplitude
than the center frequency. These are
spaced on either side of the carrier
frequency at intervals of 15 k¢, as in
C, D, E, and F, and each side-band
pair has an amplitude as shown in G.
The center frequency is reduced in
amplitude to 22.4 percent of the un-
modulated value. The first side-band
pair at 99.985 mc and 100.015 mc has
an amplitude of 57.7 percent of the
unmodulated carrier value; the second
side-band pair at 99.97 and 100.03 mc
is 35.3 percent of the unmodulated car-
rier; and so on.

(2) To compute these bandwidths and side-
band amplitudes, tables and graphs
are available. Table I shows the num-
ber of effective side-band pairs for a
given modulation index, and also the
effective bandwidth that results for a
given audio-modulating frequency, f,.
To compute the number of side-band
pairs from the table, it is necessary to
know the frequency deviation and the
modulating frequency. The quotient
of the two determines the modulation
index, which in turn determines the
number of effective side-bands pairs.
For example, if the deviation is 25 ke
and the modulating frequency is 5 ke,
the modulation index is 5. From table
1, a signal with a modulation index of

5 has eight effective side-band pairs, -

and the bandwidth is 16 times the
modulating frequency of 5 ke, or 80 ke.
The modulation indices that are less
than .5 have only one pair of effective
side bands and their effective band-
widths are all equal to 2f,. When us-
ing table I, if the modulation index is
some fractional value, use the nearest
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whole number. If the modulation in-
dex is 814, the number of effective
side-band pairs for 8 is used; if it
should be 83/, the figure for 9 is used.
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Table I. Effective Bandwidth for Modulation Index

Modulation index

Number of effective

M =f,/f, side-band pairs Effective bandwidth

R S A 4fs

1 S S, 6f4
2 . 4 8fa
. 6 e 121,
4. - 1414
L S 8 1614
L 9 1814
S D 3 S 22f4
8 - 12 24f4
9 . 18 26fa
10 . 4 28f4
m. 15 30f.
12 .. 16 . 32f4
13 17 34fa
4 18 36fa
5 _ 9 38f.4
6. . 20 - 40fa
17 b2 S 4214
8 . 28 4614
19 . 24 48f4
20 ___ .. 25 - 5014
2y 26 .. 52f4
22 . b 54f.
23 28 e 5614
24_____________. 29 - 58fa
25 . 30 - 6014

(3) The same relationship is shown graph-
ically in figure 25. The modulation
index is plotted horizontally and the
increase in bandwidth over the peak-
to-peak deviation is shown vertically.
A modulation index of 5 produces an
increase of bandwidth of .6 or 60 per-

cent. The peak-to-peak deviation is 2
times 25, or 50 ke. Sixty percent of
50 ke is 30 ke, and 30 ke plus 50 ke is
equal to 80 kec. This is the same value
as obtained with table I. The graph
is especially useful in finding frac-
tional values and modulation indices of
less than one-half and more than 25.

t. Bandwidth and Guard Bands. The effective
side bands must be at least as far from the car-
rier as the frequency deviation limits. Because
of this, it is necessary to provide a channel or
bandwidth that will handle the highest side-
band component, plus a guard band that will
absorb any side bands that extend beyond these
limits. Since the modulating signal cannot al-
ways be specified and can vary over wide limits,
it is easier to assign the channel in terms of
deviation limits, and then to set aside some addi-
tional frequency space for guard bands on
either side of the deviation limits. The channel
with the guard bands assures a minimum
amount of interference to stations operating on
adjacent frequencies. In addition, the center
carrier frequency of a particular station may
vary from the assigned value and cause inter-
ference to stations on adjacent channels. The
guard bands help to prevent this.

12. Types of Modulating Signals

a. Nonsinusoidal Modulating Waves. The
preceding paragraphs are based on the assump-
tion that the carrier wave was modulated by
only one audio frequency that was sinusoidal in
form. In general, waves containing information
are neither sinusoidal nor composed of only
one frequency. Moreover, the waves need not
even be continuous; that is, they can start or
stop abruptly. The modulation of the carrier
by a nonsinusoidal wave can be understood by
analyzing the character of the modulating wave.
Waveforms can be analyzed as the sum of a
number of sine waves of various amplitudes and
frequencies. In respect to the frequency modu-
lation of a carrier by a nonsinusoidal, discon-
tinuous wave, the effective frequency variations
follow the variations in the amplitude of the
wave, just as they do in the sinusoidal wave.
Therefore, the frequency deviation is still pro-
portional .to the peak amplitude of the signal,
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although the variations are not as regular in a
given time interval as they are in sine-wave
modulation.

b. Speech Modulation. In normal speech,
many different frequencies are present at the
same time in the equivalent electrical wave.
These frequencies range from 100 to 8,000 cps.
For good intelligibility of speech only those be-
tween 300 and 3,000 cps need be transmitted.
The average frequency content of speech de-
pends on the voice of the speaker and on what
he is saying; therefore, it is impossible to pre-
dict the side bands accurately. Standards must
be set up that will duplicate the average speech
spectrum, and a combination of 300 to 3,000 cps
generally is uscd. The energy in high-pitched
speech tones is much lower than in low-pitched
speech, the amplitude of the 3,000-cps compo-
nent being only one-tenth of the 300-cps com-
ponents in a normal male voice. Therefore, the
level of the 3,000-cps tone must be lower in
amplitude to simulate the real qualities of
speech. This means that the deviation for the
high frequencies is correspondingly less, and
the bandwidth is less than expected if it is as-
sumed that equal intensities are used at 300 and
3,000 cps. Therefore, the bass frequencies cause
the greatest deviation, even though the higher
frequencies, if of equal intensity, tend to cause
a wider bandwidth.

¢. Pulse Modulation.

(1) When amplitude modulation with two
audio frequencies is superimposed on
the carrier, a pair of side bands is pro-
duced for every sine-wave component
in the modulated wave. This fact can
be demonstrated for as many compo-
nents as are necessary to make up any
given waveshape. A of figure 26 shows
a rectangular wave composed of a
large number of sire waves of various
amplitudes and frequencies added to-
gether. Similarly, any other nonsinu-
soidal waveform can be analyzed in
terms of a number of component sine
waves.

(2) When nonsinusoidal waveforms am-
plitude-modulate a signal, they pro-
duce the same side bands that would
be present if all of the sine waves to
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Figure 26. Sine-wave components of rectangular wave.

which they are equivalent were pres-
ent. For example, rectangular ampii-
tude modulation of a carrier wave pro-
duces side bands in symmetrical pairs
about the carrier in relation to the
amplitudes and frequencies of the sine-
wave equivalent of the modulating
waveform. This produces the spec-
trum of side bands shown in B. Each
component making up the wave in A
is plotted in terms of frequency and
amplitude. This type of signal fre-
quently is designated under a separate
category as pulse modulation. Intelli-
gence can be transmitted in such a
systera by controlling the ampiitude,
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width, spacing, and position of the
pulses. Frequency modulation, with
the modulating wave in the form of
rectangular pulses, is used in fre-
quency-shift telegraphy. The fre-
quency of the -carrier is shifted
abruptly between two values in ac-
cordance with the rectangular pulses
received from a teletypewriter. Tri-
angular pulses derived from certain
types of facsimile transmitters for
picture transmission are used also.

d. Side Bonds—Complex Waves.

24

(1)

(2)

(3)

When a sine-wave frequency modu-
lates a carrier. many side bands are
produced on either side of the carrier.
These side bands are simple multiples
of the modulating frequency with up-
per and lower side bands being iden-
tical in amplitude and symmetrical
about the carrier.

Assume that a =ignal of 5 k¢ modu-
lates a carrier wave and produces 10-
ke deviation, while at the same time
a 10-ke signal modulates the carrier
and produces a 10-ke deviation. The
spectrum produced by the two signals
tends to interact in a complicated way,
depending on the amplitude and phase
of the various side-band components.
Not only the spectrum of each com-
ponent is produced, but all possible
combinations of each component with
every other are present. Not all of
these combinations, however, are of
significant amplitude and the result is
the production of the spectrum shown
in figure 27. The actual instantaneous
frequency deviation of the signal is the
resultant of the sum of the two waves.
That is, the two modulating waves add
vectorially to produce a third that ac-
tually modulates the carrier, as shown
in B.

Tt can be seen that this spectrum is
symmetrical about the carrier fre-
quency but no longer corresponds to
the spectrum of either component
alone. Assume, however, that the de-
viation produced by the two compo-
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Figure 27. F-m for tivo modulating signals.

(4)

nent waves is not the same. In figure
28, a 5-ke signal produces a 30-ke devi-
ation, and a 10-kc¢ signal produces a
10-ke deviation. The modulating wave
is shown with each of its components
in B. The dotted line represents a 5-ke
wave at three times the amplitude of
the 10-kc wave. Since the deviation
is proportional to the amplitude of the
modulating signal, the amplitude of
the wave producing 30-ke deviation is
three times that of the wave producing
10-kc deviation. The result of combin-
ing the two waves -is shown by the
heavy black line, and it is this wave
that causes the actual frequency devia-
tion. The resultant spectrum is shown
in A, and it is not symmetrical in re-
spect to the carrier.

In general, for a modulating signal
that contains more than one sine wave,
the side-band spectrum is not symmet-
rical about the carrier unless the mod-
ulating signal is symmetrical about the
horizontal axis. For example, the
wave (heavy line) in A of figure 27 is
the same above and below the axis.
This is not true of the wave in B of
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dividing the deviation by the repeti-
tion rate.

[l
\ (6) For example, a frequency-shift tele-
, ‘ |

2.

graph transmitter deviation is 10 kec.

(Each pulse of modulating signal

Ly shifts the frequency abruptly 10 ke).

10 20 30 40 If the pulse repetition rate is 1,000

cycles per second, the modulation
index is equal to

deviation _ 10ke 10
pulse repetition rate 1ke

Entering the horizontal axis at a mod-

ulation index equal to 10, intersect

with the curve at an increase in band-

width of 2.25. The peak-to-peak devi-

ation is 10 times 2 = 20 ke. The in-

crease in bandwidth is, therefore, 20

8 times 2.25 — 45 ke, and the total band-
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Figwre 28. F-m for signals producing different
deviations.

DEVIATION

figure 28. The upper side band is asso- i
ciated with the shape of the positive

half of the wave, whereas that of the TIME A
lower side band depends on the nega-

tive half. This stems from the basic fL
fact that an increase in amplitude of § |
the modulating signal produced an in- Sho ll“ L1, vt
crease in the instantaneous frequency %I ‘l
of the carrier. Moreover, the energy }
in the side bands is distributed in ac- n—— B8
cordance with the shape of the modu-
lating wave. The effective bandwidth 100
of the signal is increased, depending 50
on whether the addition of the equiva- 20
lent component sine waves of the com- r 10 N
plex waveform increases or decreases S ¢ \\\
the peak deviation of the signal. § 2 N
{6) Using the graph shown in C of figure a \\\
29, it is possible to determine the band- % s N
width of the signal with pulse modula- &
tion. For a wave with rectangular fre- & 10 -
quency modulation, shown in A, the 2 o5 N,
spectrum is that in B. The maximum 02 N
bandwidth required depends on the .01
modulation index. This chart is used T2 %12 51020 50100200500 ] 2000 | 0000
in the same manner as figure 25. When MODULATION INDEX ’
the deviation and the repetition rate c
of the rectangular pulses are known, 1M 668-29
the modulation index can be found by Figure 29. Rectangular modulation.
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(7)

e. Bandwidth Limits

width is 20 plus 45 == 65 ke. The chart
is computed with the pulse present
one-quarter of the total time.

If the modulating wave is triangular,
as shown in A of figure 30, it produces
the spectrum shown in B, and the total
bandwidth can be calculated from the
curves in C. This chart is used in the
same manner as the one for the rec-
tangular pulse. The modulation index
is the quotient of the deviation and the
repetition rate.

for Nonsinusoidal

Speech Modulation.

(1) The wide-band f-m wave contains

numerous side bands that are distrib-
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Figure 80. Triangular modulation.

(2)

uted on either side of the carrier fre-
quency. For sinusoidal modulating
waves, the side bands are distributed
equally above and below the carrier
frequency. However, since most speech
waves are not sinusoidal, the side
bands in general are not of equal am-
plitude above and below the carrier.
The number of side bands produced by
a speech wave exceeds the number of
sinusoidal components by a consider-
able amount. Moreover, the amplitude
and the phase of each of these side
bands vary in relation to the carrier
frequency. Beyond certain frequency
limits, however, the power contained
in the outer side bands becomes very
small, and so for all practical purposes
they can be neglected. The point be-
low which the side-band energy is
negligible is arbitrary, dep=nding on
the kind of equipment that must be
operated in the adjacent channel. As
with sinusoidal modulation, when the
the amplitude of the side-band com-
ponent is less than 1 percent of the un-
modulated carrier value, it is con-
sidered negligible.

When the modulating signal is a mix-
ture of many different waves distrib-
uted throughout the audio range, the
ratio between frequency and phase
deviation is hard to determine. The
ratio of peak deviation in frequency
to peak phase swing (swing ratio),
measured in radians, gives some idea
of the different conditions that prevail.
This ratio, which is a constant for a
simple sinusoid with a given modula-
tion index, varies considerably with
speech waves, depending on whether
the modulation is indirect f-m or di-
rect f-m. It is also dependent on the
microphone, the characteristics of the
audio-frequency amplifier, and how
the total modulation applied to the
transmitter is controlled to prevent
overmodulation. In general, the swing
ratio is greater than unity in an indi-
rect f-m transmitter, whereas in a
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direct f-m transmitter it is less than
or equal to one.

This means that in direct f-m trans-
mitters the swing, or deviation in kilo-
cycles, can be less for a given phase
deviation than the expected value for
a sine wave when speech is used. Con-
versely, the frequency deviation in an
indirect f-m transmitter is more than
the sine-wave value by as much as 50
percent, all depending on the character
of the microphone, the audio amplifier,
modulation limiting devices, and so
forth. The importance of this relation-
ship is that a directly modulated f-m
transmitter has less peak deviation
on speech waves than an indirect f-m
transmitter when set for the same de-
viation, using a sine-wave source.

13. Preemphasis and Deemphasis

a. Preemphasis.

(1)

In the transmitters used to convey
speech, the deviation is the same for a
given amplitude regardless of the fre-
quency of the modulating signal. How-
ever, as signals pass through the trans-
mitter, the receiver, and the space be-
tween them, certain amounts of un-
wanted noise and distortion are super-
imposed on the desired speech. This
noise is distributed uniformly through-
out the audible spectrum. Therefore,
the ratio of the signal to the unwant-
ed noise decreases in the higher fre-
quencies because the speech amplitudes
in this range do not have the intensity
that the lower frequencies have. More-
over, the distortion increases in the
high-frequency portion of the spec-
trum. The high frequencies make the
greatest contribution to intelligibility
of speech waves, since the consonants,
which form the majority of speech
sounds, have their peak energy in this
part of the audio band.

(2) To avoid degrading the reproduction
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of consonants through poor signal-to-
noise ratio in the upper end of the
speetrum, a certain amount of added
amplification (preemphasis) is pro-

(3)

vided for these frequencies. The re-
sult of this process should not sound
unnatural when received, and the re-
verse procedure, deszmphasis, there-
fore is used at the receiver. This com-
bination of preemphasis and deem-
phasis provides a more uniform signal-
to-noise ratio throughout the audio
range. A transmitter using preempha-
sis has a wider side-band spectrum for
speech than one without it. In gen-
eral, the bandwidth of a speech signal
deviating a transmitter 100 percent
with preemphasis is about one-third
greater than the deviation limits. If
the deviation is 75 ke, for example, the
total bandwidth at 100-percent modu-
lation is about 200 ke (150 plus 50).

The fact that preemphasis results in
a greater bandwidth for a given devia-
tion always must be taken into ac-
count. However, the possibility of over-
modulation is not likely, since the high-
frequency components of the signal
originally are weak and the preem-
phasis merely brings them up to the
level of the low tones. It does not
cause overmodulation of an f-m trans-
mitter, although the deviation limits
set for the particular unit will be in-
creased. It has been shown that the
effective bandwidth increases as the
audio frequency increases, and also
that, as the upper audio frequency in-
creases in level, more and more of the
outer side bands rise above the 1-per-
cent margin,

- (4) The preemphasis characteristic of an

f-m transmitter can be specified by a
graph (fig. 31) showing the relation-
ship between the audio input and the
modulated output. The frequency of
the audio spectrum is plotted horizon-
tally, and the output of the unit for
an input that is constant in respect
to frequency is shown vertically. This
curve shows that the output remains
relatively constant from 50 to about
500 cps and then rises abruptly to a
peak at 15,000 cps. Since this rise is
specified in db (decibels), a change of
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6 db means a doubling of the ampli-
tude of the signal. Therefore, when the
graph shows a rise of 18 db from
1,000 to 15,000 cps, it means that the
amplitude has doubled three times.
The resultant output at 15 ke, there-
fore, is 2 times 2 times 2, or 8 times
the output at 1,000 cps.

b. Deemphasis. At the receiver, the reverse
characteristic of preemphasis is used so that
the natural balance between high and low fre-
quencies in speech is not upset. The charac-
teristics of preemphasis and deemphasis nor-
mally are achieved by simple electrical combina-
tions of resistance, capacitance, and inductance
connected to give the desired relationship be-
tween the input and the output voltages of the
network. The characteristics of speech are
complicated, and, therefore, the mnetworks
chosen represent a compromise between dupli-
cating the exact loss of high frequencies and
using as few parts as possible. In general, pre-

emnhasis and deemphasis circuits are very sim-
ple combinations of a capacitor and a resistor,
or an inductor and a resistor.

¢. Preemphasis Network. A simple preem-
phasis network consisting of an inductor and a
resistor connected in the grid circuit of a vac-
uum-tube amplifier is shown in A of figure 32.
In this circuit the audio voltage is impressed
across the inductor and the resistor in series,
and the output is taken across the inductor.
Since the impedance of the coil rises with fre-
quency, and the resistance remains constant,
the voltage across the coil rises. The ratio of
inductance to resistance determines the time
constant of the combination, and the preem-
phasis characteristic can be specified complete-
ly in terms of the time constant. When the in-
ductance is given in henrys and the resistance
in megohms, the time constant is in microsec-
onds. For example, calculate the time constant
of the network (fig. 32) which contains a resis-
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A. Preemphasis B. Deemphasis

Figure 32. Networks.

tance of 100,000 ohms (.1 meg) and an indue-
tance of 7.5 henrys.
Time constant — L — 7.5 — 75 microseconds
R 1
For the specific ratio of inductance to resistance
in figure 32, the graph of output voltage in re-

spect to input voltage is shown in figure 31:

d. Dezmphasis Networks. The deemphasis
at the receiver must be the reverse of the pre-
emphasis characteristic. This is accomplished
by making the time constant of the resistor and
capacitor in B of figure 32, equal to that of the
preemphasis circuit. Since capacitive reactance
-decreases with increased frequency, the volt-
age across it decreases as the frequency rises.
When the proper time constant is chosen, the
higher frequencies are restored to their normal
values. If the eapacitor is in microfarads and
the resistance is given in ohms, the product of
R times C gives the time constant in micro-
seconds. For example, in the circuit in B, the
capacitor is .001 microfarad and the resist-
ance is 75,000 ohms. What is the time
constant?

Time constant=R X C=175,000X.001=
75 microseconds
This is the same time constant as that of the
inductor and resistor in A, figure 32.

14. Noise and Communication

a. General. One of the greatest disadvan-
tages in transmitting information by amplitude
modulation is the susceptibility of an a-m signal
to both natural and man-made noises. Some of
the disadvantages of a-m with regard to noise
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and freedom from interference can be overcome
by using frequency modulation. Although f-m
is not the most efficient system for overcoming
noise, it is one of the easiest methods to apply.
Modulation by means of short pulses of energy
is more efficient, but the transmitters are much
more complicated than those used for f-m. They
seldom are employed except where large, cum-
bersome equipment can be used.

b. Impulse and Fluctuation Noise. Most man-
made noises fall into two general classifications;
tmpulse noise and fluctuation noise. Impulse
noise consists of sharp pulses of r-f voltage
which, when detected in a receiver, take the
form of equally sharp pulses of audio voltage.
They are often many hundreds of times greater
in amplitude than the desired signal and make
it impossible for the desired signal to be re-
ceived. Perhaps the most common producers
of impulse noise are the ignition systems of
gasoline engines. Since many radio applica-
tions call for the installation of communication
equipment in military vehicles, impulse noise
is a problem. Steps are taken to eliminate as
much of this noise as possible in military ve-
hicles, but such elimination measures can never
be perfect. There is alwavs a residual com-
ponent of the noise which mav cause serious
difficulties if the received signals are weak.
The second kind of man-made noise, called fluc-
tuation noise, is of a more continuous character.
It appears as a broad band of many pulses which
bear little or no relation to each other. Such
noises are produced to a great extent by rotat-
ing electrical machinery, gas rectifiers, high-
voltage transmission lines, and similar power
devices. The noise from a small motor, al-
though frequently weaker than the signal by a
considerable amount, is capable of causing se-
vere inlerference and possible interruption to
a-m reception.

¢. Notse Transmission. Man-made noise can
reach the receiver in several possible ways. It
can be received as a radiated signal along with
the desired signal. or it can be picked up at the
input of the receiver by transfer of energy
through the capacitance between the antenna
and the noise-producing device. Power lines in
the vicinity of the antenna to which a noise-
producing device is connected may induce a
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noise directly in the antenna, or the noise can
be transmitted directly over the power line to
the receiver itself.

d. Man-Made Noise Frequencies. Man-made
noise is not distributed uniformly through the
spectrum. Impulse noise is most bothersome in
the frequencies approximately from 15 me to
160 mc and fluctuation noise generally is more
severe at lower frequencies, and with a maxi-
mum intensity reached at frequencies well be-
low 20 me. The noise is most severe at the fre-
quency where the device producing it is large
enough to act as a good antenna. For exam-
ple, vehicles whose dimensions approach a half-
wavelength in the vicinity of 30 mec produce
their most. severe ignition noise in this region.
Most equipment used for vehicular communica-
tion, as well as some important fixed stations,
operates in this range. The noise produced by
the discharge of current through a gas, mer-
cury-vapor rectifiers, and similar devices has a

spectrum that extends up to extremely high .

frequencies with very high intensities. It often
is impossible to remove the noise from these
devices because it is impractical to shield them.

e. Natural Noises. Natural noises disturbing
to radio communication arise from various
sources and may be either impulse or fluctua-
tion types. Perhaps the most familiar are the
frequent and overlapping noise in pulses pro-
duced by lightning discharges. This noise origi-
nates not only in local siorms but also in the
tropical storm centers, from which it is propa-
gated as a radio wave to many parts of the

earth. The signal strength of noise produced by
local storms decreases directly with increasing
frequency, the frequencies above 40 me being
less subject to this interference than the lower
frequencies. The storms are more intense in
summer than in winter, and, since most of the
static occurs in the warm temperatures, the
lowest noise levels are found in the colder
weather. There are also weaker noise impulses
thought- to be produced by sources not on the
earth, such as the noise attributable to sun
spots. Naturally, nothing can be done to sup-
press natural noises at their sources, whether
they originate near the receiver or not. There-
fore it is desirable to have some other means
of overcoming them.

f. Receiver Noise. The limiting factor gov-
erning the sensitivity of most high-frequency
receivers is the amount of noise inherent in the
receiver. Although there mayv be no defective
parts, there still will be a quantity of noise in
even the best receivers. This noise is of a ran-
dom fluctuation type, producing a characteristic
hiss-like sound in the loudspeaker or earphones.
The most important noise in very-high-fre-
quency equipment, where noise outside the re-
ceiver is low enough to permit receiver noise
to be noticed, is caused by the current flowing
through resistors and tubes.

g. Communication in Presence of Noise. A
general communication system is shown in the
block diagram of figure 33. The information
source supplies a message which is converted
into an electrical impulse. It then is trans-
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Figure 33. Noise in general commnication system.
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formed into a signal that can be sent through
space to the receiver. The receiver recovers the
signal and reproduces the message. During the
course of the transmission, the signal may be
modified by the addition of some noise, and
therefore the receiver cannot reconstruct the
original message perfectly. However, in an f-m
system, if the deviation is increased above a cer-
tain minimum signal-to-noise ratio, the mes-
sage-to-error (or degree-of-accuracy) ratio
increases.

h. Noise in F-M Reception. The effect of
random fluctuation noise and impulse noise in
f-m receivers differs. Fluctuation noise pulses
excite tuned circuits in the receiver, causing
them to oscillate at their resonant frequency.
The oscillations interfere with the carrier, caus-
ing spurious noise to appear in the detector out-
put, and then diminish gradually until the next
noise pulse. Impulse noise is largely a sudden
disturbance in the amplitude of the =ignal. It is
removed by the f-m detector. which does not
respond to the amplitude variations of the car-
rier. If the frequencv-modulated signal is very
weak compared with the noise, the intelligence-
containing side bands are suppressed in the f-m
detector. Therefore, if the carrier is not above a
certain minimum amount, f-m is actually worse
than a-m. The value of this minimum is called
the threshold of improvement and depends on
the frequency deviation. Only when the signal
is above this threshold is wide-band f-m superi-
or to a-m. Narrow-band f-m is as good as a-m
at low signal levels and is equal or inferior to
it at high levels.

1. F-M and A-M Response to Impulse and
Fluctuation Noise. In figure 34 the signal-to-
noise ratio is plotted vertically against the peak
carrier-to-noise ratio. Amplitude modulation is
shown by the straight diagonal line for compari-
son purposes. For a modulation index of 1, the
dashed lines indicate the improvement in signal-
to-noise ratio over a-m. The lower of the pair,
labeled F,, is the improvement for fluctuation
noise, and the higher, I,, is the improvement
for impulse noise. The other set of dotted lines
shows the same situation for a modulation index
of 4, with curve &, for fluctuation noise and J,
for impulse noise. The threshold of improve-
ment begins where the carrier is sufficiently
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Figure 34, F-m noise charocterislics.

strong that the curve crosses the reference a-m
line.

j. Noise in Presence of Modulation. These
analyses have been made with sine-wave modu-
lation. With speech or other forms of informa-
tion impressed on the carrier, the results are
somewhat different, but in general they agree
with that of the sine-wave. For normal mili-
tary communication, f-m is an improvement
over a-m because of itz higher immunity to
noise. Narrow-band f-m is preferred where the
carrier frequency is relatively low and channel
space is at a premium. Wide-band f-m is used
at the higher frequencies, where this is not a
problem. However, when the signal is weak,
wide-band f-m is inferior in performance to an
equivalent a-m system. In this it differs from
narrow-band f-m, which is capable of excellent
performance at low-signal levels. The reduction
in errors caused by poor signal-to-noise ratio
also makes advantageous the use of f-m in radio-
telegraphy systems. In these systems, the sig-
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nal is modulated by either a series of rectang-
ular pulses or the use of two continuous audio
tones as modulating signals to shift from one
tone to the other as the transmitter is keyed.
The latter method has the advantage of requir-
ing somewhat less spectrum space than the rec-
tangular modulation method.

15. Interference

a. General.
(1) Any receiver of radio signals, no mat-
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ter what type of modulation is used,
has a certain bandwidth over which it
will accept signals. In this acceptance
band, the receiver reproduces signals
at the output of the detector for which
it was designed. An a-m receiver must
be capable of passing all frequencies
that go into the modulation side bands
on either side of the carrier in addi-
tion to the carrier itself. If speech is
to be received, the receiver must have
a bandwidth at least twice the highest
speech frequency that is transmitted.
For gnod voice transmission the high-
est audio frequency is usually 3 ke.
Therefore, the bandwidth of an a-m
receiver for the reception of speech
must have an acceptance band of at
least 6 ke.

An f-m receiver must have a band-
width that is at least enough to allow
for the full frequency deviation plus
the side bands of the transmitted sig-
nal. In a receiver with a given band-
width, any spurious or unwanted sig-
nals that fall within the acceptance
band give rise to some form of inter-
ference to the desired signal. In addi-
tion, no practical receiver is made with
an acceptance band that just covers
the necessary bandwidth with no re-
sponse outside those limits. If the sig-
nal that interferes with the desired
signal is in the same channel, the in-
terference is called co-channel inter-
ference. If the disturbance originates
on either side of the receiver accep-
tance band, it usually is called adjo-
cent channel interference. The receiv-
er also can have spurious responses at

frequencies other than the one at
which it is tuned because of inade-
quacies in the rejection of unwanted
frequencies in the first receiver stage.

b. A-M.
(1) Within the acceptance band of the a-m

(2)

receiver, any unwanted side bands are
equivalent to spurious modulation, and
they are amplified and detected just as
the desired signal is. Therefore, no
matter what steps are taken in the de-
sign of the receiver, -these undesired
signals cause an output to appear in
the loudspeaker or earphones. The be-
havior of a receiver in the presence of
interference can be analyzed in con-
nection with the over-all acceptance
band of the receiver, and the results
for a-m are different from those for
f-m.

‘10 see what happens when two sig-
nals combine in the pass band of any
type of receiver, consider the vector
diagram of figure 35. In this diagram,
the undesired carrier is represented
by the vector labeled E. It is not a
stationary vector but is generating a
sine wave and therefore is rotating at
a definite rate depending on the fre-
quency. Assume that it combines with
the desired carrier, E.. which has a
frequency that is slightly different
from that of the u:idesired carrier, E..
Although botl ~arriers “.re rotating, it
1s assumed that E. is ..anding still
while E rotates at a rate equal to the
difference between its natural fre-
quency and that of the desired carrier.
Since the two carriers are added in
the receiver, the resultant vector
shown by the arrow, E,, has a fre-
quency equal to the difference between
the two carriers. Moreover, its rela-
tive phase, a, is continuously changing
with the rotation of the carriers, so
that the resultant is phase-modulated.
Since the frequency difference between
the two signals was assumed to be
small, the vector changes in length as
the relative angles of its components
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Figure 85. Interference between two unmodulated

(3)

carriers.

vary. Therefore, it is also amplitude-
modulated at the difference frequency.

The single interference resultant pro-
duced between two unmodulated car-
riers is modulated .in both amplitude
and phase. Since frequency and phase
modulation differ so little, it can be
considered modulated also in fre-
quency. This composite modulation is
called a beat note between the two
carriers. When this beat note is re-
ceived, it produces spurious signals
that vary both in frequency and in am-
plitude and therefore appear in the
output of the receiver, regardless of
the kind of modulation for which the
receiver is designed. The output of the
detector also contains simple multi-
ples of the fundamental beat note.
These are its harmonics and they are
strong when the two carriers are near-
ly equal in amplitude.

(4) When one of the carriers is amplitude-
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modulated, the resultant interference
varies at the modulating frequency.
The beat note here too is frequency- ,
phase-, and amplitude-modulated, and
can interfere in any receiver. If both
carriers are amplitude-inodulated, the
resultant beat note is heavily ampli-
tude-modulated, even though the
strength of the interfering carrier is
a fraction of the strength of the de-
sired one. In fact, it can be shown by
mathematical analysis that the inter-

fering signal can be as much as one
thousand times weaker than the de-
sired carrier and still cause an audible
beat note. If it is more than one-
hundredth as strong, it causes prohibi-
tive interference. Therefore, it can
be seen that for military purposes,
where there must be many pieces of
equipment in use at once, interference-
free reception with a-m may be im-
possible under emergency conditions.

¢. F-M. In f-m, modulation of an otherwise
unmodulated carrier by the undesired signal
decreases as the deviation of the undesired car-
rier increases. In fact, it never can exceed one-
half cycle, which is equivalent to a modulation
index of one-half. When the desired carrier is
modulated, the interference decreases as the de-~
viation is increased, especially since the f-m
detector is assumed to be insensitive to a-m.
Wide-band f-m is less susceptible to interference
than a-m, and narrow-band f-m gives some im-
provement. If the two interfering signals differ
in amplitude by a relatively small ratio of two
to one, the interference between the carriers
is negligible. Therefore, because of its greater
freedom from interference, f-m is more widely
used for military applications than a-m. In f-m,
the stronger of two wide-band, or even two
narrow-band, transmitters is received practical-
ly without interference from the other.

16. Summary

a. In a frequency-modulated wave, the in-
stantaneous frequency varies about the carrier
frequency in proportion to the amplitude of the
modulating signal.

b. The variations in instantaneous frequency
are determined by the frequency of the modulat-
ing wave; the higher the modulating frequency,
the greater the number of deviations in a given
time period.

¢. In amplitude modulation, two side-band
frequencies (an upper and a lower) are gener-
ated for each sine-wave component of the modu.
lating signal.

d. In an f-m system, many side bands are
generated for each sine-wave component of the
modulating signal.
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e. The bandwidth occupied by an f-m signal
exceeds the peak deviation limits. The total
bandwidth increases for increasing modulation
frequency, all other things being constant.

f. When the channel space occupied by an
f-m transmitter approximates that of an a-m
transmitter for the same modulating signal, the
transmission is termed narrow-band f-m.

g. Where f-m bandwidth greatly exceeds that
of the equivalent a-m signal, it is called wide-
band f-m.

h. The amplitudes of the side bands, as well
as their frequencies, depend on the amplitude
and frequency of the modulating signal and
the frequency deviation of the transmitter.

1. For a sinusoidally modulated signal, the
side bands are distributed in symmetrical pairs
on either side of the carrier frequency at inte-
gral multiples of the modulation frequency.

7. The ratio of the frequency deviation to the
frequency of the modulating signal is called the
modulation index.

k. The value of the modulation index deter-
mines the amplitude and number of the various
side bands.

[. The number of side-band pairs increases as
the modulating frequency decreases.

m. To allow for the side bands beyond the
peak deviation limits, additional channel space,
called a guard band, is provided on either side
of the channel.

n. For nonsinusoidal modulation, the side-
band frequency distribution depends on the sin-
usoidal components present in the nonsinusoidal
wave, and can be analyzed in terms of each
component separately plus all possible products
of each side band with every other. The band-
width for a nonsinusoidally modulated signal
generally is greater than that for a sine wave of
the same amplitude and frequency.

0. Where the modulation is in the form of
rectangular waves, the result is termed pulse
modulation. The number of pulses per second
is called the pulse repetition rate.

p. Symmetrical modulating signals produce
a symmetrical side-band spectrum.
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q. Because the high frequencies in a sound
signal are weaker than the low ones, they are
amplified to a greater extent in many trans-
mitters to improve the ratio of signal to noise
in this range. This is called preemphasis. The
reverse process is called deemphasis and is pro-
vided for in the receiver.

r. Radio noise is of two types—impulse, or
sharp r-f pulse voitage; and continuous, or flue-
tuating, signals of random amplitude and phase.

8. Improvement in the signal-to-noise ratio
takes place only with a minimum value of car-
rier present at a level termed the threshold of
improvement.

t. Frequency modnlation is less susceptible
to interference than a-m because the maximum
effective modulation index of the interfering
wave can never exceed one-half if the desired
carrier is twice as strong as the undesired car-
rier.

17. Review Questions

a. What happens to the frequency deviation
of an f-m wave when the amplitude of the mod-
ulating signal is increased?

b. If the frequency of the modulating signal
is doubled, what happens to the f-m wave? De-
scribe in detail.

¢. What determines the effective bandwidth
of an a-m transmitter?

d. Why are guard bands used between ad-
jacent f-m channels?

e. Are the side bands of an f-m transmitter
the same for sinusoidal and nonsinusoidal mod-
ulating voltages?

f. How is it possible to use a larger band-
width for an f-m transmission than for an a-m
transmission?

¢g. When does f-m have only two side bands?

h. Which f-m signal has fewer side bands,
one with a higher or one with a lower modulat-
ing frequency, for the same total deviation?

i. What is the minimum bandwidth of a nar-
row-band f-m signal?

AGO €21A



j. If the audio-modulating frequency is the
same for two f-m transmitters, but one is ad-
justed for one-half the deviation of the other,
which will have the greatest effective number
of side-band pairs? Why?

k. If a 5-kc audio signal produces a deviation
of 15 kc at 33 mc, what is the maximum instan-
taneous frequency of the f-m wave?

I. What is meant by the modulation index?

m. What is the modulation index for an
audio signal of 2 ke with a deviation of 220 kc?
What total bandwidth would such a signal oc-
cupy?

n. Define pulse repetition rate.

0. What is the effect on the side-band spec-
trum when two signals of different amplitude
and frequency simultaneously modulate the car-
rier?

p. When is the spectrum that results from
nonsinusoidal modulation symmetrical? When
is it not symmetrical?
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g. What are the highest and the lowest fre-
quencies that need to be transmitied for inteil-
ligible speech?

r. What is the difference in the relationship
of phase-to-frequency deviation between a di-
rect f-m transmitter and an indirect f-m trans-
mitter, modulated by speech?

s. What is the purpose of preemphasis?

t. What is the time constant of a deemphasis
network consisting of a capacitor of .03 mi-
crofarad in series with a resistor of .1 megohm?

u. What is the difference between impulse
and fluctuation noise?

v. In an f-m communication system, what is
the relationship between the bandwidth and
noise?

w. By how much must two carriers differ in
amplitude if they are not to interfere with each
other when they are both amplitude-modulated?

x. Which is better for the reduction of inter-
ference for stations operating on the same
channel—narrow- or wide-band f-m? Why?
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CHAPTER 3
METHODS OF PRODUCING FREQUENCY MODULATION

Section |. DIRECT METHODS OF PRODUCING FREQUENCY MODULATION

18. Genelfcl

a. Methods for producing f-m are direct and
indirect. In the former, the change in frequency
of the oscillator is directly proportional to the
amplitude of the audio signal. With indirect
methods, the change in phase angle is directly
proportional to the amplitude of the audio sig-
nal.

b. The two basic transmitter stages neces-
sary for producing f-m are the r-f oscillator and
the modulator. The oscillator can be any one
of the basic types, such as the Hartley or the
Colpitts. The modulator stage provides a way
of controlling oscillator frequency, usually with
a modulating signal, at some audio frequency.
A discussion of methods for producing f-m
therefore is essentially a discussion of different
modulator circuits.

¢. Figure 36 shows a simple shunt-fed Hart-
ley oscillator. Feedback is accomplished by
coupling energy from the plate to the grid cir-
cuit through the split inductance. This feed-
back sustains oscillations at a resonant fre-
quency determined mainly by the values of in-
ductance and capacitance in the tank circuit.
The frequency can be determined approxi-
mately by means of the formula,

fo= 1
2r\/LC

f. is the resonant frequency

L is the inductance

C is the capacitance
From this formula, it can be seen that a change
in either inductance or capacitance results in a
change in the resonant frequency. If the in-

where
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ductance or capacitance is increased, the reso-
nant frequency is lowered; if L or C is de-
creased, f, is raised. Since the frequency can
be changed by changing L or C, the next step
is to find a method for allowing the audio signal
to control either L or C.

R-F
CHOKE

TM668—36

Figure 36. Shunt-fed Hartley oscillator.

19. Mechanical Methods

a. Changing Capacitance. In figure 37, a ca-
pacitor-type microphone is substituted for €
in the tank circuit of the oscillator. The two
plates of the microphone, one fixed and one
movable, have some value of capacitance be-
tween them. This capacitance, C, together with
the inductance, L, forms a tank circuit resonant
at some frequency, f,. When sound waves strike
the movable plate (diaphragm) of the micro-
phone, it moves back and forth with the changes
in air pressure caused by the sound. From basic
theory, it is known that changing the distance,
d, between the plates of a capacitor changes its
capacitance; the greater the distance, the

AGO 421A



smaller the capacitance; the smaller the dis-
tance, the greater the capacitance. As the dia-
phragm moves back and forth, the capacitance
of the tank circuit is being changed accordingly.
A changing capacitance in the tank circuit
means a changing resonant frequency. Since
the audio signal controls the movement of the
diaphragm and the value of capacitance, it also
determines the resonant frequency. The output
is a frequency-modulated wave, whose fre-
quency deviation is controlled by the amplitude
of the audio signal. There are certain draw-
backs to using the circuit just described to pro-
duce an f-m wave since only a capacitor-type
microphone ecan be used. This restriction is
.undesirable in view of the many types of mi-
crophones in use. Furthermore, it is necessary,
at times, to separate the microphone from the
transmitter by considerable distances. This ar-
rangement is impossible with the circuit of
figure 37.

INSULATOR

MOVABLE
DIAPHRAGM ;
\ \
SOUND WA E
Y H'
INPUT I |
/ L

FIXED PLATE

g

specially designed signal generators. However,
the mechanical system necessary is not capable
of changing frequency in accordance with voice-
modulating frequencies. For this reason, it
cannot be used in f-m transmitters.

20. Reactance

Since the reactance of a capacitor, X,, is
equal to
ohms

Where
X, is capacitive reactance
f is the frequency of the voltage source
C is the capacitance

It can be seen that, if the capacitance is held
constant, the frequency must be changed in
order to change the reactance. The same effect

Rg R-F
CHOKE

B¢

4
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Figure 87. Capacitor-type microphone produces f-m.

b. Changing Inductance. The inductance of
a coil constructed with a powdered-iron slug at
its center can be varied by moving the slug in
or out of the coil. If this coil is substituted for
L in the tank circuit of the Hartley oscillator,
the resonant frequency can be made to depend
upon the position of the slug in the coil. By
using a motor and a suitable gear train, the
slug can be made to move in and out of the coil
at a rate determined by the motor speed, and
the resonant frequency is changed accordingly.
This system is used to produce an f-m wave in
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can be noted by inspecting the formula for in-
ductive reactance:
X, =2« fL ohms,

where

X is the inductive reactance

f is the frequency

L is the inductance
It is possible to control the frequency of an
oscillator by controlling the amount of reac-
tance, capacitive or inductive, which is present
in the circuit. This is accomplished in a circuit
known as a reactance modulator, which uses
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the characteristics of a vacuum tube to control
the reactance in the tank circuit of the oscilla-
“tor. By simulating a capacitance or an induct-

ance across its output terminals, it is said to -

inject reactance into the tank circuit. The simu-
lated capacitance or inductance in turn is con-
trolled by the audio signal.

21. Yacuum-Tube Characteristics

a. Transconductance. Before proceeding
with the discussion of reactance modulators, it
is desirable to review briefly the vacuum-tube
characteristics on which circuit operation de-
pends. The transconductance of a vacuum tube
is defined as the ratio of a small change in plate
current to the small change in the grid voltage
that produced it, with the plate voltage held
constant. This ratio can be expressed mathe-
matically in the form:

Im = dlb
de,

where

g is the transconductance

1, is the plate current

e.is the grid voltage

d signifies a small change in
Transconductance is a form of conductance, and
it is measured in mhos, where the current is in
amperes and the voltage in volts. Because the
transconductance almost never exceeds frac-
tional values, a2 smaller unit, the micromho, one-
millionth of a mho, is used. The transconduc-
tance of a vacuum tube under rated operating
conditions usually is listed in tube manuals.

b. Amplification Factor. The amplification
factor, y, or mu, of a vacuum tube is defined as
the ratio of a small change in plate voltage to
the small change in grid voltage that produced
it, the plate current being held constant. Ex-
pressed mathematically:

po= deb
de,
where
» is the amplification factor
de, is the change in plate voltage,
de. is the change in grid voltage.
The . of a tube determines how effective the
grid is in controlling the plate current. For
example, if the p is 35, it means that the grid
voltage is 35 times more effective in controll-
ing the plate current than the plate voltage. For
a given change in plate current, therefore, the
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change in plate voltage would have to be 35
times the necessary change in grid voltage.

¢. Plate Resistance. The plate resistance of a
vacuum tube is defined as the ratio of a small
change in plate voltage to the small change in
piate current that produced it, the grid volt-
age being held constant. In mathematical
form—

T, =de,
di,
where

7, is the a-c resistance from plate to cathode

de, is a small change in plate voltage

di, is a small change in plate current

d. Relationship of gm, u, and 7,. It is possi-
ble to combine the three equations for transcon-
ductance, amplification factor, and plate re-
sistance so that a direct relationship exists be-
tween them. If the equations for g,. and 7, are
multiplied

In X 7Ty =di, X de,
de. dlb
The di, terms cancel out, and
Im X Tp = %
de,
An inspection of the equation shows that the
right-hand side is the expression for the am-
plification factor, u. Therefore, . can be sub-
stituted for de,/de., and
In X Tp=npn :
The significance of this relationship between
vacuum-tube characteristics will become ap-
parent in considering reactance modulator cir-
cuits as used in f-m transmitters.

22. Reactance-Tube Modulator

The purpose of the reactance-tube modulator
in a direct f-m transmitter is to frequency-mod-
ulate the f-m signal of an oscillator in accord-
ance with the audio signal. The modulator ac-
complishes this by changing the amplitude vari-
ations of the audio signal into a varying reac-
tance which is injected into the tank circuit of
the oscillator. This injected reactance changes
the frequency of the oscillator.

a. Basic Circuit. .
(1) The fundamental arrangement of the
circuit of a reactance-tube modulator
and oscillator is shown in figure 38.
At the extreme left, the audio signal
is.impressed between terminals 1 and
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(2)

2, or between grid and ground of the
reactance tube. Therefore, the audio
signal controls the reactance-tube
plate current. The plate current flows
through a load consisting of Z, and
Z, in series, which is connected across
the tank circuit of the oscillator
through terminals 3 and 4. When the
plate current is varied by the audio
signal, the reactance of the plate load
is changed, thus changing the operat-
ing frequency of the oscillator tank
circuit. The resultant f-m signal then
is coupled inductively to the following
stages of the transmitter through
terminals 5 and 6.

With no audio signal present at the
grid of the reactance tube, its plate
current has some small d-c value whose
effect on the plate load is negligible.
The r-f voltage present across the os-
cillator tank circuit also is impressed
across the reactance tube plate load.
The plate load of Z, and Z, presents a
reactance to this voltage which can
simulate the action of either a capac-

itor or an inductor. This is the same
as adding a capacitor or an inductor
in parallel with the tank circuit, which
changes either the effective capaci-
tance or the inductance of the tank
circuit. The operating frequency of
the oscillator, therefore, depends not
only on L and C, but also on Z, and
Z,. Since this operating frequency is
the oscillator output frequency with
no audio signal present, it also must
be the center frequency of the f-m sig-
nal. The audio signal, when applied
between terminals 1 and 2, is im-
pressed not only from grid to ground,
but also across Z, in the plate circuit.
The combined effect of these two ac-
tions is to change the reactance of Z,
and Z, in accordance with the audio
signal.

b. Impedance at Terminals 8 and 4.
(1) Looking from the tank circuit toward

terminals 3 and 4, an impedance caused
by Z,, Z,, and the reactance tube is
seen. For a given amplitude of audio
signal, the resultant plate current

—_——— =
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REACTANCE ] B+
AUDIO 2
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————— L e—— T™ 668-38

Figure 38. Basic circuit of reactance-tube modulator and oscillator.
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(2)

(3)

through the tube can be found from
from the tube transconductance

gm == ii_b_

de,

or

dib = gm X dec
The plate current flowing through the
plate load is

ib == Jm X €.
where the plate load consists of Z, and
Z,, or Zg. In circuits of this type, the
plate resistance of the tube usually is
high enough to be ignored when con-
sidering the plate load.

If the voltage across Z, is E,;, then
(by Ohm’s law) :

Zab == Eab
S
Substituting for ,,
Zab = Eab
gm X €

From this it can be seen that the trans-
conductance of the tube has an inverse
effect on impedance Z,, across the os-
cillator tank circuit. It remains now
to break e, into its equivalent compo-
nents in order to observe all the fac-
tors at work in the determination of
this impedance.

An examination of figure 38 shows
that e, is impressed across Z, in the
plate circuit of the reactance tube. If
the total voltage across Z,, is E'y;, then
e. must be related to F,, as Z, is relat-
ed to Z,,. In mathematical form, this
relation can be expressed as:

b =__Z»
Eab Za + Zb
When this equation is solved for e, it
is found that

€. = Eab X Zb

Za + Zb

This value of e. then is substituted in
the equation for the total impedance
found in the previous paragraph:

Zub = __E'_a

gn X €

ad =

. =

~ ab
ngEabX Zb
Zo+ 2,

The E,, terms cancel out, and the re-

maining terms of the equation can be
simplified in the following manner:
Zo=1XZs+2
Im Zb
—1XxX (1+4+Z7,)
gm Zb
=1+1X2,
Im Om Zh
The last form of the equation gives
the impedance at terminals 8 and 4
in terms of the reactance-tube trans-
conductance and the impedance net-
work of Z, and Z,.

{(4) This equation for the impedance seen
by the oscillator tank circuit expresses
mathematically the principle of opera-
tion of the reactance-tube modulator.
The impedance, Z,;, is the general term
for the total impedance across the os-
cillator tank circuit. The terms Z,
and Z, are expressions for the circuit
components which together constitute
the plate load. These can be capacitors,
inductors, or resistors which have
fized values in the circuit, and the only
way to vary Z,, is to vary the trans-
conductance of the reactance tube.
This takes place when an audio signal
is applied to tte input to the modu-
lator.

¢. Injected Reactance. An examination of
the equation for the total impedance shows that
it contains two parts. The first part is the re-
ciprocal of a transconductance, which is resis-
tance. The second part contains two terms
for impedance, Z, and Z,. If either Z, or Z, is
made reactive, the second part of the equation,
1/9» times Z,/Z,, is a form of reactance. This
reactive component is the injected reactance.
Assume that Z, is a fixed capacitor having a
reactance of X, at a frequency, f. If Z, is a
resistor having a resistance, R, then the in-
jected reactance, X, is

Xi=1XX,
gmn R

d. Circuit Operation. Figure 39 shows a re-
actance-tube modulator circuit with C, and R,
forming the plate load. With no audio signal
present, this network injects a fixed reactance
across the tank circuit which determines the
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operating frequency of the oscillator or cen-
ter frequency of the f-m wave. When an audio
signal appears at the input, the injected reac-
tance is varied above and below its zero-signal
value, thereby varying the frequency of the os-
cillator above and below the center frequency.
The variation in injected reactance, as well as
the frequency deviation, depends on the ampli-
tude of the modulating signal.

B+

€9 1o eriID

{

OSCILLATOR

.

T™ 668-39

Figure 89. Typical reactance-tube modulator circuit.

(1) Zero-signal operation.

(a) With no audio signal present, the
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only signal impressed on the modu-
lator circuit is that of the r-f volt-
age across the oscillator grid cir-
cuit. This voltage is applied across
the plate load of the modulator, or
across Cp and R;. The reactance of
C. is made very large in respect to
the resistance of R, and therefore
the capacitive reactance, XC;, de-
termines the resultant current flow,
causing it to lead the voltage across
it by approximately 90°. This cur-
rent flowing through R, results in
a voltage drop across R, which also
leads the applied voltage by 90°. Ac-
tually, the voltage across the resist-
ance is in phase with the current
through it; however, it can be seen
that the voltage across E; is applied

between grid and ground of the re-
actance tube.

(b) This r-f voltage at the grid of the

reactance tube causes an r-f varia-
tion of plate current which is cou-
pled back to the tank circuit of the
oscillator through the coupling ca-
pacitor, C.. However, the current in
the oscillator tank circuit is in phase
with the r-f voltage, since the cir-
cuit is operating at resonance, while
this additional current resulting
from the same voltage leads the volt-
age by 90°. The additional current
supplied by the reactance tube acts
as if it were coused by a capacitor.

(¢) The circuit operation just described

can be seen in terms of vectors in
figure 40. In A, the tank circuit volt-
age, Er, and the current, I, are in
phase because the circuit is at reson-
ance. The r-f voltage of the tank
circuit, Er, causes a current flow
through the plate load of the react-
ance tube. This current, i, leads
the applied voltage by 90°, because
the capacitive reactance of C, has
been made large in comparison with
the resistance of B;. In B, this cur-
rent, i,, flows through R,, causing
a voltage drop, Er;, across the resis-
tor which is in phase with the cur-
rent through it. The circuit, how-
ever, is arranged so that this voltage
is coupled to the grid of the react-
ance tube; Eg; is also e.. In C, this
grid voltage causes an r-f variation
in plate current, i,, which is in phase
with the grid voltage. The capac-
itor, C., has negligible reactance
and when the r-f current is coupled
to the oscillator tank, it adds to the
current flowing in it. Since i, is 90°
out of phase with-the tank. current
and leading it, ¢, acts as if it were
coming from a circuit component
having capacitive reactance, and
consequently a capacitance.

(2) Zero-signal injected reactance. The
amount of reactance injected in this
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Figure 40. Vector representation of zero-signal operation.

circuit can be calculated from the for-
mula
Xi=1X Xe1,
gm RL

where

X, is the injected reactance

0 18 the reactance-tube

transconductance

X1, is the capacitive reactance

R, is the resistance
From the aralysis of this particular
arrangement of the plate load compo-
nents, it is known that X, is a capaci-
tive reactance. Basic theory shows
that the capacitive reactance of any
capacitor can be found from the for-
mula

X.= 1

2=fC

Since this is true, similar expressions
can be written for the capacitive re-
actance of C;, and also for C,,

Xe= 1
2-fCy,
and
A: = 1
2xfC;

Substituting these expressions for
X.. and X, in the formula for the in-
jected reactance:
1
1 = 2+C.X_1

21rfC.- R Gm
When this expression is simplified, the
injected capacitance, C;, is found to be

Ci=9gn XRLXC,
The effect of the reactance modulator,
with no audio signal present, is the
same as that of a capacitor having C;
capacitance placed across the oscilla-

tor tank. Sinee C, is in parallel with C
of the tank circuit, the two capaci-
tances add, increasing the total capaci-
tance and decreasing the operating
frequency some fixed amount. The new
operating frequency then becomes the
center frequency of the f-m wave.

(3) Effect of audio signal. Applying an

audio signal at some single frequency
to the grid of the reactance tube caus-
es two voltages to be present at the
grid—an a-f voltage and an r-f volt-
age. The r-f voltage-is responsible for
the reactive plate current flow and the
audio signal changes the amount of
plate current flowing in accordance
with its amplitude. Changing the
amount of plate current coupled to the
tank circuit means that its reactive
effect is varied and results in the in-
jection of a changing reactance into
the oscillator tank. This changing
reactance adds a changing capacitance
to the oscillator tank. Oscillator fre-
quency is varied accordingly and the
result is a frequency-modulated signal
at the oscillator output. The effect of
the audio signal can be seen in terms
of the formula for injected capaci-
tance, where C; is equal to g, R.C,.
The variations in a-f voltage at the
grid have the same effect on the r-f
plate current as a varying tube trans-
conductance. From the formula above,
it can be seen that varying the trans-
conductance changes the injected ca-
pacitance, and causes frequency modu-
lation to appear at the oscillator out-
put. ‘
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e. Plate-Load Arrangements.

(1)

(2)

The arrangement shown in figure 39 is
not the only possible arrangement that
can be used to inject a reactance into
the oscillator. For example, the ca-
pacitor and resistor used in the basic
circuit can be reversed so that induc-
tive reactance is injected into the os-
cillator. A combination of an inductor
and a resistor or any combination but
that of capacitor and inductor allows
the circuit to frequency-modulate the
oscillator output. Four arrangements
are possible: capacitor-resistor, resis-
tor-capacitor, inductor-resistor, and
resistor-inductor. However, the for-
mula for the injected reactance involv-
ing gm, Z,, and Z, has a different ar-
rangement for each circuit.

In figure 41, a resistor is substituted
for Z, and a capacitor for Z,. The com-
ponents are chosen so that the resist-
ance of R, is much greater than the
reactance of C.. Since the resistive
component is so much larger, the r-f
voltage applied to the plate load by
the tank circuit causes the current to
be in phase with the r-f voltage. As
in any capacitor, however, the current
leads the voltage by 90°, and this is
true also of C,. The voltage across C,
therefore, lags the current and the ap-
plied voltage by 90°. This voltage
across C; is coupled to the grid of the
reactance tube, and causes an r-f vari-
ation in plate current that is in phase
with the grid voltage. The r-f current
is coupled to the oscillator tank, and,
since it is in phase with the grid volt-
age, it must lag the current in the tank
by 90°. This produces the same result
as when an inductor is placed across
the tank. The modulator therefore is
said to inject inductive reactance into
the tank circuit. The amount of simu-
lated inductance necessary to produce
this injected inductive reactance is:
L,=R,C,
Im

{3) Keeping the large resistor, R;, for Z,,
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it is possible to substitute a small in-
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Figure 41. R-c reactance-tube load.

ductor for Z, (fig. 42). With this ar-
rangement, the circuit now injects a
capacitive reactance into the oscilla-
tor tank circuit. The oscillator voliage
applied across the plate load of the re-
actance tube causes a current to flow
whose phase is controlled by the large
resistance of R;. This current is in
phase with the applied voltage, since
R, is large in respect to X,;. The volt-
age across any inductor, however,
leads the current through it by 90°.
The voltage across the inductor, there-
fore, leads both the current and the
applied voltage by that amount. Be-
cause this voltage is coupled to the
grid of the reactance tube, an r-f plate
current flows which is in phase with
the grid voltage and 90° leading in
respect to the oscillator tank voltage.
When coupled to the oscillator tank,
this current acts as if it were caused
by a capacitor having a capacitive re-
actance equal to the injected reactance.
The amount of this capacitance can be
found from the formula,
Ci = Om LL
R,

When the resistor-inductor arrange-
ment is reversed (fig. 43), the circuit
injects inductive reactance into the os-
cillator tank. The inductance of L, is
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Figure 42. R-L reactance-tube load.

made large to increase the inductive
reactance in respect to R;. The r-f
voltage from the osecillator tank then
will cause a current to flow through the
plate load which lags the applied voit-
age by 90°. This voltage then is ap-
plied to the grid of the reactance tube,
producing an r-f plate current which
is lagging the current in the tank cir-
cuit by 90°. Since a lagging current is
an indication of inductance, the modu-
lator simulates the action of an indue-
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Figure 48. L-R reactance-tube load.

tor placed across the tank circuit. The
amount of injected inductance can be
found from the formula

L( = LL
9mR:

(5) The four arrangements possible in the
plate circuit of the reactance tube are
shown in figure 44, together with the
formulas for calculating the injected
inductance or capacitance. It must be
borne in mind that Z, always is made
large in respect to Z,, and it is this
component which determines the phase
of the current caused by the r-f oscil-
lator voltage. The amplitude of the
reactive current is controlled by the
amplitude of the audio-modulating
signal by means of the tube transcon-
ductance. Z, and Z,, therefore, contro;
the operating frequency of the oscilla-
tor, and g.. controls the frequency de
viation.

f. Quadrature. The pasic reactance-tube cir-
cuit often is referred to as a quadrature circuit
because the r-f voltage developed across its out-
put terminals is leading or lagging the r-f cur-
rent in its plate circuit by approximately 90°.
When the injected reactance is capacitive, the
current leads the r-f voltage; when it is induc-
tive, it lags. If the plate resistance of the re-
actance tube is negligible in respect to the mag-
nitude of the injected reactance, the phase an-
gle approaches the value of 90°. However, since
there is always a resistive component as well
as a reactive one, this phase angle can never
actually become the ideal quadrature relztion
of 90°.

23. Practical Reactance Modulator

A of figure 45, shows a reactance modulator
circuit used in a portable f-m transmitter, which
injects a capacitance across the tank circuit of
the master oscillator. For explanation purposes,
the equivalent circuit of A is shown in B. The
plate tank circuit of the master oscillator is
represented by L,-C; and the interelectrode ca-
pacitance between the grid and filament of the
reactance modulator by C,. The interelectrode
capacitance, C,, is connected effectively in
series with R75 and in parallel with L2 to
make up a phase-shifting network. Since
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Figure 44. Four possible plate-load arrangements.

L, is coupled to L,, the r-f voltage across it is
180° out-of-phase with the oscillator voltage
across the tank. The resistance of R75 is made
large in respect to the reactance of C,;, and the
current through C,; is in phase with the induced
voltage produced by L2. However, the voltage
across C, lags the current through it by 90°,
and this voltage is applied to the grid of the
reactance tube. Since the grid voltage is in
phase with the plate current, it lags the tank

AGO 4214

voltage and current by 180° plus 90°, or 270°.
This is the same as saying that the plate-current
leads the tank current by 90°. The effect is that
of injecting a capacitance across L1-Cl. Ca-
pacitor €28 blocks the d-c bias voltage on the
oscillator grid from appearing on the react-
ance modulator grid. The purpose of R17 is
similar to that of an r-f choke; it keeps the low-
impedance microphone circuit from shorting the
r-f components across Cy.
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Figure 5. Practical reactance modulator.

24. Input Capacitance Modulator

¢. In any vacuum-tube amplifier a definite im-
pedance is present between the grid and the
cathode. This impedance depends on the values
of components in the external circuits of the
other tube elements. Resistance in the plate cir-
cuit will result in the appearance of capacitance
from grid to ground, depending on the amount
of series plate resistance and the voltage gain of
the tube. This is caused by the variations in
electrical charge in the space between the grid
and the plate. In the tube manual, a capacitance
from grid to ground usually is listed for each
tube under the heading of input capacitance.
This value is determined with no resistance in
the plate circuit. As the plate load is increased
in value, the capacitance reflected into the grid
circuit rises. How effective a given amount of
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plate load is in increasing this capacitance de-
pends on the gain of the tube, and ultimately on
the transconductance, x = 7,¢,.. The changing
of input capacitance with variations in plate-
load resistance and tube transconductance is
called Miller effect.

b. Since the input capacitance varies with
the transconductance, it can change the fre-
quency of an r-f oscillator when connected
across the tank circuit. Therefore, Miller ef-
fect can be put to work in a direct frequency
modulator (fig. 46). Operation is much like that
of the reactance modulator, since variations in
grid voltage at an audio rate are reproduced as
changes in frequency of the oscillator. With no
audio signal on the modulator, a fixed capaci-
tance is injected across the oscillator tank. Con-
sequently, the effective frequency of cscillation

AGO 421A



goes down to the value set by the sum of the
Miller-effect capacitance and the oscillator tank
capacitance. When the audio signal is applied,
the transconductance of the amplifier tube
changes directly with the amplitude of that sig-
nal. The value of the Miller-effect capacitance
increases and decreases with the amplitude vari-
ations of the audio signal. Since this capaci-
tance is in parallel with the oscillator tank ca-
pacitor, the frequency varies above and below
the audio-signal zero value, producing true f-m.

INPUT
CAPACITANCE
MODULATOR

: T c,

T

for wide deviations as the reactance modulator.
Furthermore, the amount of injected capaci-
tance is not adjustable over the wide range that
the quadrature circuit offers.

25. Diode Modulator

a. When a resistor and a capacitor are placed
in series across a source of a-c voltage, the cur-
rent flowing in the circuit is out of phase with
the voltage. This current has two components,
one caused by the resistance and one by the ca-
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Figure 46. Input-capacitance modulator.

¢. The amount of capacitance injected by Mil-
ler effect also depends on the internal tube ca-
pacitance between grid and plate. In a pentode,
this internal capacitance is small, and the Miller
effect is also small; in a triode, the internal tube
capacitance itself usually is sufficient. To in-
crease the amount of injected capacitance, a
small capacitor can be connected externally be-
tween the grid and plate. A small value of plate
load resistance is used to permit the tube to
operate along a linear part of the plate current-
grid voltage characteristic curve. Cathode bias
is provided by a series resistor and bypass ca-
pacitor. To keep the deviation distortion low,
the tube is coupled through C1 to a tap across
a part of the oscillator tank. Audio voltage is
applied to the grid of the tube through an iso-
lating resistor, R1. The circuit is capable of a
considerable amount of freqguency deviation
with low distortion. However, it is not as good
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pacitive reactance. The resistive coinponent is
in phase with the applied voltage, and the reac-
tive component leads the applied voltage by 90°.
The resultant current therefore leads the ap-
plied voltage by some angle between 0° and 90°,
the size of the angle depending on the relative
size of the two components. If the resistance
is large compared with the capacitive reactance,
then the current leads the applied voltage by
only a few degrees. If the resistance iz small
compared with the capacitive reactance, the cur-
rent leads by nearly 90°.

b. If the resistance is made variable. the cur-
rent can be made to lead the voltage by any
value hetween 0° and 20°. If this variation can
be controlled at the audio rate of a modulating
signal, the resultant current can be used to fre-
guencyv-modulate an osecillator. A diode is used
zs the variable resistance in the arrangement
shown in figure 47, called a diode modulatar.
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Figure 47. Diode modulator.

¢. The diode and capacitor C are placed in
series across the oscillator tank circuit. The re-
actance of C is made large in respect to the
resistance of the diode. The applied voltage, E
is the r-f voltage across the tank, and causes an
r-f current to flow through the diode and C,
which leads the voltage by nearly 90°. The plate
current of the control tube also flows through
the diode and R, to the power supply. With zero-
modulating signal this current is constant, and
the modulator injects a fixed reactive current
into the tank which determines the operating
frequency.

d. When an audic-modulating signal is ap-
plied to the grid through C,, an audio current
flows through the plate circuit of the control
tube. This current increases and decreases in
step with the audio voltage. Since the current
through the control tube also flows through the
diode, the current flow through the diode also
increases and decreases. This has the same ef-
fect as increasing and decreasing the resist-
ance of the diode with a constant voltage ap-
plied. The effective resistance of the diode in
series with the r-f current, therefore, is varied
at the audio rate. The variations in the result-
ant reactive current injected into the tank cir-
cuit change the frequency of oscillation. A
change in the reactive current has the same ef-
fect as a change in fhe capacitance across the
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tank circuit, and the result is a frequency-modu-
lated signal.

e. Less noise and distortion are present in the
diode modulator than in the conventional reac-
tance-tube modulator. In addition, it is easy
to set the operating range so that the frequency
deviation is more nearly proportional tc the
modulating signal. The reactance-tube modu-
iator has considerable variation in the resistive
current drawn during modulation which always
introduces some amplitude modulation. In the
diode modulator, the actual resistive change
that takes place across the oscillator tank is so
small that there is very little resuitant distor-
tion. The reactance modulator, however, is ca-
pable of a much greater maximum frequency
deviation.

26. Frequency Modulation of R-C
Oscillator

a. Several communication systems have been
discussed in which the information transmitted
was not necessarily speech. One of the most
common of the nonspeech applications of f-m is
facsimile, involving the transmission of pic-
tures, maps, and similar material which are
printed automatically at the receiver in re-
sponse to signals from the transmitter. Faecsim-
ile often uses a system of f-m known as sub-
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carrier modulation which consists of the ampli-
tude modulation of an r-f carrier by an audio
tone. The a-m wave then is frequency-modu-
lated and serves as a carrier for the applied
signal.

b. Subcarrier modulation requires wide devi-
ation relative to the carrier frequency. For ex-
ample, if the subcarrier is 4,000 cps, it is com-
mon to find deviation which varies the frequency
between the limits of 2,000 and 6,000 cps. This
variation is more than 50 percent of the subcar-
rier frequency itself. Such relatively wide devi-
ation cannot be obtained from a reactance mod-
ulator driving an ordinary L-C oscillator with-
out excessive distortion. The variation of trans-
conductance necessary to produce the relatively
enormous change in injected capacitance or in-
ductance needed cannot be obtained from the
straight-line part of the e.-i, characteristic.
Therefore, a completely different solution has
been worked out, using an oscillator that has no
inductance in its circuit.

¢. Oscillators for the audio-frequency range
can be made using only resistors and capacitors.
Their operation is based on the principle that a
series combination of a resistor and a capacitor
causes a definite phase shift. When the values
of the resistance and the capacitive reactances
coincide, the current in the circuit leads the
.applied voltage by 45°. If the voltage developed
by the current in the resistor is applied to a sec-
ond identical series network, the current in this
circuit leads the original input circuit voltage
by 90°. If the current is made to flow through
two more identical networks (fig. 48),.the over-
all phase shift from the input to the output of
the network (4 resistors and 4 capacitors) is
180° at a particular frequency.

d. The plate voltage of a vacuum tube is oppo-
gite in polarity to that of the voitage on the grid,
and these voltages can be considered 180° out
of phase with each other, when the plate load is
resistive. A decrease in grid voltage causes a
corresponding decrease in plate current. If this
decreased plate currcat flows through a load re-
sistance, the voltage drop across that resistor
decreases, and the plate voltage rises toward the
supply voltage. If part of the plate voltage is
returned to the grid through the network,
shown in A, the applied grid signal is in phase
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Figure 48. Development of f-m phase-shift oscillator.

with the output of the network. The result is
an increase in signal input to the network with
correspondingly: greater increase in plate voit-
age, until the accumulative action causes the
circuit to breakx into oscillation. This is the
arrangement in the phase-shift oscillator in B.

e. The phase-shift oscillator is capable of gen-
erating a wide range of frequencies throughout
the entire audio range. When the capacitive
reactance is such that the phase shift in each
section is exactly 45°, the greatest tendency for
oscillation exists. Any slight variation in plate
current or supply voltage starts the circuit os-
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cillating. The frequency of' oscillation can be
changed by altering the phase shift of any or all
of the components of the network. If the re-
sistors are made variable, the frequency can be
changed over a considerable range. The ampli-
tude of oscillation is comparatively independent
of the losses in the network, provided that the
gain of the tube exceeds a certain critical value.
Changing the value of one or more of the re-
gistors alters the loss in the network, but does
not alter the amplitude appreciably, although it
does change the frequency. Therefore, wide fre-
quency excursions can be obtained through
changing the resistor values with no variation
in amplitude of oscillation. This means that a
frequency-modulated signal can be generated
which has very little distortion.

f. Instead of varying the resistors mechan-
ically, an electronic circuit has been devised.
This is shown in C of figure 48. One of the re-
sistors of the phase-shift network is replaced
by the equivalent plate resistance tc ground of
a vacuum tube. This is accomplished by con-
necting the plate to the phase-shift network and
the cathode to ground. Plate voltage for the
tube is supplied through a suitable load resis-
tor. When the grid voltage of the tube is varied
by modulating signal, the plate resistance
changes over a wide range. In fact,- when
the tube goes to cut-off, the resistance is ex-
tremely high. Similarly, when the grid voltage
is zero, the plate resistance is very low. The
resistance of this element of the phase-shift
network, consequently, can vary over a range
which is directly proportional to the modulat-
ing signal. This variation of resistance changes
the over-all phase shift of the network so that

Section Il

28. Phase Variation

a. General.

(1) ANl of the frequency-modulation cir-
cuits discussed in section I consisted
of oscillators using reactive elements
in their frequency-determining net-
works. Such circuits, however, are in-
herently unstable in respect to fre-
quency. For very critical applications
where it is desired that stations oper-
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feedback is developed at a different frequency.
The variation of plate resistance of the modula-
tor tube is directly proportional to the amplitude
of the modulating signal, and the frequency of
the phase-shift oscillator is also proportional
to the control resistance over a wide range. It
follows that the frequency of the oscillator also
must be proportional to the amplitude of the
modulating signal over an equally wide range.
This is the characteristic desired for producing
f-m in the subearrier modulation process.

27. Permeability-Modulated Direct F-M

a. An extremely simple frequency-modulator
circuit has been devised for use in very compact
portable equipment, where saving an extra tube
means an increase in the service life of the bat-
teries. This modulator needs no additional tubes
for production of f-m. The operating principle
is based on the variation of inductance in an
iron core coil with changes in the magnetic flux
passing through it. Inductance can be altered
by changing the permeability of the iron core—
that is, the ease with which the magnetic field
passes through it.

b. If the iron core is made a part of an audio
transformer in the plate circuit of an audio am-
plifier, variations in the plate current alter the
permeability of the core. This, in turn, changes
the inductance of a part of the coil used to form
the tank inductance of an r-f oscillator. A fair
amount of deviation can be produced in this
way without any extra modulating tubes. The
system has the disadvantage of high distortion
and low deviation capabilities, since the pow-
dered-iron core must be operated in a highly
saturated magnetic condition.

INDIRECT METHODS OF PRODUCING FREQUENCY MODULATION

ate on precisely specified frequencies,
crystal oscillators are used. A quartz
crystal is the electrical equivalent of
a resonant circuit with an extremely
high Q. The resonant frequency is de-
termined by the mechanical properties
of the quartz itself.

(2) The reactance changes that can be pro-
duced with a direct-method frequency
modulator have little effect on the res-
onant frequency of a crystal oscillator.
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- Therefore, this oscillator is considered
to be fixed in frequency. If a crystal
oscillator can be phase-modulated, the
output can be converted easily to fre-
quency modulation. Indirect f-m is
produced by using a suitable correct-
ing network to convert a phase-modu-
lated sigmal.

b. Phase Variation. A change in the phase of
a signal can be produced by passing the signe!
through a network containing resistance and
reactance. When a voltage is applied to a ca-
pacitor and a resistor in series, for example,
the current leads the applied voltage by an
amount dependent on the relative values of re-
sistance and capacitive reactance. This current
develops a voltage across the resistor which
leads the applied voltage. If the series combi-
nation is considered to be the input, and the
output voltage is taken from across the resis-
tor, a definite amount of phase shift is intro-
duced. If the fixed-frequency signal from a
crystal oscillator is passed through this net-
work, its phase at the output is shifted by an
amount depending on the ratio of the reactance
to the resistance. If the resistor can be varied,
the phase angle of the network changes to cor-
respond with the newly established ratio of
reactance to resistance. When the resistance is
varied with an applied audio signal, the phase
angle of the output changes in direct propor-
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tion to the audio-signal amplitude and pro-
duces a phase-modulated signal.

¢. P-M to F-M. The hasic circuit of a phase
modulator with the resistor replaced by the
variable plate resistance of a vacuum tube is
shown in figure 49. The plate resistance of the
triode changes with grid voltage and therefore
serves as the variable resistor. Since the plate
resistance of the triode varies with the audio
signal applied to the grid circuit, the phase be-
tween the input of the circuit and the output
changes with the audio signal. As the grid
swings positive, the plate resistance drops and
the phase angle of the output increases; when
the grid swings negative, the plate resistance
rises and the phase angle decreases. The change
of plate resistance with various values of grid
voltage is exactly proportional to grid voltage
over a small range. If the phase angle of the
network is changed between wide limits, the
amplitude of the output changes. This means
that the modulator can produce only a limited
phase deviation without distortion. In general,
it is only reasonably good over a range of less
than 25° of phase shift.

29. Constant-Impedance Phase-Shift
Modulator

Since the resistance of the modulator tube
varies, the voltage across it varies in amplitude
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Figure 49. Simple vacuum-tube phase modulator.
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as well as in phase. The impedance of the en-
tire phase-shift network varies and introduces
distortion in the amplitude of the output signal.
This undesirable effect can be overcome, how-
ever, if a constant-impedance network is used.
A phase modulator having a constant-imped-
ance network is shown in figure 50. The im-
pedance across the cathode resistor, K, is used
since it changes with variable grid voltage and
is more uniform than changes in plate resist-
ance. The resistance between cathode and
ground changes with the audio signal, and the
phase of the output signal is modulated as de-
sired. The inductor, L, serves to correct any
change in the total impedance, keeping the am-
plitude of the output constant. For any change
in frequency, a change in capacitive reactance
is canceled by an opposite change in inductive
reactance.
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Figure 50. Basic cirenit of constant-impedance
phasge-shift modulator.

30. Audio Correction

a. The equivalent frequency deviation in p-m
is proportional to the audio-modulating fre-
quency. This effect is undesirable in indirect
f-m production, since the frequency deviation
must depend only on the amplitude of the audio
signal. To convert into f-m the phase-modu-
lated signals produced by the circuits previously
described, it is necessary to pass the audio
through a correction network to shift its phase
90°. A simple R-C series network, with the out-
put voltage taken across the capacitor, can ac-
complish the desired results. If the resistance
is much larger than the reactance of the capaci-
tor at the lowest audio frequency, the current
flow is determined primarily by the resistance.
Therefore, the current is relatively constant,
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since the resistance is constant. The reactance
of the capacitor changes with frequency, but its
effect on the total current flow is small because
the reactance decreases as frequency increases
and current flew is limited by the high resist-
ance. The voltage across the capacitor, there-
fore, is equal to the relatively constant current,
multiplied by the changing reactance.

b. Since the capacitive reactance is inversely
proportional to the frequency and the resistance
is fixed, the output voltage is proportional to the
reactance alone. Therefore, it also is inversely
proportional to frequency, as desired. This type
of circult sometimes is called a pre-distorter or
audio-correction network because it changes the
response of the phase modulator so that indirect
f-m is produced instead of direct p-m. Since
signal amplitude is lost in this type of network,
the output sometimes is amplified before it is
applied to the phase modulator.

31. Link Phase Modulator

a. The variations in transconductance of a
tube with a varying audio signal can be made
the basis for a phase modulator. In A of figure
51, the oscillator voltage is applied to the grid
circuit of the modulator through coupling capac-
itor C8. The oscillator signal can reach the plate
by two paths. One is through the grid-plate
capacitance of the tube shown in the diagram as
C,,- The other is provided by the transconduct-
ance and represents the normal operation of the
stage as an amplifier. The plate voltage of an
amplifier is always 180° out of phase with *he
grid voltage. However, the voltage fed to the
plate through the grid-plate capacitance is al-
ways in phase with the grid voltage. It is there-
fore 180° out of phase with the amplified
voltage.’

b. If the tube is operated as a normal high-
gain voltage amplifier, the amplified plate volt-
age is much larger than that caused by the grid-
plate capacitance. When a large unbypassed
cathode resistor is used, the operating point of
the tube can be displaced so that the transcon-
ductance and amplification are greatly reduced.
The omission of the cathode bypass capacitor
permits the variations in plate current to estab-
lish degeneration—that is, a varying voltage on
the cathode that acts in opposition to effective
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Figure 51. Phase modulator.

grid input voltage—further reducing the trans-
conductance. Because of the grid-plate capacit-
ance, the amplified voltage component on the
plate can be reduced in this way to approxi-
mately the same magnitude as the component.

¢. Resistor R8 and the series combination of
R9 and R11 form the grid circuit of the modu-
iator. The plate voltage is applied to the tube
through the plate load inductor L2, which is
broadly resonant with stray capacitances at
the operating frequency. The stage is coupled
capacitively to the following stage by capacitor
C9. Capacitor C6, in conjunction with the re-
sistance of B9, forms the audio correction net-
work.

d. The vector diagrams in B illustrate the
relative values and angular relationships of the
amplified and capacitive voltage components,
E, and E,, at the plate. The instantaneous a-c
plate voltage is the vector sum of E, and E, as
shown by the resultant vector, E,. Audio volt-
age is applied to the grid of the tube through
resistors B9 and R11, which serve to isolate the
r-f and audio circuits. The transcenductance is

AGO 421A

varied at an audio rate by the modulating sig-
nal. Consequently, the amplified component of
piate voltage varies in amplitude. As the audio
signal becomes positive, this plate voltage com-
ponent is decreased in amplitude but the signal
coupled through the grid-plate capacitance from
the oscillator does not change in either ampli-
tude or phase. Its vector, E., remains constant,
as shown in C. Since the amplified voltage, ¥,,
chang=ss and the capacitive voltage, F., does not,
the amplitude and phase angle of the resultant,
E,, must change. When the grid of the tube is
made negative by the applied audio voltage, the
amplified plate voltage increases. The resultant
voltage, E,, changes in amplitude and phase
angle, in a direction opposite to its change when
the grid swings positive. This is shown in D.
The phase of the output signal, therefore, varies
in phase, in accordance with the aiaplitude of
the input signal.

e. There are amplitude changes in addition
to the phase changes that take place in the r-f
voltage on the plate. These are not very great,
however, and they can be eliminated in the
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stages following the modulator stage. Very
little amplitude variation appears in the output
of the transmitter.

f. This system is not capable of a phase shift
any greater than the approximate 180° sepa-
rating the amplified and capacitive voltages. In
fact, the curvature of tube characteristics at low
levels of amplification does not permit the varia-
tion in amplified plate voltage to be exactly pro-
portional to the applied audio voltage over its
entire range. The actual phase deviation for
reasonably low distortion must be much less
than 180°. In general, peak phase deviations
for the lowest audio frequency to be passed
(generally 300 or 350 cps) are about 75°.

32. Sonar Phase Modulator

a. Some of the disadvantages of the Link cir-
cuit are overcome in the circuit of figure 52,
The oscillator voltage appears on the plate
through the dual paths of the tube and the
grid-plate capacitance, as before. The resultant
instantaneous a-c plate voltage with no modu-
lation is approximately 90° out of phase with
the applied r-f grid voltage. When the trans-
conductance is varied by the audio signal, the
amplified voltage component varies, and there-
fore the phase of the resultant also changes.

b. The plate load coil, however, is divided
into two parts and the plate-supply voltage is
introduced at a tap. The two parts of the coil

-‘2- 6sL?
PHASE MODULATOR

T™M 668-52

Figure 52. Sonar phase modulator.
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are 180° out of phase with each other. Part of
the out-of-phase voltage from the plate is fed
back to the grid through capacitor C. The coil
is tapped so that the turns ratio between the
upper and lower ends is approximately 2 to 1.
This provides an adjustment for the phase and
amplitude of the voltage acting between grid
and plate, by varying the feedback through ca-
pacitor C. Capacitor C1, across the upper part
of the coil, varies the magnitude and phase
angle of the impedance in the plate circuit
through resonance. These circrit modifications
appreciably increase the available phase shift
by keeping distortion low.

¢. When the modulating signal voltage is
applied to the grid, there is variation in the
instantaneous a-c¢ plate current of the tube.
Because the coil has a powdered-iron core, the
variations in plate current change the magnetic
saturation (par. 27). This changes the actual
inductance of the coil. With the variation of
this inductance caused by the audio signal, the
resonant frequency and the phase angle of the
plate load circuit also are varied at an audio
rate. This phase variation adds to that already
produced by the fundamental circuit, and to
the variation produced through adjustment of
the feedback circuit. The resultant frequency
deviation is approximately six times that of the
Link phase modulator.

33. Reactance-Tube Phase Modulator

a. It is possible to produce phase modulation
by connecting a variable reactance across the
resonant load circuit of an r-f amplifier (fig.
53). The variation in the phase angle of a par-
allel resonant circuit shown in A, is plotted in
respect to the frequency. As the frequency of
the voltage applied increases, the capacitance
in the circuit begins to be predominant, and the
resultant total current leads the applied volt-
age. When the frequency of the applied voltage
is lower than the natural resonant frequency of
the tuned circuit, the inductance has a lower
reactance than the capacitor and, consequently,
draws the major share of the current. There-
fore, the total current lags the applied voltage.

b. If the frequency of the resonant circuit
is varied and the applied voltage kept constant,
the same variation of phase angle is produced.

AGO €21A



]
ul
=)
.l'ﬂ
w
] a-o
w
+30° o e ——
w Z=La=25
+20° O | —
2/ Lo=10
+101
4
° i
-10°
9
Q=257 / <
-20 o s m
= - ¥
-30° k 4
(o)
FREQUENCY FREQUENCY
FELOW RESONANCE ABOVE RESONANCE
R-F REAGTANGE
AMPLIFIER TUBE

™~

o1

B8+

T™M 668-53

Figure 53. Reactance-tube phase modulation.

The curve in A also applies, except that the cen-
ter frequency is that of the applied voltage,
whereas the frequencies on either side are those
to which the resonant circuit is tuned. The cir-
cuit can be tuned by changing the value of
either the inductance or the capacitance. Chang-
ing either at an audio rate with a reactance
modulator produces phase modulation. The
shape of the phase variation curve depends on
the Q of the tuned circuit. This, in turn, de-
pends almost entirely on the construction of the
inductor. Therefore, injection of capacitance
usually is used to avoid changes in the shape
of the curve.

¢. The reactance modulator, in B, is designed
to inject a variable capacitance across the reso
nant-circuit load of an r-f amplifier. Note that
plate voltage for the modulator and the ampli-
fier are supplied in common. The injected capac-
itance changes the tuning of the tank circuit in
response to the variations in audio signal. This,
in turn, changes the phase angle of the current
drawn by the tank. Consequently, the phase
angle of the output from the tank circuit also
varies. The curve in A shows that the change in
phase is proportional to the detuning over a
small range approximately between the limits of
—25° and +25°. This circuit, therefore, cannot
produce much phase deviation. It has the ad-
vantage of permitting the use of a reactance
tube with a crystal oscillator-amplifier combina-
tion. However, the wide deviations associated
with the reactance modulator when used with a
self-excited oscillator cannot be obtained.
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Figure 54. Nonlinear coil modulator.
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34. Nonlinear Coil Modulator

@. It is possible to construct a coil which will
have the property of introducing phase mocula-
tion into a carrier, when both radio and 2udio
frequencies are passed through it. This is
termed a nonlinear coil modulator (fig. 54).
The output from the r-f amplifier is pzssed
through a plate load consisting of the reso 1ant
circuit C1, L1, and the special nonlinear coil,
L2. The output of the audio amplifier is ap»lied
through L2 through L3, and the phase-m>du-
lated signal produced is coupled to the output
by C2. The rest of the ¢ircuit is a2 conventional
r-f amplifier. The nonlinear ¢oil circuit pro-
duces a frequency deviatian of nearly 1 ke. This
phase-modulator circuit is relatively efficient in
terms of the amount of initial phase deviation.

b. Normally, when a current is passed
through a coil without a magnetic core the cur-
rent that flows is of the same waveshape as the
voltage applied. If, however, a magnetic core
is introduced into the coil, this situation
changes. When a magnetic field exists in a mag-
netic material, there is a definite magnetizing
force corresponding to that field. As the field
increases in strength, the material becomes
magnetized until a point is reached where the
increase in the magnetizing force produces no
increase in the magnetic field set up. When the
material is fully magnetized and the magnetic
flux cannot increase, a state called suturation
i3 reached.

¢. When current flows in a coil. it sets up a
magnetic field that magnetizes the core material
placed in the immediate vicinity. Asthe current
increases, the corresponding magnetic field in-
creases and, also, the magnetization of the core.
Because of saturation, however, there is a defi-
nite point beyond which any additional current
causes no additional magnetization. Special al-
loys, such as permalloy, when used as cores
reach the saturation point at very low values of
the magnetizing field. A coil wound around a
permalloy core reaches saturation with a very
small amount of applied current. When a sine-
wave voltage is applied to such a coil, the mag-
netic flux increases rapidly until the core satu-
rates, and the flux then becomes relatively con-
stant.
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d. The relation between the applied magnet-
izing current and the voltage developed across
the coil is shown in figure 55. When the current
begins to increase toward its maximum value,
the magnetization of the core rises rapidly,
with a rapid increase ir flux. While the current
flow is above saturation (A to B), there is no
change in the flux, sin:e the core is saturated.
The same situation occ:rs on the negative half-
cycle between points C and D.

o\i‘;iﬁ_/- “‘IAT"A"T
el VTV

SATURATION

- -
- — -

———T

™™ 668-55
Figure 55. Voltage pulses developed across nonlinear
coil.

e. The induced voltage depends on the rate
of change of the flux. When the flux is not
changing, no voltage is induced. In a coil wound
on a permalloy core, the flux is changing rap-
idly during part of the cyecle and, during that
time, large voltages are induced in it. These
voltage pulses of high amplitudes occur only
during the periods of rapidly changing flux. At
other times, when the flux is nearly constant,
little or no voltage is in-luced across the coil. It
is shown in the figure that these voltage changes
take place exactly 90° after the current peaks.
The polarity of the pulses depends on the direc-
tion of the magnetic flux. Therefore, on oppo-
site half-cycles of magnetizing current, the
pulses are of opposite polarity. This 90° differ-
ence is constant in resnect to the magnetizing
current, and, since this current is supplied by
an r-f oscillator, the pulse is constant in fre-
quency.

f. Assume, however, that, in addition to the
r-f energy, audio signals are simultaneously
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applied to the nonlinear coil. They have the
same magnetizing effect on the core material
and they combine with the r-f current to pro-
duce the current wave, as shown in the first
three lines of figure 56. Curve A represents the
current in the coil, caused by the carrier r-f.
Curve B is the current produced by the modulat-
ing signal, assumed to be sinusoidal, for sim-
plicity of analysis. The combined waveform is
shown in line C. It is clear that the resultant
current no longer goes through the zero axis in
the same time interval as before, and, therefore,
the region of maximum rate of change of flux
is different for each cyvcle and depends on the
audio voltage. These combined currents pro-
duce voltage pulses across the coil at different
instants during the audio cycle, as in D. The
variation in the level of the r-f current at differ-
ent points of the r-f cycle causes this effect.
Sometimes, the pulse is produced at the normal
interval of the unmodulated ecarrier. At other
times, the pulses are spaced more, or less, than
360° part. These variations in the spacing of
the pulses, with different values of modulation
voltages, are obviously equivalent to displace-
ments in the relative phase of the pulses. In
other words, a change in the a-f voltage shifts
the phases of the pulses in respect to the phase
of those pulses produced by the unmodulated
carrier. Therefore, these pulses are effectively
phase-modulated.

g. If the phase-modulated pulses of voltage
derived from the nonlinear coil are applied to
a rectifier and limiting amplifier, only the pulses
of one polarity will be passed. Furthermore, the
limiting action will reduce the slight variations
in the amplitude of the pulses that appear in D.
The action of this rectifier and limiter is shown
in E. When pulses of sharp amplitude pass
through a resonant circuit, they set it into oscil-
lation at its natural resonant frequency. If
these pulses from the output of the rectifier
pass through a resonant circuit, which is tuned
to their repetition frequency, a sine wave is
produced. Since the pulses are phase-modu-
lated by the audio voltage, the resultant sine
wave also will be phase-modulated.

35. Balanced Modulator

a. Vector Relations Between Amplitude and
Phase Modulation—Amplitude Modulation, In
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the earlier chapters, it was pointed out that
when the modulation index of an f-m signal is
less than .5, only one effective side-band pair
is produced. Therefore, the side bands of an
f-m wave with a low modulation index are simi-
lar to those of an a-m wave. The major differ-
ence between the side bands of a normal a-m
wave and those of an f-m signal with a small
deviation lies in their phase relationship to the
carrier. An a-m signal consists of a carrier and
two side bands for each audio frequency present
in the modulating wave. For an f-m wave with
modulation index of less than .5 the same holds
true. If the two side bands of the a-m signal
are added together vectorially, a new wave re-
sults, called a double side-band wave. It repre.
sents the difference between the frequency of
the modulated wave and that of the carrier.
For a narrow-band f-m signal, a similar double
side-band wave also is formed when the two
side bands are added. The a-m and f-m double
side-band waves are ordinarily identical with
one another, if they are of the same frequency
and amplitude.

b. Double Side-Band Vectors. In the vector
diagram shown in A of figure 57, the vector,
AB, represents the amplitude of the unmodu-
lated carrier. Vectors BC and BE are the two
side-band components. BD is the vector sum of
the side bands, or the double side-band vector.
The resultant a-m wave therefore is the vector,
AD. Each of the side-band vectors rotates
about the tip of the carrier vector with a rota-
tional frequency equal to the difference in fre-
quency between the carrier and each side band,
respectively. Consequently, the two side-band
waves, which are equally spaced in frequency
on either side of the carrier, rotate at the same
speed but in opposite directions. One is higher
in frequency, producing a positive difference,
whereas the other is lower than the carrier fre-
quency, producing a negative difference. The
resultant of the two side bunds, therefore, must
move on the same line as the vector representing
the carrier frequency, if it starts in phase with
the carrier. This either adds to or subtracts
from the amplitude of the carrier, as shown in
B and C. In B, the two vectors add to produce
a resultant that adds to the carrier amplitude.
In C, they add in the opposite direction. and
therefore subtract from the carrier vector. This
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Figure 56. Waveforms developed in nonlinear-coil modulator.
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Figure 57. Vector relations in double side-band a-m system.

causes changes in the amplitude of the com-
bined signal, but there are no phase changes
in the carrier itself. The resultant of the com-
bined side-band signals is in phase with the
carrier frequency.

¢. Veotor Relations Between Amplitude and
Phase Modulation—Phase Modulation. In the
case of phase modulation, when the frequen-
cies and amplitudes of the side bands are the
same as those in a-m (modulation index less
than .5), the vector relations of the side bands
and the carrier are different. Specifically, the
double side band, which results from the addi-
tion of the two rotating side-band vectors, is
such that it is always 90° out of phase with the
carrier, as in A of figure 58. Instead of start-
ing in phase with the carrier, as they do in a-m,
the side-band vectors begin to rotate in opposite
directions, but 90° out of phase with it. Conse-
quently, the double side-band vector is always
90° out of phase with the carrier. It can be

either on the right side of the carrier, as in B,
or on the left side, as in C. The resultant of the
sum of the two side bands and the carrier (vec-
tor AD) therefore shifts alternately from one
side of the unmodulated carrier position to the
other. It is undergoing a variation in respect
to the unmodulated phase condition of the car-
rier, and, consequently, p-m is produced. When
the resultant, AD, is on the right of the carrier,
an angle, ¢1, is generated. As the side bands
rotate, and BD becomes smaller, vecltor AD
changes, generating angle ¢2. Similarly, ¢3 is
the generated angle, when the double side-band
resultant is on the lower side of the carrier.

d. Changing A-M to P-M. When the devia-
tion is low, a-m, f-m and p-m signals are all
similar, with the exception of the phase rela-
tionship of the double side band to the carrier.
This indicates a possible way to generate an
indireet f-m signal from an a-m wave. A signal
is amplitude-modulated with a low percentage

c
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Figure 58. Vector relations in a double side-band f-m system.
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of modulation. Then it is passed through a
circuit which removes the carrier-frequency
component, leaving only the double side band.
This double side band is shifted in phase by 90°,
If it now is recombined with the carrier com-
ponent, the result is a phase-modulated wave.
This amounts to converting the vector diagram
in A of figure 57 into that of A of figure 58 by
rotating the double side band 90°. When this
is done, the resultant vector varies in phase and
in amplitude simultaneously, in respect to the
carrier frequency. The slight amplitude varia-
tion remaining can be removed in a limiting
amplifier, as explained previously.

e. Indirect F-M System: A-M to P-M.

(1) A system for the production of f-m by
the indirect method is shown in figure
59. A crystal-controlled oscillator gen-
erates a low-frequency carrier that is
fed into an r-f amplifier. At the same
time, it passes through a device called
a balanced modulator which ampli-
tude-modulates it with an audio wave
that has been passed through an audio
correction network, producing the two
side bands and simultaneously remov-
ing the carrier itself. The output from
the balanced modulator then is fed

CRYSTAL R-F
OSCILLATOR AMPLIFIER
] R-F BALANCED
L
MODULATOR

AUDIO

CORRECTOR

AUDIO
AMPLIFIER

S —

(2)

through a network that shifts the
phase of the double side band by 90°.
The amount of amplitude modulation
developed by the balanced modulator
is small and the resultant side bands
are of low amplitude. The double side
band, after passing through the 90°
phase-shift network, is recombined
with the carrier frequency as derived
directly from the crystal oscillator.
This results in a signal that is almost
pure p-m, because the original ampli-
tude variations of the double side
bands are small in comparison with
the unmodulated carrier. The amount
of phase deviation possible with this
system is small because of the low
amplitude of the double side bands.
However, when phase deviation is kept
small, distortion in the modulation is
extremely low.

f. Balanced Modulator.

(1) The heart of the f-m system outlined

90°
PHASE
SHIFTER

above is the circuit that modulates the
carrier wave, producing the double
side band while eliminating the car-
rier itself. There are several forms
of such balanced modulator circuits,

F-M OUTPUT
TO FREQUENCY
MULTIPLIERS

TMEED -5

Figure 59. A-m to p-m to f m—indirect method.
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one of which is shown in figure 60. In
this circuit the output from the crys-
tal oscillator is coupled to the control
grids of two tetrodes, from either side
of a tuned transformer. Because of
this method of coupling, the voltages
at the grids of the tubes are 180° out
of phase. The plates of these tubes are
connected in parallel and an output is
develuped across a common load im-
pedance, usually a parallel-resonant
circuit.

plied to the screens of the two modu-
lator tubes causing a variation in plate
current which is proportional to the
modulating voltage on each screen
grid. The audio signal unbalances the
modulator tubes and therefore the side
bands produced by the audio and the
carrier appear in the output. The
situation can be understood in terms
of the audio voltages applied to the
screen grids. Since the input is posi-
tive on one control grid and negative

-
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Figure 60. Balanced modulator.

The grid excitation voltage passes
through a resistor-capacitor network
in which the reactance of the capac-
itor is much larger than the resistance.
Therefore, the voltages at the grids,
in addition to being out of phase with
each other, are 90° out of phase with
the voltage produced by the oscillator.
If the two modulator tubes are identi-
cal, the variation of one grid voltage
in a positive direction and the other
in the negative direction produces
equal and opposite changes in voltages
at the two plates. Because the plates
are connected in parallel, and the
equal and opposite changes cancel, the
input carrier is effectively eliminated
across the common plate load. The
voltage from the audio circuits is ap-

on the other, at any instant of time,
and then reversed on the following
half cycle, first one tube conducts and
then the other. Consequently, output
always will appear in the plate circuit
from the tube which is conducting,
whereas the other is almost at cut-off.
When the screen of one tube is made
more positive than the other by the
audio voltage, the output increases.
This action produces side bands equal
to the sum and difference of the audio
signal and the carrier, whereas the
carrier is effectively canceled.

g. Other Balanced Modulator Circuits—Par-
allel-Grid Push-Pull Plate Circuit. It also is
possible to produce the double side band with-
out the carrier by connecting the control grids
of the two tetrodes in parallel and the plates



in push-pull, applying the audio voltage to the
screens, as before. With in-phase voltages on
the control grids, equal voltages are produced
at each plate. If these volitages are combined
in a transformer, they are in phase at its op-
posite terminals. A transformer produces no
output unless the voltages are out of phase on
each side; therefore, the carrier cannot pass
through the circuit. However, the voltages ap-
plied to the screens are in push-pull; that is,
they are out of phase with each other. When
the audio voltage is applied to the screen grids,
the circuit is unbalanced, as before, and current
flows in the output circuit. The 90° phase shift
that is needed is incorporated in the output cir-
cuit by using a suitable network of coils and
capacitors. It also is possible, by using the
angle of lag in the current that flows in an un-
tuned secondary, to make the output trans-
former itself act as a phase shifter.

k. Ring Modulator. A simple balanced modu-
lator (fig. 61) that requires no vacuum tube
can be constructed from four varistors. Varis-
tors are special resistors made of material
whose resistance vaeries with the applied volt-
age. In general, the resistance decreases as the
voltage increases, so that the current flow in-
creases at a rate much faster than in an ordi-
nary resistor. The action is much like that of
a simple vacuum-tube diode. Four copper-oxide
rectifiers connected in a bridge circuit and
sealed in a metal container commonly are called
a varistor. The carrier is applied at two termi-
nals, and the audio and load are applied to the
other two. The carrier is balanced out in the
bridge, and the unbalanced audio current that
flows in the varistors produces the side bands
in the output. These devices are used most

RESONANT AT
CRYSTAL FREQUENCY

PUSH-PULL
AUDIO
INPUT

l |

‘ TO PUSH-PULL #
R—F AMPLIFIER
FROM CRYSTAL OSCILLATOR

THEEB-61

Figure 61. Varistor-ring modulator,
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widely in telephone work for the production of
a double side-band pair, where they have the
advantage of not requiring any currents besides
those of the carrier and the modulating signal
for their operation. If the double side band is
recombined with the carrier, after a 90° phase
shift, p-m is produced.

36. Modified Balanced Modulator

a. The balanced modulator and 90° phase-
shift arrangement is satisfactory in terms of
distortion. However, the deviation produced is
very low, and a modification of the basic circuit
has been worked out which does not require
balancing out the carrier completely, shifting
the side bands 90°, and reinserting the carrier.
This circuit is used in many types of mobile
and fixed equipment where simplicity and re-
liability are necessary. Basically, it is a cross
between the Link modulator and the balanced
modulator. A simplified version of this oscilla-
tor-modulator circuit is shown in A of figure
62. The grids of the pentagrid modulator tubes
are excited through an R-C network in the out-
put circuit of the oscillator. This network starts
with a parallel-tuned circuit resonant at the
crystdl frequency. The opposite sides of the
coil are 180° out of phase. This out-of-phase
voltage is passed through a very small capacitor,
C106, and the output is taken across a small
resistor, R104. This introduces an additional
90° phase shift between one side of the coil and
the other, for a total of 270°. The result is that
the opposite grids of the modulator tubes are
270° out of phase. They are connected across
a coupling network consisting of two capacitors,
C104 and C107, and two resistors, R105 and
R106. C105 serves to ground the center point
between the two resistors. The modulator grids
therefore are 45° out of phase in respect to the
reference phase and 270° out of phase with each
other.

b. In the vector diagram shown in B, the two
90° out-of-phase input signals, E, and E,, are
combined in the output of the modulator tubes
to produce a resultant, designated as E. The
two number 4 grids are fed by a push-pull audio
signal. When the audio voltage on the grid of
one tube goes negative, it reduces the transcon-
ductance of that tube. This, in turn, reduces r-f
voltage and, correspondingly, the length of the
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vector representing the r-f voltage. Simultane-
ously, the other tube is being driven to a higher
r-f output voltage by the positive part of the
audio cycle applied to its grid. Therefore, the
vector representing the increase in output from
the second tube lengthens. as shown in C. The
resultant of the shorter vector of plate voliage
of one tube and the longer vector of the other
swings from side to side, and a considerable
amount of phase deviation is introduced. This
deviation can never exceed the 90° difference
in the r-f input signal to the two tubes. How-
ever, the distortion that is encountered usually

Section IlI.

37. Summary

a. F-m always is produced near the fre-
quency-determining section of the transmitter
at a low power level.

b. Varying the inductance or capacitance in
an oscillator in accordance with an audio sig-
nal produces f-m.

¢. A reactance tube injects capacitance or in-
ductive reactance into an oscillator circuit.

d. The transconductance of a vacuum tube
is the ratio of a small change of plate current
to a small change of grid voltage, with plate
voltage held constant.

e. The amplification factor is the ratic of a
small change in plate voltage to a small change
in grid voltage, with the plate current held
constant.

f. The plate resistance is the ratio of a small
change in plate voltage to a small change in
plate current, with the grid voltage held con-
stant.

¢. The product of the plate resistance and
the transconductance equals the amplification
factor.

k. The basic expression for the resist:nce
and reactance injected by a reactance modula-
tor is

Z=1+1 XZ

gm Im Zb
where Z, and Z, are the impedances of the volt-
age divider connected between plate :n:d grid,
and between grid and cathode, resjpectively.
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dictates a lower value of phase deviation than
indicated. The circuit resembles the balanced
modulator very closely at first glance, but the
difference between thera lies in the fact that in
this arrangement the grids are fed 90° out of
phase, and there is no cancellation of the car-
rier in the parallel plate circuit. In the balanced
modulator, the grids are 180° out of phase and
the carrier is balanced out. Inherently, this cir-
cuit is not capable of the low distortion of the
true balanced modulator carrier reinsertion ar-
rangement.

SUMMARY AND REVIEW QUESTIONS

i. A reactance tube can inject capacitance
or inductance, depending on the components of
the voltage divider.

7. The input impedance of a tube changes
with plate load or transconductance, and this
change is known as the Miller effect.

k. A diode modulator acts as a variable re-
sistor in series with a capacitor placed across a
tank circuit, effectively changing the phase
angle of the current drawn from it, and thus
changing the frequency of the oscillator.

I. An R-C oscillator can be frequency-modu-
lated by varying one of the frequency-determin-
ing resistors. Variation is accomplished by re-
placing a resistor with the dynamic plate re-
sistance of a tube.

m. Crystal oscillators are more stable thar:
conventional vacuum-tube oscillators, but they
cannot be frequency-mcdulated directly.

rn. A simple phase nodulator introduces a
variable time delay in ¢ circuit, through which
the carrier signal must pass. The variable time
delay can be produced z.cross one element of an
R-C series circuit. The resistor can be replaced
by the plate resistance of a tube.

0. A-m as well as p-m is produced in the
simple phase modulator; therefore, the con-
stant-impedance characteristic of a tuned cir-
cuit is used to overcome this disadvantage.

p. An R-C series cir:uit, with output taken
arross the capacitor, is ised as an audio correc-
t = to convert p-m to f-n1.

2.GO 421A



g. The two ways by which a signal can reach
the plate of a tube are grid-plate capacitance
and tube transconductance.

7. The signal path, via the transconductance,
can be varied by grid signal changes. This pro-
duces a variable voltage on the plate that com-
bines with the out-of-phase capacitive voltage
to produce a variahle phase shift.

s. Greater phase shift can be obtained by
feeding back part of the output into the grid
circuit. An iron-cored coil in a tuned plate
circuit also increases the effective deviation.

t. It is possible to produce phase modulation
by varying the phase of a parallel resonant cir-
cuit by detuning it with the injected reactance
of a reactance modulator. This parallel reso-
nant circuit is used as the plate load in an r-f
amplifier.

%. A nonlinear coil can be used to generate
a series of phase-modulated pulses when both
r-f and a-f currents flow through it at the same
time.

v. When the modulation index is low, there
is only a very slight difference between an f-m
and an a-m signal.

w. The vector sum of the two side bands of
a narrow-band f-m signal, or ordinary a-m sig-
nal, is known as the double side band. In f-m,
the double side band is 90° out of phase with
the carrier, whereas in a-m it is in phase with it.

z. A-m can be changed to p-m by removing
the carrier, rotating the double side band 90°,
and reinserting the carrier.

y. The double side band can be produced and
the carrier rejected by a balanced modulator.

z. The grids of a balanced modulator are op-
erated either in push-pull or in parallel, with
the plates connected oppositely. The audio sig-
nal unbalances the modulator, permitting the
side bands to go through.

aa. Varistors, arranged in a bridge circuit,
can be used to produce a double side band with-
out the carrier.

ab. In the modified balanced modulator, the
grids are excited 90° out of phase. Consider-
abiv more deviation is obtained in comparison
with the ordinary balanced modulator.

AGO 421A

38. Review Questions
a. At what power level is f-m produced?
b. What varies the frequency of an oscillator?
c¢. What is the purpose of a reactance tube?

«. What are the three basic characteristics
of a vacuum tube?

e. What is the relationship between them?

f. What are the four combinations possible
for the voltage divider in the reactance modu-
lator?

g. What is the Miller effect? Describe how
it can be used to frequency-modulate an oscil-
lator.

h. Describe the operation of a diode modu-
lator.

i. How can an R-C oscillator be frequency-
modulated?

7. What is the disadvantage of a conventional
oscillator as compared with a crystal oscillator
in an f-m transmitter?

k. What purpose does audio correction serve?

[. What happens to the phase of a parallel-
resonant circuit, operating above its resonant
frequency? Why?

m. Why must the amplitude of the r-f car-
rier, alone, be sufficient to produce saturation
in the nonlinear coil modulator?

n. How are the phase-modulated pulses con-
verted into continuous waves?

0. When is an f-m signal nearly equivalent
to a-m?

». What is the double side band ?

q. What is the phase of the double side band,
relative to the carrier, in f-m? In a-m?

r. How is an a-m signal converted into an
f-m signal?

s. How are the input and output circuits of a
balanced modulator connected ?

t. How do the side bands pass through the
balanced modulator?

u. Why is a 90° phase shift network put in
the grid circuit of some balanced modulators?
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CHAPTER 4
f-M TRANSMITTER

Section |.

39. Basic Transmitter

a. The various direct and indirect methods
for producing frequency modulation involve
changing either the frequency or phase of an
oscillator in accordance with some modulating
signal. In the direct method, the modulating
signal is injected into a modulator whose output
varies the frequency of the oscillator in accord-
ance with the original modulating signal. In
the indirect method, the modulating signal is
passed through a correction network to a phase
modulator. The correction network changes the
phase of the modulation in such a manner that,
when the output of a crystal oscillator is passed
through the modulator. the oscillations are fre-
quency-modulated in accordance with the modu-
lating signal.

b. It is extremely important that the trans-
mitter be transmitting at its designated fre-
quency. To achieve maximum frequency sta-
bilitv, therefore, the oscillator is operated at
relatively low frequencies, and the lower the
frequency, the more stable the oscillator. This
means that the center frequency of the f-m
signal output of the modulator-oscillator sec-
tion is lower than the carrier frequency desired
for transmission. To raise the f-m signal to the
correct frequency, it is passed through a series
of frequency multipliers. Each stage of fre-
quency multiplication raises the frequency of
the signal input by some multipie of the funda-
mental frequency: A doubler produces a signal
at its output that is twice the frequency of the
input signal; a tripler raises the frequency three
times; a quadrupler four times. When the input
to the frequency multiplier is an f-m signal, the
multiplier produces an increase in the fre-
quency deviation.
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BASIC CIRCUITS

¢. The cscillator-modulator and frequency-
multiplier sections of the transmitter are oper-
ated at low power levels, and the output of the
final multiplier is too weak to be transmitted.
A power amplifier similar to those in a-m trans-
mitters acts as the final stage in the f-m trans-
mitter to build up the signal to the power level
desired.

d. The indirect method of f-m transmission
generally uses a crystal oscillator to produce the
r-f signal to be modulated since the crystal in-
creases the frequency stability. In direct f-m,
a crystal oscillator with its fixed frequency can-
not be used, because the oscillator must be free
to change frequency in accordance with the
modulating signal. Whatever the type of di-
rect f-m oscillator, it cannot be made as stable
as a crystal oscillator, and an auxiliary circuit
must keep it on the correct center frequency.
Such a circuit is called afc, or automatic fre-
quency control. A complete description of the
f-m transmitter covers all the circuits men-
tioned above. Regardless of the circuits used in
a particular transmitter, however, it must be
remembered always that the sole purpose of the
equipment is the transmission of intelligence
from one point to another.

40. Frequency Multiplication

a. General. In f-m transmitters, frequency
multiplication of the f-m signal performs two
functions: It increases the frequency of the
signal to the value desired for transmission, in
this way acting the same as a frequency muilti-
plier in an a-m transmitter. It also increases
the effective frequency deviation of the f-m
signal,
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b. Increasing Frequency Deviation.

(1) The f-m signal from the oscillator-

(2

)

moduiator section has a center fre-
quency f. and a frequency deviation of
AJF caused by the modulating signal.
The f-m signal therefore varies from
a maximum of f, + Af to a minimum
of f. — Af. For example, with an
oscillator whose unmodulated output
frequency is 100 kilocycles, a certain
audio signal causes this frequency to
swing between 95 and 165 k¢, and the
frequency deviation therefore is =5
ke.

If this f-m signal is impressed on the
grid of a tube which is operating as a
doubler, the center frequency of the
doubler output is twice f., or 200 ke.
Since the multiplier doubles any fre-
quency appearing at the grid, when
the f-m signal is deviated to 95 ke,
the output frequency is 190 ke. When
the f-m signal is 105 ke, the output is
210 kec. The multiplier output there-
fore varies from 190 to 210 ke, and the
new deviation is 10 ke. By doubling
the frequency at its input, the multi-
plier also has doubled the frequency
deviation. The amount of multiplica-
tion used depends on the frequency to
which the signal must be raised and
the amount of frequency deviation de-
sired. The greater the deviation, the
graater is the bandwidth of the f-m
signal transmitted.

¢. Basic Frequency Multiplier.

(1) Esser:tially, frequency multipliers are
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(2)

(3)

harmonic generators; that is, the out-
put frequency is some multiple of the
input frequency. The output circuit
must contain not only the original in-
put frequency, but also harmonics of
it, and is made selective to the har-
monic desired, all other frequencies
being rejected. To produce these har-
monics, a class-C amplifier stage is
used with its plate circuit tuned to
the frequency of the harmonic desired.
Such an amplifier is called a frequency
multiplier.

Figure 63 is the simplified schematic
of a frequency doubler using a tube
operated in class C. The input signal
is Impressed across the grid circuit
through transformer T1. The "fre-
quency of this signal is the fundamen-
tal frequency, f, of the system. Re-
cause of class C operation, the plate
current is nonlinear and therefore
rich in harmonics. If a tuned cireuit,
L2-C2, is placed in the plate circuit,
it can be tuned to the frequency of the
desired harmoniec. When L2-C2 is
tuned to twice the frequency of L1-C1,
this stage becomes a doubler.

In figure 64, a typical 7,-e. character-
istic curve for a tube in class C opera-
tion is shown. The grid is biased far
below cut-off, and plate current flows
only during the portion of the signal
that takes the grid voltage above cut-
off. This portion of the signal is only
a fraction of the positive half-cycle,
and the resultant plate-current flow is
in the form of short pulses during the

2f
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Figure 68. Simplified schematic of frequency doubler.
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time the grid voltage is above cut-off.
The amplitude of these pulses depends
on the amplitude of the signal at the

grid.

PLATE CURRENTT /’r
CUT'OFF\/ |
8l1AS [ BIAS
T 3 —=

[— =
| ]
— —
= —
M———
GRID e¢c—-

| INPUT l‘ N
! SIGNAL Ec TME 6864

(4

Figure 64. Class C amplifier operation.

)} The output pulses of plate current are
distinctly nonlinear in respect to the
input signal, and it is this character-
istic of class C operation that is used
to produce an output at the harmonic
frequency. If the output waveform ex-
actly reproduced the sinusoidal input
waveform, then no frequencies could
be present in the output that were not
present in the input. If the shape of
the waveform is changed, new fre-
quencies must have been added. These
new frequencies take the form of har-
monics of the input frequency. The
frequencies present depend on the dur-
ation of the pulse and how sharply it is
peaked. The shorter and sharper the
pulse, the more harmonics are pro-
duced in the output. With a doubler,
for example, the tube is biased farther
beyond cut-off than in a class C ampli-
fier. This produces a shorter and
sharper pulse which contains suffi-
cient energy at the second harmonic
to drive the tank circuit. Biasing the
tube farther beyond cut-off requires a
larger input signal to produce the
same amplitude of current flow in the
plate circait.

{(B) The amount of multiplication depends

on the final frequency and frequency
de1’ation desired. A single multiplier

can be used to multiply the frequency
by as much as five times. The higher
the order of multiplication, however,
the lower the output of the stage.
Usually, the desired multiplication is
obtained through several successive
stages, the highest-order multiplier
used being the quadrupler. For ex-
ample, the center frequency of the sig-
nal from a modulator-oscillator sec-
tion is 10 megacycles, and it is desired
to transmit this signal at a center fre-
quency of 80 mec. This means multi-
plying the signal frequency eight
times. Two possible ways of obtaining
this amount of multiplication are
shown in figure 65. In A, three multi-
plication stages are used. Each stage
is a doubler with its output tank tuned
to the second harmonic of the signal
input at its grid. The first stage raises
the center frequency of the signal
from 10 to 20 mc. This is applied to
the center frequency of the input of
the second doubler, which raises the
center frequency to 40 mc. The last
doubler stage raises the signal to the
desired center frequency of 80 mc.

(6) In B, the same result is obtained "y
using a frequency quadrupler followed
by a doubler. The frequency is multi-
plied four times in the first stage, and
the output then is fed to a doubler.
This produces the same amount of
multiplication as the three douhlers
used in the first method, and with
only two tubes. The second method is
used where compactness and economy
are desirable, Hut efficiency and power
output are lowner.

d. Push-Push Doublers. When the plate tank
of the circuit in figure 566 is tuned to twice the
frequency of the inpui, the circuit acts as a
very efficient doubler. Iis operation can be con-
sidered similar in actio1 to that of a full-wave
rectifier. The grid of each tube is biased ap-
proximately to cut-off so that plate current
flows in each tube on succeeding half-cycles.
When the signal input across the secondary of
T makes the grid of V1 positive in respect to its
cathode, the tube condicts; at the same time,
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Figure 65. Two typical frequency-multiplier chains.
the signal applied to the grid is of V2 negative TUNED TO 2

and V2 remains cut off. On the next half-cycle
of input voltage, V2 conducts and V1 is cut off.
The plates of V1 and V2 are connected in par-
zllel; therefore two pulses excite the tank cir-
cuit for each cycle of input. These pulses there-
fore drive the tank at a frequency twice that of
the input. The output can be compared to the
ripple present in the output of the unfiltered
full-wave rectifier circuit. Because of its sim-
plicity, this circuit is widely used in f-m trans-
mitters. If compact design is desired, the cir-
cuit can serve also as combination doubler and
power amplifier because of its relatively high
efficiency and low output of undesirable har-
monics.

e. Multiplier Operation at High Frequencies.
The operation of frequency multipliers at high
frequencies is hindered by degenerative effects
tending to lower the power output. These effects
can be caused by capacitive or inductive feed-
back. Capacitive coupling between grid and
plate circuits caused by the interelectrode ca-
pacitance gives rise to degeneration which is
equivalent to loading the output circuit. It has
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Figure 66. Push-push doubler.

been found that power tubes with large values
of mutual conductance and grid-plate capaci-
tance are rendered inoperative as multipliers
at high frequencies by this loading effect. Be-
fore the circuit can be made to operate with
full efficiency and power output this loading
effect must be neutralized. Three methods of
canceling the effects of the grid-plate capaci-
tance are illustrated in figure 67.

(1) The circuit in A shows one method of
neutralizing the grid-plate capaci-
tance, C,,. Capacitor C, provides feed-
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back which is 180° out of phase with
the degenerative feedback caused by
C,,. By selecting the correct value of
C.,, the two feedbacks are made equal,
but out of phase, and cancel. Care
must be taken not to make C, too
large, or the regenerative feedback
will cause oscillation. C, usually is
adjusted for minimum d-c plate cur-
rent with the plate circuit at reso-
nance. Another method, shown in B,
is to insert from plate to grid a series
L-C circuit which is antiresonant at
both input and output frequencies.
This has the effect of placing a high-
impedance feedback path from plate
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Figure 67. Neutralizing circuits.

(2)

(3)

to grid. C, is adjusted for minimum
plate current with the circuit at reso-
nance. If the input circuit between
grid and cathode presents a low in-
ductive reactance to the feedback voit-
age, it will serve to balance out the
effects of degenerative feedback. By
inserting the proper amount of induc-
tance, as shown in C, in series with
the grid circuit, the degenerative feed-
back is canceled. L, must not be made
too large, or the circuit will oscillate.
In a v-h-f (very-high-frequency) mul-
tiplier, lengthening the grid lead may
be sufficient to provide this induct-
ance.

Degeneration equivalent to an output
loading effect also can be produced by
cathode inductance common to both
plate and cathode ecircuits. This in-
ductance prevents the cathode from
being connected directly to ground,
and plate current flowing through the
cathode circuit creates a reactive volt-
age which opposes the input signal.
To obtain efficient operation at very-
high frequencies, the cathode induc-
tance must be neutralized at both in-
put and output frequencies. A method
for accomplishing this is illustrated in
figure 68. The circuit is a series com-
bination of L1 and C1 shunted by ca-
pacitor C2, the combination being in
series with the cathode lead. L1 and
C1 in series with L, form a circuit
providing series resonance at the in-
put frequency. L; and shuni capacitor
C2 form a series resorant circuit to
ground at the output frequency.

Several tetrodes and pentodes have
been designed especially for use at
very-high frequencies. In these, two
separate leads for grid and plate re-
turns to the cathodes have the effect
of reducing degeneration. When high
output and efficiency are needed, these
tubes can be used in a push-pull ar-
rangement. Also, if the screen grid
of a tetrode or pentode is effective at
the frequency of operation, no neu-
tralization is required.
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f. Other Frequency Multipliers.
(1) Mixers similar to those in superhet-

(2)
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erodyne receivers can be used for fre-
quency multiplication. However, they
give no increase in effective deviation.
It is possible also to synchronize an
oscillator running at a higher fre-
quency with one at a lower frequency,
if the two frequencies are multiples of
one another. The synchronized oscil-
lator is used more frequently, how-
ever, as a frequency divider.

Higher multiples of a given frequency
can be obtained by using a nonlinear

device that produces harmonics. The
distortion of the grid current in a
class C amplifier is one method. A
second method produces harmonics in
a mixer or other nonlinear modulator.
The desired harmonic is amplified and
then fed back to the mixer, where it
reinforces the output at its own fre-
quency. This device is called a regen-
erative modulator. Since subharmon-
ics can be selected as well as harmon-
ics, the device can be used also as a
frequency divider. In practice, this
has been its principal application.

g. Combined Frequency Multiplier, Mastcr
Oscillator.

(1) The master oscillator and a multiplier

(2)

can be combined in a circuit using only
cne tube. In figure 69, such a circuit
combines the oscillator and multiplier
in a single pentode tube. Elimination
of components and reduced current
drain are gained at the expense of
only a slight loss in oscillator stabii-
ity.

The oscillator is a simple Colpitts,
with r-f oscillations generated in the
control-grid, screen-grid circuit of the
tube. The output frequency is selected
by a tuned plate load, L2-C2. The
tank circuit, L1-C1, in conjunction
with C8 and C9 forms the fundamen-
tal frequency - determining compo-
nents. The grid-leak bias for the oper-
ation of the oscillator is provided by
R1 and C4. The r-f choke in the cath-
ode circuit permits d-c current tc re-
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Figure 69. Typical combined oscillator, frequency multiplier.
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(3)

(4)

(5)

turn to the negative side of the power
supply, at the same time maintaining
the r-f potential at the cathode. The
acreen is effectively bypassed for r-f
by C5. Therefore, the screen can act
as a grounded plate, with the control
grid and cathode serving their normal
functions. The result is a triode oscil-
lator circuit.

The current pulses generated by the
oscillator section reach the plate flow
through- the tuned resonant circuit
formed by L2 and C2. This circuit
presents a high impedance to the har-
monic frequency of the plate current
pulses since it is tuned to resonance
with it. Consequently, a considerable
harmonic voltage is developed between
plate and ground. The lower part of
the plate tank circuit is bypassed to
ground through capacitor C6 and the
output from the stage is coupled capac-
itively to the following stage through
C1.

Since the output circuit is coupled to
the oscillator circuit through the elec-
tron stream alone, there is compara-
tively little interaction. If the screen
voltage is set properly, it is possible
to reduce the variation in operating
frequency with changes in tuning of
the output circuit to a low value. The
higher the order of harmonic to which
the plate circuit is tuned, the better
the stability of the oscillator. Any
interaction between output and oscil-
lator circuits must come as a result of
Miller effect between the two circuits.
Capacitive coupling between the grid
and plate, which tends to cause this
interaction, is considerably reduced by
the shielding effect of the screen grid.
Therefore, the grounding of this grid
through capacitor C5 must be com-
plete to obtain maximum isolation.

The circuit of figure 69 is one possible
way in which a frequency multiplier
can be combined directly with the os-
cillator. Any oscillator circuit that
can operate with its plate at ground
potential can be substituted for the

Colpitts circuit shown. The frequency-
multiplier action is the same regard-
less of the oscillator, the only advan-
tage gained with any specific circuit
being atiributable to the character-
istics of the oscillator itself.

41. Power Amplifiers

a. F-M Power Amplifiers.

(1)

(2)

The requirements for an f-m power
amplifier are somewhat different from
those for a-m, in which the power
amplifier is ustally the stage in which
the modulation is introduced. There-
fore, any losse: that take place during
the modulation process must be dissi-
pated in the power amplifier stage.
Since the f-m power amplifier has no
connection with the modulation proc-
ess, the only l»sses that are involved
are those inherent in the tube and cir-
cuit when amplifying an unmodulated
carrier.

When a-m is Hroduced in a low-level
stage, it is necessary that the power
amplifiers reproduce the modulation
envelope without distortion, and
therefore linear amplifiers must be
used. F-m, which is also produced at
a Tow level, does not have a2 modulation
envelope that can be distorted by the
limiting action of highly efficient class
C amplifiers. Tae characteristics of ar
f-m power amglifier are determined at
class C, e-w ratings.

b. Class C Amplifiers.

1

(2)

A tvpical class C amplifier, as used
for f-m signaly, is shown in figure 70.
The input sigral is supplied through
a tuned trans’ormer, T1. Output is
developed by the r-f signal appearing
across the parallel-resonant circuit,
T2.

Figure 71 shows the relationship be-
tween the various voltages and cur-
rents in the circuit of figure 70. The
grid bias, e, is developed across the
tuned circuit o7 T1. The class C ampli-
fier operates with grid bias much
greater than cut-off. Therefore, the
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Figure 70. Class C amplifier.

grid excitation voltage causes plate
current to flow during only part of
the cycle. During the remainder of
the cycle, the voltage on the grid is
below the cut-off value, the plate cur-
rent, i,, is zero, and the corresponding
plate voltage, ¢,, rises to its highest
value, or E,,. Since no plate current
flows, the voltage drop across the plate
load impedance must be zero. The
voltage drop across the load, there-
fore, is 180“ out of phase with the grid

voltage. The a-c components of the

plate and grid voltages are sinusoidal
because of the sharply tuned resonant
circuits.

Plate current flows when the grid
voltage, e, rises above cut-off. The
angle of flow of plate current is ¢, and
is usually less than half a cycle. Grid
current flows during the angle ¢,
when the grid voltage, e., becomes pos-
itive. The sum of these two currents,
%, -+ 4., is the space current, %,, and
represents the total current leaving
the cathode. The angle of grid cur-
rent flow depends on the ratio of the
grid bias to the peak signal amplitude.
This is equivalent to saying that, in
a particular amplifier, the value of the
grid bias chosen determines the angle
of plate current flow for a given input
signal. Short angles of flow give high
efficiency and low power output,
whereas large angles give low effi-
ciency and higher power output.

At any moment, the total power input
to the plate is the product of the total

voltage, e,, supplied to the plate, and
the instantaneous plate current, i,.
The power output is equal to the prod-
uct of the load voltage and the plate
current. The power loss at the plate
is the difference between the input
power and the output power. The effi-
ciency of a class C amplifier is the ra-
tio in percent of the output to input
power and is usually between 60 and
80 percent. This high efficiency is pos-
sible because the plate current flows
only when most of the voltage drop is
across the output circuit. Therefore,
only a small part of the supply volt-
age is wasted as a voltage drop be-
tween the plate and cathode of the
tube.

(5) Since the grid of the tube swings posi-

tive and draws current during part of
the cycle, power is absorbed from the
excitation circuit, which is the prod-
uct of the exciting voltage, e., and the
grid current, 7. Some of this power is
lost at the grid, and the remainder is
dissipated in the bias battery. If grid-
leak bias is used, the remainder is dis-
sipated as heat in the grid-leak re-
sistor.

¢. Class C Power Amplifiers With F-M E=zx.

(1) An f-m wave will not be distorted ir

passing through such an amplifier,
since the frequency of the voltage de-
veloped at the output is the same as
that provided by the grid excitation.
If the input signal deviates through
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a number of cycles, the output signal
deviates by the same amount. Since
resonant circuits are used in both in-
put and output circuits, it is necessary
that they have broad enough selectiv-
ity that the full frequency band of the
modulated carrier is passed without
reducing the amplitudes of the outer

(2)

(1)

sidebands. This is possible only where
the total bandwidth of the f-m signal
is not large compared with the carrier
frequency. This places a restriction
on the maximum usable deviation.

An examination of the circuit in figure
70 shows that, since the grid and plate
circuits are tuned to the same fre-
quency, energy can feed back through
the grid-plate capacitance, permitting
tuned-plate, tuned-grid oscillation at
the frequency of the tuned circuits. In
all triode amplifiers, this tendency to-
ward oscillation must be neutralized.
Figure 72 shows the same circuit as
figure 70, with the addition of a
tapped plate-tank coil grounded at the
center by a bypass capacitor. From
the side of the coil opposite the plate
connection, a small variable capacitor,
C,, is connected to the grid. Since the
opposite sides of the coil are 180° out
of phase, the voltage tapped by the
small variable capacitor is therefore
180° out of phase with the plate veit-
age. It is also out of phase with any
grid voltage fed back through the
grid-plate capacitance. The variable
capacitor, along with the interelec-
trode capacitance from grid to cathode
(shown in dashed lines), acts as an
adjustable voltage divider which per-
mits a variable amount of out-of-phase
voltage to be applied to the grid. The
voltage tending to cause oscillation is
out of phase with this neutralizing
voltage. It therefore can be canceled
out if the two are made equal by
proper adjustment of the neutralizing
capacitor. The neutralizing capacitor
is of approximately the same size as
the grid-plate capacitance. It usually
is made slightly larger in practical
high-frequency circuits. This is done
because inductance in the connecting
leads produces reactance opposite to
that of the capacitor and tends to re-
duce its effectiveness.

d. Class C Tetrode Amplifiers.

The disadvantages of ordinary triode
amplifiers in the frequency range

AGO €21A
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where f-m usually operates are many.
The necessity for neutralization
means that an additional adjustment
is needed and, as the frequency in-
creases, this becomes more and more
critical. Because of their low power
sensitivity and high output capaci-
tance, a large amount of grid excita-
tion power is needed to produce a
given amount »f output power and the
excitation requirements increase as
the frequency increases. The high out-
put capacitance of triodes also re-
duces the value of usable tank-circuit
inductance, resulting in high Q and
too narrow a band pass. At higher
frequencies, where it is important to
conserve the number of tubes and the
amount of total power input, tetrodes
are more useful.

(2) The operation of a tetrode amplifier

for the very-high frequencies used for
f-m transmitters is somewhat differ-
ent from that for the triode. The grid
bias is set with reference to screen-
current cut-off, as compared to plate-
current cut-off in a triode. The angle
of flow therefore depends largely on
the screen-grid voltage and control-
grid bias. The maximum grid voltage
must not be greater than the screen
voltage. In addition, the minimum
plate voltage during the operating
cycle must not be less than the screen
voltage (except in beam tetrodes). If

AGO 1A

3)

this last condition occurs, the plate
emits secondary electrons that are col-
lected by the screen, making the plate
a virtual cathode. The space charge
in a beam tetrode (or the suppressor
in a pentode) prevents this effect.

In the higher part of the v-h-f range,
it is no longer possible to use many
tetrodes as class C amplifiers for f-m.
At these frequencies, the inductance
of lead wires and internal tube sup-
ports produces enough reactance to
prevent the screen from being effec-
tively grounded to r-f currents. There-
fore oscillation can occur. For limited
frequency ranges, it is possible to re-
duce the impedance from screen to
ground by making the screen bypass
capacitor and the sereen lead indue-
tance a series resonant circuit. How-
ever, if the eircuit must be used over
a wide frequency range, which is com-
mon with f-m equipment, an addi-
tional screen neutralizing control
must be added, the operation sf which
is very critical. To overcome this diffi-
culty, special circuits must be used.

e. Grounded-Grid Triode Amplifiers.
(1) There are three types of triode ampli-

(2)

fiers, the type depending on the man-
ner in which the signal is applied to
obtain an output. The load may be
connected between the plate and
cathode, with the signal applied be-
tween the grid and cathode. If the
common element is placed at zero po-
tential, the stage is called a grounded-
cathode amplifier. In the cathode fol-
lower, the plate is grounded to r-f, the
signal is applied between grid and
ground, and the load is placed between
the cathode and ground. Finally, in
the grounded grid amplifier (fig. 73),
the signal is applied between the
cathode and ground, the grid is
grounded, and the output is taken
across a load between plate and
ground.

The grounded-grid circuit permits a
triode to be operated at high frequen-
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cies without neutralization. There-

(3)

(4

fore, one of the most objectionable
features of a triode r-f power ampli-
fier is overcome. In this circuit, the
grid is grounded through an r-f by-
pass capacitor and serves as a shield
between the input and output circuits,
thus preventing feedback of energy
and resultant oscillation. It also has
the advantage of very low output ca-
pacitance, since the only capacitance
across the output added by the tube is
that between grid and plate (fig. 73).
In tubes designed especially for this
purpose, the capacitance is made very
low and larger values of inductance
can be used in the plate circuit at rel-
atively high frequencies. This results
in higher efficiency.

Another characteristic feature 4t the
grounded-grid amplifier is that both
the driver stage, which supplies the
input, and the amplifier stage itself
supply the plate load circuit. Note
that the driver produces an r-f volt-
age e, across the input terminals. An
r-f voltage also is produced across the
plate and cathode elements of the tube.
These voltages are 180° out of phase
in respect to the cathode, and there-
fore the r-f output voltage from plate
to ground is the sum of the two out-of-
phase voltages.

The plate current generally is 180°
out of phase with the plate voltage.

(5)

This means that the signal current
flowing in the cathode circuit must be
the same as the plate current. The
cathode can have low impedance, and
the plate circuit can have high im-
pedance. Therefore, the tube acts as
a device to transfer the space current
from a low impedance to a high im-
pedance. The output power is pro-
portional to the square of the current
multiplied by the resistance; there-
fore, the input (cathode power) is
low, the output (plate power) is high,
and the tube acts as a power amplifier.
The gain of the amplifier is propor-
tional to the ratio of the output im-
pedance to the input impedance.

Because the input impedance can be
made small, the bandwidth of the in-
put circuit can be very great. Since
the output capacitance is only that
from plate to grid, the inductance in
the plate circuit can be made large for
a given resoaant frequency. There-
fore, the selectivity of the output cir-
cuit also can be made broad.

f. Push-Pull Amplifiers for F-M.
(1) The grounded grid push-pull amplifier

is used frequently in high-power f-m
systems at very-high frequencies. This
circuit can be used also in the micro-
wave region with specially con-
structed tubes and circuits. When two
tubes are within one envelope, degen-
eration resulting from the inductance
of the cathode lead is canceled out.
This permits the use of lower values
of grid drive than would be necessary
with two separate tubes or with a
single-ended stage. Typical circuits
for push-pull triode and beam-tetrode
amplifiers are shown in figure 74. Be-
cause two tubes are involved, twice
the amount of excitation must be sup-
plied. However, the output capaci-
tance placed across the plate tank cir-
cuit and the input capacitance across
the grid tank are halved because the
tube capacitances are in series, and
therefore equal to only half the value
of one alone.
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At high frequencies, the necessity for
neutralization of the push-pull triode
amplifiers with its attendant difficul-
ties makes the use of tetrodes desira-
ble. These are combined in one en-
velope for high frequencies so that the
internal inductance of the leads and
tube elements does not interfere with
operation. The usual tube construec-
tion has a single cathode which elimi-
nates the problem of separate cathode-
lead inductance. Neutralization of any
amplifier increases the output capaci-
tance of the tube. The push-pull cross-
neutralized amplifier shown in A of
figure 74 has an output capacitance
equal to the plate-cathode capacitance
of each tube in series plus twice the
grid-plate capacitance. This extra

OUTPUT

3)

capacitance is added by the neutraliz-
ing circuit. It limits the operating fre-
quency of the amplifier because the
output capacitance is a major factor
in determining the plate-tank con-
stants at very high frequencies.

Some of these difficulties can be over-
come by using push-pull, grounded-
grid amplifiers. The operation of
these amplifiers is similar to the
single-ended stage, the major differ-
2nce being the change in the cathode
input impedance. Both cathode loads
are effectively connected in series, and
the input impedance becomes four
times the value of one tube alone.
Each part of the cathode load acts in-
dependently for its associated tube
and therefore the voltage across both
loads is twice that of the individual
load. When the voltage across the
secondary is doubled, the impedance,
which is proportional to the square of
the voltage, is increased by a factor of
four. The same thing is true of the
output load impedance in all push-
pull amplifiers. The voltage across
each section of the primary is the
same as for a single-ended amplifier.
The decubled voltage of the push-pull
connection requires a total load im-

" pedance of four times the impedance

(1)

for one side of the load. This makes
the requirements for tank-circuit in-
ductance easier to meet at very-high
frequencies and accounts for the wide
use of push-pull circuits for f-m
power amplifiers.

g. Power-Amplifier Input Circuits.

It is highly desirable to have as effi-
cient a transfer of power from the
driver stage to the power amplifier as
possible. Therefore, the grid tank cir-
cuit must provide an impedance match
between the grid input impedance of
the amplifier and the plate output im-
pedance of the driver stage. If a
grounded-grid amplifier is used, sim-
ilar considerations apply to the cath-
ode tank circuit.
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(2)

(3)

The impedance of a circuit normally
is defined as the ratio of voltage to
current. However, in the grid circuit
of a class C amplifier, this ratio is far
from constant. When the grid voltage
goes highly negative, no current is
drawn at all; when it is positive, a
great deal of current flows. There-
fore, the impedance of the grid circuit
varies over a range from an extremely
high to an extremely low value
through the operating cycle. If the
input impedance of the grid circuit
is too high, the heavy current de-
manded by the extreme positive grid
éwing cannot be drawn. As a result,
actual grid voltage and consequent loss
of peak efficiency are reduced in the
operation of the amplifier. If the im-
pedance of the grid tank circuit is too
low, a great deal of power from the
driver stage is required to operate it,
and the losses in the inductor consume
a considerable amount of the applied
power. Generally, a compromise value
is used which is approximately equal
to the ratio of the driving power in
watts divided by the square of the
grid current. The choice of values for
the components in the grid tank cir-
cuit is determined by this impedance.
The result usually is satisfactory regu-
lation of the grid voltage without ex-
cessive power loss.

Some of the actual circuits used at
the grids of single-ended, push-pull,
and grounded-grid amplifiers are
shown in figure 75. The simplest of
the capacitance-coupled, tuned-input
circuits for a single-ended power am-
plifier is shown in A. The inductor, L,
and the capacitor, C, constitute a tank
circuit. The inductor is tapped so that
it steps up the signal voltage from the
plate circuit of the driver tube. The
signal is coupled from the top of the
plate load to the grid through C..
Bias is supplied to the grid through an
r-f choke. The circuit of B is much
the same as that of A, except that the
tuned circuit is now in the grid circuit

4)

(5)

(6)

(7)

of the power amplifier, and driver
plate voltage is supplied through an
r-f choke. This arrangement is used
when the required impedance at the
grid of the power amplifier is lower
than the output impedance needed in
the driver stage.

The circuit in C permits complete d-c
isolation of the tuned circuit from the
driver and amplifier stages. Capaci-
tors C1 and C2 block the d-¢ voltages
and at the same time couple the signal
from driver plate to amplifier grid.
Bias is supplied through an r-f choke.
This circuit provides no means for
adjusting the impedance between the
grid and plate circuits.

The circuit of D permits the driver
stage to be neutralized. It also pro-
vides variable drive for the amplifier
grid and d-c isolation for the bias and
high-voltage circuits without the need
for r-f chokes. The inductor, L, of
the tuned circuit is split into two parts
at the center, each of which is
grounded separately with r-f bypass
capacitors. High voltage for the
driver plate therefore cannot reach
the grid of the amplifier, and bias can
be applied at the center tap as shown.
Neutralization for the driver is ob-
tained from the side of the tuned cir-
cuit opposite the plate through C,.

The capacitively coupled circuit in E
also permits neutralization of the
driver. Driver plate voltage is fed to
the center tap of L through an r-f
choke. A split-stator tuning capaci-
tor, C, is used to tune the circuit to
resonance. The neutralizing voltage
is derived from the lower end of the
coil and fed back through C, as be-
fore; the grid drive for the amplifier
is coupled through capacitor C. from
the same point. Bias for the amplifier
grid is introduced through the r-f
choke, as shown.

In F, the tuned-plate tank of the
driver is inductively coupled through
a low impedance link to a tuned-grid
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(8)

(9)

circuit. The link inductance is small,
and therefore the impedance of the
coupling circuit is low. This mini-
mizes losses in the transmission of
driving power, and at the same time
provides great flexibility in matching
impedances between the driver and
the power amplifier. The equivalent
arrangement used with a neutralized
driver is shown in G. The high volt-
age is applied to the tuned circuit of
L1 and C1 of the driver and the neu-
tralization is accomplished by C,. The
link circuit is slightly different in that
the coupling link from the driver is
positioned in the center of L1 rather
than at its lower end.

The input circuits for push-pull am-
plifiers (fig. 76) are variations of
those used in single-ended amplifiers.
The capacitive coupling arrangement
in A uses a tuned-plate circuit for the
driver tube formed by L1 aud C1. Be-
cause each half of the split coil is out
of phase with the other half, each
half can supply grid drive in push-
pull directly through coupling capaci-
tors C2 and C3. A split-stator capaci-
tor, C1, is used as the main tuning ca-
pacitor for the coupling arrangement.
Two r-f chokes are used, one from
each grid to the bias supply. Capaci-
tor (4 introduces a small amount of
capacitance from the lower end of the
tank circuit to ground in order to com-
pensate for the plate-to-ground capac-
itance of the driver tube, which ap-
pears across the upper half of the
circuit. Driver plate voltage is applied
through a suitable r-f choke. Neu-
tralization of the driver stage is pro-
vided by C,.

An inductive coupling arrangement
for the grid tank circuit is shown in
B. The link circuit transfers enecrgy
from the driver tank, L1-C1: the out-
of-phase voltages to the push-pull
grids of the amplifier are developed
across the split-stator capacitor, C2.
Bias is introduced through an r-f
choke. In C, the coil is center-tapped

(10)

h. Power-Amplifier Output
works.

(D

and grounded by a capacitor, and grid
bias is introduced directly at the cen-
ter tap. A third variation of the cir-
cuit is shown in D, where neither the
split-stator capacitor nor the coil is
grounded directly. C2 is grounded
through an r-f bypass capacitor. The
resistor, R, is low in value and is
placed in series with the center tap
of coil L2 and tuning capacitor C2. It
serves to equalize any slight variation
in the center tap of the coil. Bias is
supplied at the center tap on L2.

The choice of one or another of the
circuits mentioned above depends on
several considerations. Where the
tuning capacitor is grounded directly,
it must have twice the voltage rating
of one that is grounded through a ca-
pacitor. In some instances, the use
of an r-f choke for bias is undesirabie;
therefore, one of the capacitor ar-
rangements must be used. The choice
of inductive or capacitive coupling de-
pends on the character of impedance
matching and therefore indirectly on
the frequency of operation. Gener-
allv, at the higher frequencies, the
simpler coupling arrangements are
preferred because of their lower
losses. Finally, the link-coupled cir-
cuits permit the driver to be located
at some distance from the amplifier
and connected to it through a low-
impedance transmission line.

Coupling Net-

All power amplifiers used at high fre-
quencies must be coupled to a load
circuit. Generally the impedance of
the load is not the same as the plate-
circuit load required by the amplifier.
At the very-high frequencies where
f-m is used, the amplifier is coupled
to the antenna through a transmission
line. In small portable units, the an-
tenna usually is connected to the am-
plifier tank circuit by a different type
of coupling arrangement. The impe-
dance of the load must be matched to
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the plate impedance of the tube for
maximum transfer of energy. There
are many practical means of accom-
plishing this, and a variety of induc-
tive and capacitive coupling circuits
are used.

{2) The effect of the coupling network on
the power amplifier is much the same
regardless of the particular network
involved. Analysis of the circuit shown
in A of figure 77, shows that the out-
put of the amplifier developed across
the high-impedance plate tank circuit
load is coupled to a low-impedance
transmission line by a tuned step-down

1 u c2
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Figure 77. Ideal power amplifier output coupling
network.
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transformer. The circuit must per-
form the following functions:

(a) The input impedance of the coupling

network must meet the tube require-
ments for load impedance.

(b) The transfer efficiency of the net-

work (the ratio of output power to
input power) should be as high as
possible.

(¢) The input impedance at all fre-

quencies except that to be amplified
should be small so that spurious fre-
quencies generated in the amplifier
are minimized.

(d) The selectivity of the network

3)

(4)

should suppress unwanted frequen-
cies and prevent their transfer to
the load. The selectivity must not
be so high that outer side bands of
the frequency-modulated signal are
reduced in amplitude.

Capacitor C2 in A is adjusted so that
it resonates with L2 at the center oper-
ating frequency. The coupling between
L1 and L2 then is adjusted to present
approximately the desired load imped-
ance to the tube. Finally, C1 is varied
until the circuit presents a purely re-
sistive impedance to the tube. At this
point, the d-¢ plate current of the am-
plifier is a minimum because the power
factor is unity. The tuning curve of
d-c¢ plate current versus capacitance is
shown in B.

The load impedance presented to an
amplifier by a parallel circuit at reso-
nance is equal to the product of the
operating @ and the inductive react-
ance. The actual Q of the inductance
is many times higher than the operat-
ing Q since the load that is reflected
into the parallel circuit by transformer
action reduces the effective @ of the
circuit. This is equivalent to placing
additional resistance R., in series with
the actual resistance, R1, of coil L1,
as shown in the equivalent circuit of
C. The effect of coupling a load to a
parallel-resonant circuit is to decrease
the effective Q. For high efficiency,

AGO 421A



the unloaded @ of the tank circuit
should be as high as possible. The
loaded @ then should be made as low
as possible. However, this conflicts
with the requirements of selectivity
and low impedance to spurious fre-
quencies. Therefore, a compromise
value is chosen. Typical values involve
unloaded Q's of 200 and loaded @’s of
10 to 12 in v-h-f f-m transmitters. The
transmitter efficiency of the tank cir-
cuit can be shown to be as follows:

Transfer efficiency — Q, — Q, X 100 percent

Q,
where Q, is the unloaded Q of the par-
allel-resonant circuit and @, is the
loaded Q. For the values given above,
the efficiency is
_200—12 X 100 == 94 percent
200

i. Practical Transmitter Inductively Coupled
Tank Circuits.
(1) A large variety of practical circuits

(2)

AGO 421A

have Leen devised which present the
proper load impedance to the power
amplifier when connected to the trans-
mission line or antenna. Some of the
coupling circuits that have not been
discussed are illustrated in figure 78.
The simple, parallel-resonant tuned
circuit in A frequently is used for
single-ended tetrode amplifiers. The
circuit is shunt-fed, the plate voltage
being applied in parallel with the iank
circuit. The d-c plate voltage applied
through the inductance is fed through
an r-f choke which effectively isolates
the power supply. The tank circuit,
C1-L1, is coupled to the plate by capac-
itor C2. The advantage of this circuit
lies in the removal of all d-¢ voltages
from the tuning capacitor. This means
a lower value of total voltage across
this component, with correspondingly
smaller size and lighter weight. A
major shock hazard from contact with
an exposed portion of the tank circuit
is removed. However, the possibility
of a bad r-f burn always exists.

Although the circuit in A of figure
78 is satisfactory when used with tet-
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Figure 78. Practical plate-tank circuits for class-C
amplifiers.
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(3)

(4)

rodes and grounded-grid triodes, it
provides no means of neutralizing an
ordinary grounded-cathode triode. In
B, the capacitor C, has a split stator
with the rotor directly grounded. This
permits an out-of-phase voltage to be
taken from the lower end of the coil
and returned to the input through the
neutralizing capacitor, C,. Plate volt-
age is applied as bhefore through an
r-f choke. The blocking capacitor, C2,
prevents the plate voltage from reach-
ing the tuned circuit. However, the
split-stator capacitor effectively di-
vides the circuit in two parts, and an
r-f peak of twice the d-c plate voltage
can appear across each. This requires
a physically large capacitor and lim-
its the use of this circuit.

The problem of excessive capacitor
voltage is solved in the circuit in C,
where shunt feed is retained along
with the neutralizing circuit. How-
ever, the coil is center-tapped and a
small r-f choke places the center of the
coil at the d-c ground potential. The
over-all voltage across each half of
the circuit becomes that of the a-c volt-
age alone, and permits the size of the
tuning capacitor plate spacing to be
reduced.

Another tank circuit which allows the
neutralization of a single-ended stage
is shown in D. This cireuit is series-
fed through an r-f choke to the center
of the tapped tank coil. A split-stator
capacitor is used for tuning and the
neutralizing voltage is taken from the
lower end of the coil through C,. This
circuit has the same faults as the one
in B, since the r-f equivalent of twice
the plate voltage appears across each
half of the circuit. It can be remedied
by the circuit of E, where the rotor of
the tuning capacitor is left ungrounded
for d-¢, but is bypassed for r-f by a
capacitor. The power-supply voltage
is applied to the rotor to equalize the
voltages that would otherwise be built
up across the tank. This results in a
severe operating hazard unless the

(5)

(6)

(7

shaft of the tuning capacitor is well
insulated from the tuning knob.

The circuit at F is a modification of
this arrangement, permitting the use
of shunt feed and doing away with the
necessity for a split-stator capaci-
tor. Plate voltage is applied through
an r-f choke, and the d-c voltage is pre-
vented from reaching the tank by a
blocking capacitor, C2. The tank in-
ductance itself is grounded directly at
the center tap, making this circuit de-
sirable when a grounded coil is needed.
This is the case where the coils are se-
lected by a rotary indexing switch
when changing frequency of operation
over a wide range.

Almost all of the preceding circuits for
single-ended stages have their push
pull counterparts. Some of these are
shown in figure 79. The circuit in A is
the push-pull counterpart of the simpie
resonant tank. A split-stator capacitor
is used with the push-pull version, and
the rotor is grounded for r-f through
a bypass capacitor. Plate voltage is
series-fed to the center of the inductor
through an r-f choke. To reduce the
voltage across each half of the tuning
capacitor, the plate voltage sometimes
is connected to the rotor. The shock
hazard introduced by this can be
avoided by grounding the rotor of the
tuning capacitor directly, and apply-
ing the plate voltage through an r-¥
choke, as in B. This circuit has an r-f
peak of twice the d-c plate voltage
appearing across each section of the
capacitor.

A third alternative, which is less de-
sirable than the other two, is shown
in C. Here, plate voltage is applied at
the center of the inductor, which is
grounded by a bypass capacitor at that
point. A single-section Luning capaci-
tor is used, insulated entirely from d-c
or a-c ground. An r-f peak of twice
the d-c plate voltage appears across
the tank. Many other variations are
possible following the general princi-
ples used in each example.
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Figure 79. Push-pull plate tank circuits.

3. Antenna Matching Tank Circuits.

(1) In small, portable transmitters, it is
common to find the antenna connected
directly to the tank circuit of the
transmitter with no intervening trans-
mission line. Because the impedance
of this kind of antenna can vary over
a considerable range, it must be
matched directly to the power ampli-
fier by means of a tank circuit that

AGO 421A

can compensate for a wide range of
impedance. Three basic circuits,
adaptable to single-ended and push-
pull tank circuits alike, which provide
this variable impedance matching are
shown in figure 80.
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Figure 80. Antenna-matching tank circuits for
power amplifiers.

(2) A series-fed, parallel-resonant, single-
ended tank with grounded tuning-ca-
pacitor rotor and bypassed inductor is
illustrated in A. Instead of coupling
the antenna inductively to the tank, it
is tapped directly to the coil through
a blocking capacitor. Since the lower
end of the tuned circuit is grounded
effectively, the impedance to ground
at that point must be zero. As the tap
is moved up on the coil, the impedance
rises until it reaches the ultimate value
of the tank circuit impedance. In a
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practical transmitter, the coil is tapped
at intervals and a rotary switch is used
to select the tap which gives the proper
value of coupling. Because the d-c
plate current in the amplifier stage in-
c¢reases with increased loading, the
tap can be set at the point which gives
the required d-c current in the stage
when the tuned circuit is resonated.
If the blocking capacitor, Cp, between
the tap and the antenna is made vari-
able, a further adjustment between
separate taps can be obtained.

One of the most frequently encoun-
tered variable matching networks for
the output of an r-f amplifier is the
circuit in B. The plate voltage fed
through the r-f choke is prevented
from reaching the antenna by blocking
capacitor C3. The simple pi-network
of C1, L1, and C2 is capable of match-
ing a wide range of impedances, and
operates as a voltage divider. The
combination of L1 and €2 forms the
divider circuit which develops higher
or lower voltages at the output termi-
nal. C1 then tunes the combination of
C2 and L1 to resonance at the operat-
ing frequency. Depending on the rela-
tive values of C1 and C2, a voltage
much lower than the a-c plate voltage
can be developed. Consequently, this
circuit can match an extremely wide
range of impedances. In addition to
matching purely resistive loads, the
circuit also can compensate for a cer-
tain amount of reactance. This is
important when using short antennas
which introduce considerable capaci-
tive reactance.

A variation of the pi-network, in
which one of the capacitors is not
grounded, is shown in C. Capacitors
C1 and C2 themselves form the imped-
ance-matching voltage divider. The
circuit cannot match as wide a range
of impedances as the pi-network can,
and it is further limited because the
rotor of C1 must be carefully insu-
lated. The response of these circuits
to harmonics of the fundamental fre-

quency is poor, which is a desirable
feature. The pi-network does not dis-
criminate against signals below oper-
ating frequencies. This makes it un-
desirable to use if the amplifier is
driven directly by a frequency multi-
plier.

k. Parasitic Oscillation, Adjustment, and
Neutralization.

(1) Many different types of input and out-

2

put circuics for class C f-m power am-
plifiers have been described. At first
glance, the large variety of choices
available makes it seem difficult to
understand why a particular circuit is
chosen. Not all combinations of input
and output circuits can be used to-
gether successfully, since some of them
permit the amplifier stage to oscillate
at frequencies that are relatively un-
related to the frequency to which it
is tuned. These parasitic oscillations
are distinet from the sort of oscilla-
tion that occurs in an amplifier which
is improperly neutralized or one in
which the input circuit is not shielded
sufficiently from the output. They are
undesirable because they cause the
transmission of spurious signals, thus
impairing the efficiency of the ampli-
fier.

The most noticeable features of para-
sitic oscillation in an amplifier are
erratic tuning and the radiation of
spurious frequencies. When an ampli-
fier is operating properly, the d-c plate
current dips sharply as the tank cir-
cuit is tuned through resonance. This
plate current minimum also corre-
sponds to maximum power output. If
a tetrode is operating normally, the
plate-current change may not be too
great, but the screen-current dip will
be significant. With parasitic oscilla-
tion, the plate current may not dip at
all; the minimum may not correspond
to maximum power output; or several
dips may appear in the tuning range.
Since the symptoms presented by a
stage which is not properly neutral-
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ized are somewhat similar, it is diffi-
cult to tell the two effects apart unless
neutralization is checked first.

All parasitics are attributable to the
development of resonant circuits in
connection with the tube elements in
such a way as to permit enough feed-
back to sustain oscillation. They may
occur at either high or low frequency.
Parasitic oscillations occurring at
much lower than operating frequen-
cies usually are caused by the resonant
condition of an r-f choke in the circuit,
since the r-f chokes are the only in-
ductors with sufficient inductance to
resonate with various circuit capaci-
tances at low frequencies. High-fre-
quency parasitics can be traced to a
much wider variety of causes. Among
these are spurious high-frequency res-
onant conditions in tank-circuit in-
ductances; resonant circuits built up
in lead inductances and stray, or tube.
capacitances, and resonant conditions
built up in bypass and blocking capac-
itors. Moreover, the parasitic circuit
need not involve the final amplifier
alone. The driver stage is frequently
an important part of the parasitic
feedback circuit which permits oscil-
lation.

A recurrent type of high-frequency
parasitic oscillation is caused by a
form of tuned-plate, tuned-grid oscil-
lator in a simple single-ended ampli-
fier like that of figure 81. The pa:a-
sitic path is shown in heavy lines. At
relatively high frequencies, the tank-
circuit inductance acts like an r-f
choke, and the capacitors and the leads
from them form the equivalent of par-
allel-resonant circuits. The shielding
effect of the screen grid in a tetrode
is not sufficient at extremely high fre-
quencies. Therefore, energy can feed
back to the grid circuit from the plate
at high frequencies if both of the para-
sitic resonant circuits are almost the
same in frequency. The difficulty can
be cured by inserting a parallel induct-
ance and resistance in the grid or

(5)

(6)

plate lead. This detunes one of the
parasitic circuits sufficiently to pre-
vent oscillation. Another method is
to insert a small resistance in series
with circuit leads to introduce suffi-
cient loss to stop oscillation. A third
alternative is to incorporate a tuned
parallel-resonant trap that actually in-
serts a very high impedance in the
parasitic frequency path. In addition
to the trap circuit, it is common to find
small high-frequency capacitors con-
nected from plate and control grid to
cathode. These capacitors effectively
bypass the harmonic path.

Certain circuit combinations have been
found to be troublesome. For example,
r-f chokes rarely are used in both the
grid and the plate circuit of a triode,
since theyv cause a low-frequency
tuned-plate, tuned-grid oscillation (B
of fig. 81). For this reason. shunt-fed
circuits are avoided whenever possible,
since thev encourage parasitic diffi-
culties. In high-gain screen-grid am-
plifiers, the selection of the sc¢reen by-
pass capacitor becomes very import-
ant. The substitution of a different
type when gervicing a unit often leads
to sericus instability. Similarly, the
choice of cathode or filament bypass
capacitors is also a more critical mat-
ter than the circuit diagram tends to
indicate. When replacing any of these
components in a transmitter, use the
exact duplicate of the discarded com-
ponent, and pay careful attention to
lead dress and parts placement,.

In push-pull circuits, there are many
more possibilities for the development
of parasitic oscillation. However, the
oscillation usually can be traced to
one of the standard types of oscilla-
tors operating in conjunction with the
tube leads or r-f chokes. Remedies
similar to those found in single-ended
stages are used. An attempt always
is made to space the spurious resonant
circuits in such a wayv that none of
them cceur at the same frequency in
the cutput and input circuits. As such,
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Figure 81. Parasitic oscillation circuits.

the eircuit diagram of a power ampli-
fier does not always tell the whole story
of its operation. Many features are
involved in the stability of the circuit
that do not appear in the formal sche-
matic, since they have to do with lead
length, choice of wire size, placement
of parts, and type of component.

(7) In f-m transmitters, improper neutral-
ization can lead to a number of diffi-
culties. The amount of frequency de-
viation can be changed by a final power
amplifier on the verge of oscillation.
In addition, such amplifiers are diffi-

cult to adjust for optimum power out-
put and performance. Since the f-m
signal is steady in amplitude, there
should be no fluctuation of any of the
d-c voltages or currents in the final
amplifier when the transmitter is mod-
ulated. Any variation in rectified grid
current indicates either overmodula-
tion or instability in the driver stages.
Fluctuation in d-c plate current points
to parasitics or improper neutraliza-
tion. Only a stable, properly tuned
amplifier is capable of providing satis-
factory performance.

Section 1l. AUTOMATIC-FREQUENCY CONTROL

42. Frequency Control

a. Description and Purpose. In military
transmitters and receivers precise maintenance
of assigned frequencies is imperative. Some
transmitters must be capable of continuous Ire-
quency variation over an assigned band of fre-
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quencies and often are combined with receivers
in the same unit. Since these receivers must be
kept on exactly the same frequency as the trans-
mitter, a control system must be used to com-
pensate for any variation in frequency caused
by vibration, temperature change, or humidity.
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‘The contrel system is essentially an error-cor-
recting system and usually is referred to as
automatic-frequency control, or afe.

b. General Afc Systems. In an afc system,
some of the output voltage is sampled and com-
pared with a constant-frequency source, and
any frequency difference that exists results in
automatic correction of the frequency of the
master oscillator. The functional arrangement
of all afc systems is pictured in the block dia-
gram of figure 82.

MASTER _ | power
OSCILLATOR 1 MULTIPLIER AMPLIFIER

y

———lT———— e _ -
| ]
OSCILLATOR I
} CORRECTOR I
| | |
| y |
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l OSCILLATOR
i wmssssed |
e e e e e — o — —— J
AUTOMATIC FREQUENCY CONTROL TM668-82

Figure 82. Functional block diagram of afc system.

(1) The classification of different types of
afc depends on the means used to con-
trol the frequency of the oscillator.
Oscillators which are frequency-modu-
lated by a reactance or Miller effect
respond to d-c voltages, and produce
corresponding frequency changes. The
correction voltage that is applied to
the oscillator must be a d-c voltage
directly proportional to the frequency
difference between the output of the
master oscillator and a standard crys-
tal oscillator. The comparator, there-
fore, must produce a d-c voltage that
corresponds to the difference fre-
quency. Such a device is called a dis-
criminator,

(2) Control of the frequency of an oscil-
lator through the application of di-
rect voltage to the modulator has cer-
tain disadvantages from the stand-
point of precision. D-c amplifiers are
unstable in respect to changes in tubes
and lire voltages. Moreover, if the con-
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3)
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trol system fails, the frequency of the
oscillator changes drastically because
of the abrupt d-c voltage change at
the modulator. From the standpoint
of reliability this is undesirable. How-
ever, the d-c control systems are sim-
ply constructed and, despite their in-
herent disadvantages, they are widely
used.

To overcome the disadvantages of the
d-¢ control system, a mechanical ele-
ment can be inserted in the system to
act as the oscillator frequency con-
troller. This is usually a two-phase
motor, whose rotor position depends
directly on the phase relation of the
voltages across its field windings. The
motor has a shaft with a variable ca-
pacitor or inductor attached. The ca-
pacitor or inductor is connected in the
circuit so that the reactive element
varies the frequency of the master
oscillator. This method of afc usually
is applicable only to large fixed sta-
tions where weight and size are not
important. For extremely high fre-
quencies, where d-c¢ control systems do
not provide the required accuracy, the
use of a motor-positioning system is
frequently the only alternative. The
motor positioning system has the ad-
vantage, in the event of failure of the
control system, that the motor shaft
does not turn. Therefore, the correc-
tion reactance produced does not
change, and the frequency is not dis-
turbed. Of course, if the failure lasts
over a considerable period of time, the
oscillator itself shifts frequency be-
cause of temperature changes and
other causes.

Motor control systems and d-c systems
have varying speeds of response to
errors of frequency. Because of the
mechanical inertia of a motor, motor
systems generally cannot respond
quickly to changes in frequency such
as the change caused by modulation
of the carrier. However, it can re-
spond much more accurately to slow
variations. The d-c systems are pre-
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vented from responding to modulation
by use of circuits with long time con-
stants.

Receiver interlock systems, used in
small portable units with single-dial
control, are generally of the d-c type.
Interlock systems use the same master
oscillator for the receiver and the
transmitter. Mixer circuits using crys-
tal-controlled oscillators produce the
required frequencies for the local oscil-
lator of the superheterodyne receivers
and for the actual master control of
the transmitters. This system can be
further refined by using the receiver
to keep the transmitter locked to the
frequency of another station.

43. Discriminator

a. General.
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(1)

(2)

The discriminator is a device for pro-
ducing a d-c voltage which is propor-
tional to the frequency of an input sig-
nal. The polarity of the voltage pro-
duced depends on whether the fre-
quency is higher or lower than the fre-
quency to which the discriminator is
tuned. The response curve of a tuned
resonant circuit (fig. 83) shows that
the sides of the curve approach
straight lines as the Q of the coil is
increased. If a signal of variable fre-
quency is coupled to a tuned circuit,
the voltage produced across it will de-
pend on the relation of the frequency
of the coupled voltage to that of the
tuned circuit. The voltage also depends
oh the @, since @ defines the sharp-
ness of resonance so that frequencies
farther away from resonance produce
less voltage across the circuit.

If the a-c voltage that exists across a
resonant circuit is rectified by a diode,
a d-c¢ voltage proportional to the ampli-
tude of the a-c voltage is produced. If
the amplitude of the a-c voltage varies
with the displacement of the applied
frequency from the actual resonant
frequency of the tuned circuit, the d-c
voltage will increase or decrease.
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Figure 83. Response curves of tuned resonant circuits.

b. Double-Tuned Discriminator.

(1) Figure 84 shows a double-tuned dis-

criminator consisting of tuned cir-
cuits T1, T2, and T3, diode rectifiers
D1 and D2, and the filter networks,
R1C1 and R2C2. The secondaries, T2
and T3, are tuned to resonate at dif-
ferent frequencies; one is tuned ahove
the carrier frequency and the other an
equal distance below the carrier fre-
quency. This provides equal voltages
at the center frequency, as shown in
the response curve of figure 85. When
an r-f voltage that is constant in am-
plitude and varying in frequency is
applied to T1, the voltages induced in
T2 and T3 will be 180° out of phase,
and alternate voltage polarities wili
appear at the plates of D1 and D2.
These induced voltages increase and
decrease in amplitude with the chang-
ing frequency. For example, assume
that T2 is tuned to a frequency higher
than the center frequency. As the in-
duced voltage approaches the resonant
frequency of T2, its amplitude in-
creases in a positive direction. If T3
is tuned to a lower frequency than the
center frequency, as the induced volt-
age approaches the resonant frequency
of T3 its amplitnde increases in a neg-
ative direction. When the induced
voltage goes positive at the plate of
D1, current flows in the circuit D1, T2,
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and R1 and a voltage proportionate to (2) With the connection of the rectifier
the change of frequency appears as shown, the voltages across the indi-
across R1. Asthe induced voltage goes vidual load resistors oppose one an-
positive at the plate of D2, current other because the cathodes are both
flows in circuits D2, T3, and K2, and at the same potential. Therefore, the
a voltage proportionate to the change total voltage between the top of R1 and
in frequency appears across R2. Ca- ground depends on the relative value
pacitors C1 and C2 across the rectifiers of the voltages across R1 and R2. Since
filter out any a-c variations, and per- the voltage across the individual load
mit a d-c voltage to be built up across resistors depends only on the fre-
the load resistors. quency of the applied signal, when the
frequency is higher than the center
, frequency, the voltage developed by
T2 A the diode connected to the circuit tuned
n ] é- above the center frequency is higher
D1 T Sk than that developed across the other
[ [+ tuned circuit. Similarly, if the applied
;& T3 1 [ | N frequency is lower than the center fre-
' U d quency, the diode connected to the low-
g 7)'é oz =9 %Rz frequency tuned circuit produces the
4~ larger voltage across its load resistor.
- If the frequency of the applied signal
is exactly at the center frequency, the
Figure 84. Double-tuned discriminator circuit. voltage across the load resistors is
equal, and the total output voltage is
CENTER Zero-
I FREQENCY (8) When the applied frequency is higher
than the center frequency, more volt-
g age is developed across T2, a greater
a T3 T2 d-c voltage appears across R1, and A
jar becomes more negative. With the car-
% rier at the center frequency, the volt-
=4 age at 4, in respect to ground, becomes
FREQUENCY — zero. When the frequency swings
T™ 868-85 lower than the center the voltage de-
Figure 85. Response curve of double-tuned veloped across T8 is greater than that
discriminator. produced across T2, a greater d-¢ volt-
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Figure 86. Output voltage of double-tuned discriminator.
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age appears across R2, and point A
becomes positive in respect to ground.
Therefore, as the applied signal
swings from below to above the center
frequency, the voltage at A goes from
positive to zero to negative. This re-
sults in the curve of output voltage
versus frequency shown in A of figure
86. The voltage across the individual
load resistors in respect to frequency
is shown in B.

<. Use of Double-Tuned Diseriminator.

92

(1) The potential developed at the output

of a double-tuned discriminator can
be used as a frequency-correction volt-
age by applying it to the grid of a re-
actance-modulator tube. When the dis-
¢riminator voltage changes polarity,
the transconductance of the tube is in-
creased or decreased and the frequency
of the oscillator shifts. For example,
assume that the reactance modulator
is connected to inject capacitance into
the oscillator circuit. When the trans-
conductance is reduced, less capaci-
tance is injected and the oscillator fre-
quency increases a small amount. As
the frequency applied to the discrim-
inater changes and the voltage output
becomes positive, the transconduc-
tance of the reactance modulator is in-
creased. This injects more capacitance
across the oscillator tank circuit and
the frequency of oscillation is lowered.

If the diseriminator is tuned so that
an increase in frequency of the oscil-
lator produces a positive voltage, the
discriminator voltage applied to the
reactance-modulator tube tends to re-
turn the oscillator to the center fre-
quency. Similarly, a decrease in fre-
quency will cause the oscillator to re-
turn to its normal frequency. Since
all of the operations take place at the
oscillator frequency, and since the fre-
quency at which the system becomes
stable is the center frequency of the
discriminator characteristie, this is a
crude control system. The inductance
and capacitance in resonance are no

(3)

more likely to be stable than the in-
ductance and capacitance of the oscil-
lator tank circuit itself. However, this
is the only method of afc that can be
used in some ultrahigh-frequency sys-
tems. Because the over-all accuracy is
totally dependent on the center of the
discriminator frequency characteris-
tic, the discriminator must be more
stable than the oscillator for accurate
frequency control.

A high-accuracy afc system should
keep the center frequency of the mas-
ter oscillator as stable as a crystal os-
cillator. This can be accomplished by
comparing the frequency of the ap-
plied signal with the frequency of a
crystal. The frequency difference be-
tween the crystal and the master oscil-
lator, as produced in a mixer, depends
on the absolute values of both frequen-
cies. Therefore, if the crystal oscilla-
tor is assumed to be absolutely stable,
the difference frequency depends only
on that of the transmitter frequency.
This difference frequency is applied to
a discriminator operating at a much
lower frequency than the oscillator
and the transmitter. If the frequency
at which the discriminator operates
is made low enough, the result of a
variation in its tuned circuits is only
a few kilocycles. Therefore, if the
crystal frequency, or any multiple of
it, is mixed with the master-oscillator
ouput to produce a low difference fre-
quency, the low-frequency discrimina-
tor tuned circuits will cause only a
small error, whereas the over-all var-
iation of difference frequency caused
by drift in the oscillator will be much
larger. The departure of the trans-
mitter frequency from the difference
frequency produced by the mixer de-
termines the correction voltage. The
output of the discriminator feeds the
reactance modulator tube, which
brings the master oscillator back to
the center frequency. The over-all sta-
bility is nearly that of the crystal oscil-
lator itself, differing only by the de-
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parture of the discriminator itself
from the low-center frequency. This
is a departure of approximately a few
hundred cycles per second.

The frequency of the master oscillator
shifts with the applied audio signal,
but the discriminator is so constructed
that it responds only to changes in fre-
quency that are much slower than the
audio variations. The voltage at the
output of the discriminator varies at
a rate equal to the rate of change of
frequency of the master oscillator—
that is, at the audio rate. It also varies
at a much slower rate because of oscil-
lator drift. By placing a low-pass filter
after the discriminator, only the slow
drift variations can reach the react-
ance tube. This filter cuts off all volt-
age changes with a rate that is equal
to or higher than the audio frequencies
used.

d. Phase Discriminator.

(1)

INPUT FROM
CRYSTAL
OSCILLATOR

Figure 87 shows the schematic dia-

Tt

INPUT FROM
MASTER OSCILLATOR
™ £68-87

Figure 87. Basic phase diseriminator.
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gram of another type of discriminator
circuit used in afe circuits. This is
known as the phase discriminator. The
voltage output of the discriminator de-
pends on the phase relations in the cir-
cuit. Transformer T1 couples the in-
put from the crystal oscillator to the
diode plates producing equal and oppo-
site voltage £2 and E'3 on these plates.
The phase relationship of these two
voltages is shown in A of figure 88.
The crystal oscillator and transmitter
frequencies are reduced so that these
voltages are generally of a frequency
just above the audio range. Since the
input to T'1 is crystal-controlled, it can
be considered as stable. Therefore,
the frequency and relative phase of E2
and E'3 never change. The input from
the master oscillator of the transmit-
ter is injected into the primary of T2.
This produces a voltage, E'1, across its
secondary, which is exactly 90° out of
phase with E2 and E3 when the fre-
quency of the input from the crystal is
the same as the frequency from the
master oscillator. The upper diode re-
ceives a voltage equal to the sum of E1
and E2; the lower diode receives
voltage equal to the sum of F1 and E3.
The diodes rectify the signals and d-c
voltages appear across the load resis-
tors. When the signal voltages are
equal, the output voltages across the
resistors are equal, and the total volt-
age across both resistors in respect to
ground is canceled out.

T™ 668-88

Figure 88. Vector relations in phase discriminator.
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If the frequency of the master oscilla-
tor increases, the vector relationships
change as shown in B. The increased
frequency is equivalent to a phase shift
of E1 in respect to E2 and E3. The
resultant vectors, F1 plus E3 and F1
plus E2, therefore change in length,
as shown, and the ratio of the voltage
across the diodes changes. The volt-
ages across the load resistors (fig. 87)
are now unequal and a voltage that
can be fed back into the modulator to
correct the drift of the master oscil-
lator is produced at point A.

Similarly, if the frequency of the mas-
ter oscillator decreases, the phase of
E'1 changes, as shown in C of figure
88 and a voltage of the opposite polar-
ity is produced across the diodes. The
voltage across the lower diode is now
less; therefore, a less positive voltage
is produced at point A (fig. 87). The
result is a change in the polarity of the
over-all voltage to that produced when
the frequency of the master oscillator
shifts upward in frequency. The cor-
rection voltage applied to the proper
circuits tends to return the system to
a condition where F1 is 90° out of
phase in respect to E2 and E3. Conse-
quently, the frequency of the master
oscillator is dependent on that of the
crvstal oscillator. Since the discrim-
inator depends only on phase relation-
ships and not on the absolute fre-
quency of the secondaries of the trans-
formers, the tuning of the discrimina-
tor has less effect on the stabilify of
the system. However, divider circuits
are needed to reduce the transmitter
and crystal oscillator frequencies and
they are considerably more complex
than the simple mixer system.

¢. Modified Phase Discriminator.
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(1) The complex divider circuits necessary

have led to a modification in the basic
phase discriminator. Essentially, this
modification consists in obtaining the
voltage that corresponds to that pro-
duced by T2 in figure 87 from the same

(2)

(1)

circuit to which the split secondary of
T1 is connected. This modification is
shown in figure 89. A tuned circuit is
used for the split transformer, the sig-
nal voltages across the two halves of
the secondary are still £2 and E'3, and
the diode load circuits and their oper-
ation are the same as before. The volt-
age present across the primary wind-
ing is also present across L and the
voltage, K1, is obtained from across
this inductor. Therefore, the second-
ary. system receives its voltages in two
ways—by inductive coupling, and
through coupling capacitor C. The
voltage is the same as the voltage, £'1,
across the primary and is 180° out of
phase with the total voltage, E2 plus
E3, induced across the secondary cir-
cuit. The voltage drops across each
half of the split secondary are, in turn,
90° out of phase with the applied volt-
age. However, they are 180° out of
phase with each other, since the cir-
cuit is a tapped transformer, and
therefore, the voltages E2 and E3 are
developed 90° out of phase with the
primary voltage.

When the frequency of the carrier de-
parts from the center of the tuned-cir-
cuit resonance curve, the phase rela-
tionships across the tuned -circuit
change, and the over-all d-c¢c output
changes. Consequently, the d-¢ output
of the discriminator varies with the
applied frequency. However, opera-
tion is dependent on the resonant fre-
quency of the discriminator secondary,
although this discriminator is much
easier to tune and adjust than the
double-tuned discriminator, because
only one resonant circuit is used.

f. Pulse Discriminator.

Another type of discriminator that
can be used in afc systems—the pulse
discriminator — uses pulses rather
than continuous sine-wave signals. The
pulse discriminator distinguishes be-
tween two pulse signals of different
repetition rates, and produces a volt-
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Figure 89. Modified phase diseriminator.

age pulse proportional to their differ-
ence. It is necessary to convert the
frequency of the master oscillator to
a series of pulses with a repetition rate
proportional to frequency. The repe-
tition frequencies are compared in the
pulse discriminator and an output is
produced if the repetition rates differ.
This output is converted to a d-c volt-
age and applied to the modulator,
thereby shifting the frequency and
bringing the two repetition rates back
into synchronism.

The accuracy of the pulse system is
much greater, in terms of timing, than
that of a system using sine waves. A
pulse begins at a precise instant,
whereas a sine wave does not, because
the rate of voltage change at the begin-
ning of a pulse is much greater than
the rate of voltage change at the begin-
ning of a sine wave. A pulse discrim-
inator responds to smaller changes in
the repetition rate than an equivalent
phase discriminator, which responds
to changes in the frequency of the in-
put signals. This system of stabiliza-
tion has the advantage of requiring no
frequency-divider circuits. Moreover,
no tuned circuits of any kind are used
in the actual stabilization loop. This
means that there need be no tuning or

3)

4

operating adjustment of the stabiliza-
tion circuits.

The over-all block diagram of the sta-
bilization circuit is shown in figure 90.
Some of the f-m signal from oue of the
multiplier stages in the transmitter is
tapped off and fed into a buffer ampli-
fier. This amplifier applies the signal
to the input grids of two mixer tubes.
A erystal oscillator, operating at the
same frequency as the input signal, is
applied also to the mixer grids. How-
ever, the signal from the oscillator is
passed through two R-C networks,
each of which shifts the phase by 45°.
To accomplish this, the value of the
resistance in each R-C network is
made equal to the reactance of the ca-
pacitor at the crystal frequency. The
upper network shifts the phase for-
ward by 45° and the lower retards it
by the same amount. Therefore, the
dual output of the networks differs in
phase by 90°.

The mixer plate circuits select the fre-
quency which is the difference between
the signal from the buffer amplifier
and the signal from the oscillator.
When no modulation is applied to the
transmitter and the frequency of the
master oscillator is stable, the fre-
quency from the buffer oscillator and
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Figure 90. Afc system using pulse control.

that from the crystal oscillator are the
same, and there is no output from the
mixer because the difference frequency
between the applied signals is zero and
and the mixer is set to accept only the
difference frequency. When the differ-
ence frequency is present, it is clways
very small compared to the frequency
of either of the applied signals.

When modulation is applied, the fre-
quency of the master oscillator in-
creases or decreases. Therefore, the
input signal to the grids of the mixers
will increase or decrease by a like
amount. This signal mixes with that
from the crystal oscillator and the dif-
ference frequency is equal to the in-
stantaneous deviation of the mixer.
When the modulated oscillator is ¢n
frequency, the upper and lower halves
of each cycle of difference frequency
contain the same average amount of
area over a period of time. If the oscil-
lator drifts upward, the output of the
mixers is a wave in which average

(6)

power in the upper half of the wave
is larger than in the lower half. The
control circuit is used to keep the aver-
age power in the upper and lower
halves of the cycle equal by applying a
suitable correction voltage to the mas-
ter oscillator.

Because of the phase-shifting net-
works, the output from the first mixer
lags that of the second mixer by 90°
when the frequency of the master os-
cillator is higher than that of the crys.
tal. When the frequency of the oscilla-
tor is lower than that of the crystal,
the output from the first mixer leads
that of the second. At all times, the
output of both mixers is 920° out of
phase because of the constant differ-
ence in phase at the output of the crys-
tal phase-shifting networks. During
1 cyvcle of modulation, the frequency of
the oscillator first increases anca then
decreases. Therefore, the output of the
mixers varies from minus 90° to plus
90°, This happens on each half-cycle.
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That is, the phase lags on the high
half-cycle of modulation and leads on
the low half-cycle (fig. 91); f, is the
frequency of the oscillator and f. is the
center frequency.
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Figure 91, Phase relations in balanccd modulators used

in pulse control systems.

(7) The output from each mixer is passed

through a separate amplifier. One am-
plifier is biased so that a few volts of
negative signal drive it completely into
cut-off. Therefore, the plate voltage
increases to the value of the supply
voltage and stays that way until the
voltage on the grid allows the tube to
conduct. When the grid swings posi-
tive, it draws current, and drives the
tube to saturation. The plate current
cannot increase and the plate voltage
stays constant until the voltage on the
grid goes negative. The result is the
production of a square wave. The out-
put from the other amplifier is used
to trigger a multivibrator circuit that
also develops a square wave output.
This circuit acts as a switch and turns
the d-c supply voltage off and on in
response to the input signal. Each
positive half-cycle develops a corre-
sponding pulse in the output.

(8) The multivibrator ecircuit produces
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two square waves that are 180° out of

(9

(10)

phase with each other. The out-of-
phase square waves are passed
through R-C differentiating networks,
as shown in figure 92. These differen-
tiating networks are chosen so that the
capacitance is small compared to the
resistance. Therefore, the reactance
of the capacitor is large at low fre-
quencies and only high frequencies are
passed. The square wave can be con-
sidered as composed of a number of
sine waves of various frequencies and
phase relationships. The highest of
these occur at the leading and trailing
edges of the wave. Therefore, the R-C
networks produce pulses that are
sharp and narrow.

The pulses produced by the leading
and trailing edges of the square waves
are applied to the plates of a dual-diode
pulse discriminator. The square waves
from the first mixer and amplifier are
applied to the junction of the two re-
sistors. The cathode is biased negative
to an amount equal to the peak value
of the out-of-phase square waves.
Therefore, neither the out-of-phase
pulses nor the clipped signal from the
first mixer can make the diodes draw
current. However, when they are both
present at once and in phase they are
effectively in series at the diode plates.

In figure 92, diode D1 is conducting
because the voltages are adding in the
wrong direction on D2. The output
signal from D1 of the pulse discrim-
inator is in the form of short positive
pulses. Because of the bias in the out-
put, only signal amplitudes larger than
the bias can appear. Therefore, the
actual output is not the square wave
plus - pulses, but the pulses alone. The
discriminator produces positive pulses
from D1 when the frequency of the
master oscillator is above that of the
crystal oscillator and negative pulses
from D2 when it s below. The repe-
tition rate of the pulses depends on the
amount by which the two oscillators
differ in frequency.
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Figure 92. Pulse discriminator.

(11) The pulses are made uniform in ampli-

tude by passing them through an am-
plifier and a pulse limiter, as shown in
figure 90. They then are applied to a
capacitor in the pulse integrator and
each pulse charges the capacitor a
small amount. When the frequency of
the master oscillator swings high on
modulation, more positive pulses are
produced, and the capacitor charges
to a positive voltage. On the down-
ward swing of the carrier the reverse
is true, and the capacitor charges neg-
atively. If the upper and lower swings
are equal about the constant value of
the crystal oscillator, the net charge
across the capacitor is zero. However,
when the oscillator drifts higher or
Jower, there is an increase in the num-
ber of negative or positive pulses. This
alters the net charge on the capacitor
and is equivalent to a changing voltage
across it. This changing voltage is ap-
plied to the grid of the modulator tube
to correct any drift in the oscillator
itself.

(12) This system needs no tuned circuits,

and stabilizes on alternate halves of
the modulation swing. The response
time of the system to changes in center
frequency can be as low as the period
of 1 cycle at the lowest audio fre-
quency. Long-time variations also are
compensated for, since these depend
only on the number of pulses and not
on changes in supply voltage or tubes.
The over-all circuit can be used only in
large fixed transmitters where the
number of component parts is not a
problem.

44, Motor Control Systems

a. Description. The motor control system
uses a two-phase motor attached to a variable
capacitor and connected across the master oscil-
lator tank. The frequency-control circuit derives
two voltages 90° out of phase to turn the motor
if the frequency of the master oscillator does not
coincide with the frequency of the crystal oscil-
lator.

b. Circuit. The frequency-control section of
a motor-control system consists of three main
parts—the crystal oscillator, the frequency di-
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vider, and the motor-control section. Some of
the signal from the master oscillator is tapped
off and fed to a chain of frequency dividers as
shown in the block diagram of figure 93. The
low-frequency divided signal is fed to two bal-
anced-modulator circuits. The output of the
crystal oscillator section is divided, so that the
frequency is the same as that of the divided sig-
nal from the master oscillator. It then is split
up, shifted in phase by 45° in each half, and
applied to the balanced modulators. The output
of the balanced modulators is fed to a four-
winding two-phase motor. When the phase in
all windings is the same, there is no rotation
of the motor. If the master oscillator drifts,
the phase in two of the windings differs from
that in the other pair, and the motor rotates
to correct the unbalance.

¢. Balanced Modulator Motor Control Sus-
tem. The output of the crystal-oscillator divider
system is split up by a phase-shifting network
and applied to the grids of a balanced modula-
tor. The input from the master-oscillator di-
vider system also is applied to the modulator

grids. When the two frequencies are equal, no
output appears in the plate circuits of the mod-
ulator, but any difference between the frequen-
cies of the input signals will cause an output to
appear. This output is an a-c voltage with a
frequency equal to the difference in frequency
between the two input signals. Each balanced
modulator output is connected to two windings
of a four-winding, two-phase motor. When the
frequencies of the cryvstal oscillator and the
master oscillator in the modulators coincide, the
difference frequency in the output is zero. and
no voltage is applied to the motor. When a dif-
ference frequency is present, the output of one
balanced modulator is 90" out of phase with
the other. This 90° out-of-phase pair of volt-
ages applied to the motor windings causes a
rotating magnetic field to be set up. Therefore,
the armature of the motor turns with speed of
rotation equal to the speed of rotation of the
magnetic field. This, is turn, depends on the
frequency of the difference of the signals ap-
plied to the modulators. The motor, in turning,
moves the capacitor connected across the uscil-
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Figure 98. A motor-control afc system.
AGO 421A 99



lator tank, so that the frequency of the master
oscillator also changes. As the frequency
changes, the difference between the master os-
cillator and the crystal frequency becomes less
and less and the motor runs more slowly until
it stops when the two frequenecies coincide.
Therefore, a small displacement of the oscillator
frequency causes the motor to turn a very small
amount and correct the drift.

45. Frequency-Divider Circuits

a. General. Frequency-divider circuits re-
duce the frequency of a signal by an integral
multiple of the fundamental and also can divide
and multiply by fractional quantities. They also
veduce any deviation that is present on the sig-
nal because of modulation. There are two gen-
eral types of frequency dividers, those that pro-
duce an output whether an input signal is pres-
ent or not, and thoze which produce output only
when the input signal is applied. The free-run-
ning dividers are all some variety of oscillator
synchronized with a higher frequency. The
other type of divider depends on the properties
of special circuits and not only can produce
division and multiplication, but also can divide
and multiply by fractional quantities.

b. Multivibrator.

(1) One of the simplest oscillators that
can be used as a frequency divider is
the svnchronized multivibrator. There
are many varieties of multivibrator
circuits, but essentially they are all
modifications of a two-stage resist-
ance-coupled amplifier circuit with the
output fed back to the input circuit.
When the grid voltage of a vacuum
tube is made more positive the plate
voltage decreases. This decrease in
plate voltage is coupled into the grid
of one tube, causing a decrease in grid
voltage. This results in an increase in
plate voltage, which is applied to the
grid of a second tube, and the cycle
reverses. The cireuit is shown in fig-
ure 94. The variations possible con-
sist in using direct coupling, cathode
coupling, or mixed types of coupling
between the two tubes.
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Figure 94. Simple multivibrator circuit.

(2)

(3)

A small amount of voltage applied to
the grid circuit can be used to trigger
oscillation. Any voltage that is an in-
tegral multiple of the natural fre-
quency of the oscillator provides this
triggering action. The frequency can
be much higher than the actual fre-
quency of operation of the oscillator.
The output from one multivibrator
controlled in this manner can be ten
times less in frequency than the con-
trolling voltage. The output of this
multivibrator can be connected to
another multivibrator that also di-
vides by a like amount, providing di-
vision by one hundred. In this way,
the high frequency of the crystal oscil-
lator and the master oscillator in an
f-m system can be reduced to a fre-
quency in the audio range. This can
be applied to the phase or pulse dis-
criminators for frequency control, as
desceribed previoustly.

If the synchronizing voltage is not ap-
plied to the multivibrator, the oscilla-
tions do not stop, but run freely;
hence, the name, free running. This
is a distinct disadvantage in a divider
circuit because if synchronism is lost,
frequency control also is lost. For this
reason a modification of the multivi-
brator known as the one-shof multi-
vibrator or trigger circuit often is
used (fig. 95). The circuit is essenti-
ally the same as the multivibrator, but
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capacitors C1 and C2 of figure 94 are
replaced by resistors R5 and R6. It
sometimes is called a direct-coupled
multivibrator. A small change in grid
voltage of V1 increases the plate cur-
rent. This increases the voltage drop
across R1 and makes the grid of V1,
more negative, decreasing the plate
current through R2. As the grid of
V1 becomes more positive, there is an
abrupt increase of the plate current of
the first tube and the plate current of
V1, is cut off. Another pulse applied
to the grid of tube 2 upsets this con-
dition and causes another reversal,
with maximum current in V1,. There-
fore, this circuit depends entirely on
the input pulse, and does not operate
(there is no output) when no pulse is
present.

TRIGGER
INPUT

8+
R1 R2
RS
Ré
V1 Vig
/= L\
l -m-. ..
R3 R4
R7
TM660-98

Figure 95. Trigger circuit.

(4) If several of the circuits deseribed
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above are connected in sequence, the
application of a pulse to the input of
the first tube which was not previously
conducting, conducts, and vice versa.
The next stage is made to trigger only
on the output of one conducting tube,
and, since its plate voltage is low
when conducting, the second stage
does not trigger on the first pulse. A
second pulse, applied to the first tube,
triggers the second tube and causes it

to conduct. A third pulse triggers the
next tube in line and so on. If ten
tubes are used, the tenth tube triggers
on the tenth pulse. If this tube con-
nects to a similar group of circuits,
the last tube in the second line will
trigger on every hundredth input
pulse. This provides an accurate fre-
quency divider that can be extended
to very high orders of division. It has
the advantage that there is no output
unless an input signal pulse is present.
On the other hand, a very large num-
ber of tubes becomes necessary if high
division is needed.

¢. Synchronized Oscillator. A vacuum-tube
oscillator tends to synchronize with an injected
voltage of about the same frequency. Also, if
the frequency of the oscillator and the injected
voltage are in approximate harmonic relation-
ship, the oscillator synchronizes with the har-
monic. For example, if a signal of 1 me is in-
jected into an oscillator operating at about 99
ke, the oscillator begins to oscillate at 100 ke,
which gives a frequency division of ten. As the
frequency stability of the oscillator is reduced,
synchronization can be obtained over a wider
and wider range. Synchronization can be im-
proved if afc is applied to the oscillator. This
is accomplished by applying the output of the
oscillator and the voltage to be divided to a
phase diseriminator. The rectified output of
the discriminator actuates a reactance modula-
tor, which in turn changes the frequency of the
oscillator. If a harmonic generator is inserted
between the oscillator and the detector, the os-
cillator can be held in synchronism with its own
harmonic, and therefore can act as an accurate
divider. However, the circuit continues to func-
tion even with no synchronizing signal present.
The oscillator therefore is free-running (fig.
96).

d. Regenerative Modulator. When two dif-
ferent frequencies are applied to ‘a mixer
circuit, the output contains all possible sum
and difference frequencies and their har-
monics. If one of the multiples of the difference
is selected, amplified, and inserted back into the
mixer circuit, it reinforces the output at that
frequency. This is known as regenerative mod-
ulation (fig. 97). This device uses an ordinary
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Figure 96. Synchronized-oscillator frequency divider.

mixer tube and a suitable selective amplifier.
For example, the input to the mixer grid pro-
duces a distorted wave, which contains the
tenth submultiple. The output is taken from the
amplifier and fed back into the mixer, where
it increases the amplitude of that submultiple
and tends to suppress the others. The result
is a divider that cannot operate unless an input
signal is present. Fractional division can be
obtained if the diagram of figure 98 is used.
Here, the output of the amplifier is fed into

Section Il

46. Indirect F-M Transmitter

a. The preceding sections of this chapter
have discussed the operation of various circuits
used in f-m transmitters. An over-all circuit
diagram of these circuits combined in an actual
piece of equipment would be large and compli-
cated, especially if the transmitter has a large
number of stages. An over-all schematic for a
typical f-m transmitter, using indirect methods
for producing the production modulation, is
shown in figure 99. Although many things are
shown at the same time, it is easy to follow the
entire plan if the individual circuits that com-
pose it are understood. For greater clarity, the
power-supply wiring as well as the control cir-
cuits has been eliminated from this diagram.
Normally, when printing the complete sche-
matic, filament wiring, connections for plate
voltage, and control ecircuits are all shown.

b. The indirect f-m transmitter has a Pierce
¢rysta1 oscillator, V1, which is similar to the
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an odd-harmonic generator, and an odd frac-
tional value of the input signal is reinforced.
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Figure 97. Regenerative-modulator frequency divider.
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Figure 98. Regenerative-modulator fractional divider.

COMPLETE TRANSMITTERS

ultraudion oscillator. The crystal acts as a
tuned parallel resonant circuit connected be-
tween the grid and the plate through a block-
ing capacitor, C28. Grid-leak bias is provided
by the combination of resistor K1 and capacitor
C1l. Plate voltage is supplied through K2, and
the output voltage of the oscillator is developed
across it. The coupling capacitor, C2, couples
the output voltage to the grid of the following
stage.

¢. The Link phase modulator is used in this
stage, and the voltage drive for V2 is developed
across grid resistor R8. Audio voltage is intro-
duced through the correction network, K6 and
C3, which produces the necessary frequency re-
sponse required for the generation of true f-m.
The high cathode bias that is used with this
modulator is provided by R4, its value being
great enough to operate the tube in a region of
low transconductance. The frequency-modulat-
ed output is developed at the plate of V2.
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d. The resistance-coupled a-f voltage ampli-
fiers of the unit are formed by the circuits of
¥3 and V4. Included in the amplifier are a pre-
emphasis circuit, a gain control, and decoupling
circuits. The voltage developed by the micro-
phone is isolated from the grid of the first audio
tube, V4, by the microphone input transformer.
At the same time this transformer provides a
certain amount of voltage gain. Resistor R22
serves to stabilize the impedance of the second-
ary, so that the pre-emphasis network formed
b’y R21 and L8 can function properly. Screen
voltage and bypassing are provided by R19 and
C27 respectively, and R20 is the conventional
plate load resistor. Capacitor C24 in conjunc-
tion with resistor R15 acts as a decoupling net-
work, to prevent feedback from the following
stages from returnine to the grid of V4 through
the common power supply impedance. The same
function is performed by R14 and C23 for the
following stage. In this stage. R17 and 25 are
the conventional cathode bypass and bias cir-
cuit, and R16 serves ax the plate load resistance.
Control of the voltage. fed from 173 through cou-
pling eapacitor 26 to the modulator, is achieved
by variable resistor R13 in the grid circuit of
V3. The output of the amplifier stages is sup-
plied to the audio correction network, R6 and
C3, through coupling capacitor C4i.

e. From the modulator stage. V"2, the fre-
quency-modulated signal passes through capac-
itor C5 and builds up a voltage across R7 in the
grid return of V5. This stage is a class A buffer
amplifier that isolates the modulator and associ-
ated circuits from the frequency multiplier cir-
cuits which follow. It uses cathode bias provided
by resistor R8 with Livpass capacitor C6. The
output voltage is developed across the tuned
plate circuit formed by L1 and the distributed
capacitance. Screen voltage is applied through
R9. with C7 and C8 operating as conventional
r-f bypass capacitors. The voltage developed
across L1 is still at the crystal frequency, but
has been increased considerably in amplitude.

f. The voltage across L1 is coupled to the grid
of the firast frequency multiplier. VG, through
C9, and is rectified between the grid and cath-
ode, since its poxitive swings are sufficient to
draw grid current. This develops bias aceross
R10, causing the stage to operate in class C.
The desired harmonic is selected by the tuned

AGO 421A

plate circuit formed by C11 and L2, in which
C10 serves as an r-f bypass capacitor. This
higher frequency is coupled to another fre-
quency multiplier, V7, identical in operation
with V6. The components of the stage perform
functions equivalent to those of the preceding
stage. The tuned plate output circuit of the
second multiplier, V7, is tuned to the operating
frequency desired.

g. Drive from tuned circuit L3 and C13 is
transformer-coupled to the cathode circuit of
V&, L4, and (C15. This stage supplies excitation
for the power amplifier. Both the driver and
the power amplifier are grounded-grid stages,
as necessitated by the high operating frequency.
Bias for the grounded grid is achieved througl
combination R12 and C16 in V&, and R13 and
C20 in V9. Since =ufficient voltage is applied to
the cathode to make it negative in respect to
the grid. current flows in the grid circuit and
builds up bias across the resistor. The capacitor
acts as a bypass, and effectively grounds the
erid for r-f.

hi. The plate output circuit of the driver stage
formed by L5 and C17 is coupled to the power-
amplifier cathode circuit, L6 and C19. Output
from the entire transmitter is applied to a trans-
mission line by the pi-network impedance-
matching circuit formed by C21, L7, and C22.
This circuit permits matching a wide range of
transmiszion iines by adjustment of the vari-
able capacitors. Plate voltage iz fed on the low-
impedance =ide of the circuit through an r-f
choke, RFC. and is prevented from reaching the
antenna by blocking capacitor C29.

47. Direct F-M Transmitter Circuit

a. The circuit for a direct f-m transmitter
generally will be more complicated than most
of the indirect types when it incorporates auto-
matic frequency control, If no afe is used. con-
siderable simplification in the number of stages
can be obtained ut the expense of reduced fre-
quency stability. Because most direct f-m sys-
tems are capable of a higher deviation of the
fundamental oscillator frequency than are in-
direct units, less frequency multiplication is
needed to attain tne desired operating fre-
queney and deviation. A representative direct
f-m transmitter with automatic frequency con-
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trol is shown in the complete schematic of fig-
ure 100. Although the diagram looks extremely
complex at first glance, it can be understood
easily if it is analyzed stage by stage. The pow-
er supply and control circuits have been elimi-
nated for clarity.

b. The circuit of tube V1 is a basic Colpitts
oscillator. The frequency control network com-
prising V3 and V4, along with reactance modu-
lator V2, serves to keep it in synchronism with
crystal oscillator V5. Audio voltage is amplified
by V13 and applied to the reactance modulator
to produce the necessary deviation. The re-
maining stages in the transmitter are buffer
amplifiers, frequency multipliers, and the final
output stage.

¢. The tank circuit of oscillator V1 is formed
by L1 and the spiit-feedback capacitors, C1 and
C2. R1 and C3 are a conventional grid-leak biax
combination. An r-f choke is used in the cath-
ode s0 that d-¢ plate current can flow from plate
to cathode, and r-f currents are diverted to the
feedback cireuit. A conventional plate tank cir-
cuit, C6 and L2, along with bypass C5, is used.
Thix tank circuit is tuned to a harmonic ot the
oscillator frequeney to obtain increased isolation
of the frequency-determining components from
the output of the oscillator. In addition, a stage
of frequency multiplication is saved. Screen
voltage is fed to the oscillator tube through the
voltage divider formed by R2 and R37. When
the screen voltage is adjusted properly, the os-
cillator frequency is practically independent of
changes in plate voltage.

d. Qutput from the oscillator is coupled
through C7 to the grid of buffer amplifier V6,
which operates class A as determined by the bias
built up across R4 in the cathode circuit. Ca-
pacitor C8 acts as a bypass for r-f and R3 serves
as a d-c¢ grid return. It does not affect the bias
because the output of the oscillator is adjusted
so that negligible grid current ix drawn. The
sereen voltage is supplied from the main plate
supply through R5. The screen itself is ground-
ed for r-f by C9, and the bottom of the plate
tank circuit, L3 and €58, is bypassed by C10.
The output of this stage is fed to V7 of the first
frequency multiplier threugh C11. Bias is de-
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veloped by grid-cathode rectification of the am-
plified signal across R6. The output of this mul-
tiplier appears across the tuned circuit formed
by C13 and L4, which is returned to ground for
r-f by bypass C12. This output is fed in a sim-
ilar manner to V8 of the second multiplier which
in turn feeds V9 of the third multiplier. The
output of the third multiplier appears across
the tuned circuit formed by C18 and L6, which
1s bypassed to ground for r-f by C19.

¢. Examination of the frequency modulator
discloses that V2 is the conventional injected
reactance type, with (35 and resistor R18 form-
ing the phase-splitting network. Resistor 17
is inserted in series with C35 to prevent the de-
velopment of very-high-frequency oscillation,
which can be caused by C35 in association with
stray wiring inductance. This can act as a
tuned circuit and permit the development of
ultraudion oscillation at frequencies where the
screen lozes its effectiveness in reducing capaci-
tance hetween grid and plate. €34 is a blocking
capacitor that prevents d-c from appearing in
the grid circuit. Isolation is increased by by-
pass capacitor C3G. The screen voltage and by-
passing are supplied by R20 and C37. Operat-
ing bias for the modulator iz <et by B19, and the
cathode is grounded for r-f and audio by C38.

7. Audio voltage is fed to the modulator grid
through isolating resistor R16 and coupling
capacitor €54 frem audio amplifier V13. The
audio-amplifier stage has a pre-emphasis cir-
cuit in the grid formed by C57, R34, and R33.
C57 is selected so that, in combination with B33,
a voltage divider is formed which presents an
increasing voltage with frequency caused by
the decreasing reactance of C57 as the fre-
quency is raiced. To limit the attenuaation of
low freguencies R34 is included. Since it is in
parallel with 57, the maximum impedance that
can be developed is the resistance of R34 alone,
when the frequency is o low that C57 has an
extremely high impedance. KE3b acts as a gain
control and as a constant source impedance for
the pre-emphasis network.

g. The frequency-control circuit includes V3,
14, and V5. It compures the output voltage of
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one of the multiplier stages with a harmonic
of the crystal oscillator in a mixer, V4. If any
difference exists between the two, a voltage is
developed in the phase discriminator, V3, which
is applied to the grid of the frequency modulator
through isolation resistor, R21. This compen-
sates for the frequency difference. The mixer
stage uses a pentagrid tube which permits ap-
plication to separate grids of the two signals to
be compared. The difference frequency is se-
lected by the plate circuit. This usually is tuned
s0 that the entire discriminator operates at a
low frequency. The crystal oscillator, V5, is a
special type which permits the selection of a
harmonie of the actual crystal frequency by
means of the tuned plate circuit formed by L13
and C50. The harmonic of the crystal frequency
is selected to give a difference between it and
the harmonic of the master oscillator appear-
ing at the grid of the driver tube, V10. R29
acts as the grid-bias resistor for the oscillator,
with the crystal itself acting as the grid-leak
capacitor. Output is coupled to the mixer tube
through C47 and R26, and the output from the

frequency multiplier V9 is coupled through C48
and R27.

h. The output of the frequency multiplier
stages feeds a tetrode driver stage whose plate
circuit is tuned to the operating frequency. This
tuned circuit, C23 and L7, is grounded in the
center for r-f by capacitor C22 so that a 180°
out-of-phase voltage is available for the grids of-
the final push-pull amplifier, V11 and V12. A
small variable capacitor, C26, is included on the
side of the tank opposite the plate of the driver.
It compensates for the capacitance from plate to
cathode that would tend to unbalance the driv-
ing voltages to the grids of the power amplifier.
Cathode bias is provided in the amplifier by E17
and R14 as a safety measure in case excitation
fails, but the main operating bias comes from
grid rectification and resultant production of
voltage across R11 and R12. The final tank cir-
cuit, formed by C31, C32, L8, and L9, is coupled
to a transmission line by the tuned link circuit.
The screen-voltage supply for the final am-
plifier is conventional and is similar to that used
for the driver.

Section 1V. TYPICAL TRANSMITTERS

48. Indirect F-M Transmitter

A general description of a transmitter must
include characteristics other than circuitry.
These include the power input and output, the
frequency and type of operation, the purpose of
the equipment, and the distance over which the
signal from the transmitter can be received. A
description of these characteristics is given for
the indirect f-m transmitter shown in figure
101. This equipment is designed for fixed-sta-
tion service over a range of approximately 20
miles, with an output of 50 watts. A 110-volt,
60-cycle power supply is required for the power
input, and the equipment draws 325 watts from
the line when transmitting. The complete unit
contains 28 tubes including rectifiers. and has
an audio response from 300 to 4,000 cycles, with
a frequency range from 30 to 40 me. The trans-
mitter unit has been removed from the cabinet
and is shown in figure 102. The crystal oscilla-
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tor is phase-modulated through an audio cor-
rection network. The resultant f-m signal is
multiplied 32 times and produces a frequency
deviation of =15 kec. This is accomplished by 2
quadrupler stages and a doubler stage. The out-
put of the doubler then is fed to push-pull power
amplifiers, and approximately 50 watts of power
is delivered to the antenna. The receiver (fig.
101) shown in the rack below the transmitter
is a double conversion superheterodyne.

49. Direct F-M Transmitters

a. A combination double-conversion super-
heterodyne receiver and direct f-m transmitter
is shown in figure 103. This set provides two-
way phone communication with a similar port-
able, ground, or mobile equipments over a range
up to a mile. Power is supplied by either dry
cells, or a vibrator power supply and vehicular
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Figure 101. Indirvect f-m fransmitter used for fixed-
statton scrrice.

battery. The power supply must provide 90
volts at 80 ma for the plates and screens of the
tubes, and 6.3 volts at 520 ma when transmit-
ting. The power output of the transmitter is
500 mw (milliwatts). The [requency deviation
is =20 ke when a 1,000-cycle signal input of .25
volt is applied. The tuning of the transmitter is
variable continuously from 47 to 58.4 mc. This
.band of frequencies provides 115 channels with
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each channel having a bandwidth of 100 ke.
Two preset detented channels are available. The
receiver i-f components and the audio compo-
nents of both the transmitter and receiver are
mounted on the i-f chassis, as shown on the right
side of figure 104. The view on the left of this
figure shows both r-f and i-f components.

b. The transmitting and receiving circuits
are associated with each other through a com-
mon antenna circuit, a common 32- to 42.3-mc
Colpitts osctllator circuit, and a common tuning
control. The transmitter converts speech sig-
nals from an external microphone, amplifier,
telephone line, or other a-f source into f-m sig-
nals. The microphone voltage is amplified by
a microphone amplifier to the proper value for
modulation. It then ix applied to a reactance
modulator which varies the frequency of the
Colpitts oscillator in accordance with the audio
signal. The frequency-modulated output of the
Colpitts oscillator and a 15-mce <ignal produced
by doubling the low-frequency output of a 7.5-
ke crystal oscillator are combined in a mixer
stage and the sum frequency of the trunsmitter
mixer is selected by g tuned circuit. The signal
then is fed through the driver and power am-
plifier stages to the antenna. No antenna switch-
ing is provided ~ince the receiver is inoperative
when the trunsmitter is energized and the trans-
mitter is inoperative when the receiver is on.

¢. Another direct f-m transmitter receiver
for portable, ground, or vehicular installation
is shown in figure 105. The frequency range of
this transmitter receiver is from 20 to 27.9 mec.
The communication range is approximately 10
miles for vehicles in motion and 15 miles for
stationary vehicles. Power can be supplied by
dry cells, vibrator power supplies, or a hand
generator. The set contains two subchassis; the
i-f chassis mounts the receiver components and
the audio components for both transmitter and
receiver; the r-f chassis contains the high-fre-
quency parts of both transmitter and receiver.
A low-frequency, self-excited, modified Hartley
oscillator is modulated by a reactance tube to
produce direct f-m. A crystal osciilator controls
the frequency of both the transmitter and the
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Figure 102. Indirect f-m transmitter removed from rack.

receiver. The output of this oscillator ix mixed
with the f-m signal to produce the desired devia-
tion of =20 kec. The output of the mixer then
is fed through the driver and power amplifier
stages to the antenna.
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d. A direct f-m receiver transmitter unit de-
sigmed for pack operation is shown in figure 106.
Thix set has an average distance range of 5
miles. The frequency range is from 27 to 38.9
inc. This band of frequencies provides 120 chan-
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Figure 105, Direct f-m receiver-transmitter.

nels 100 kc wide and the transmitter is preset
to any two of these channels. Power can be sup-
plied by dry cells or storage batteries and a dy-
namotor. The power output of the transmitter is
1.5 watts. The entire unit contains 19 tubes,
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all of which are used when transmitting. The
transmitter is a MOPA (master oscillator pow-
er-amplifier) with the receiver crystal control-

ling the frequency of transmission through a
reactance tube.
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Figure 104. Direct f-m transmitter-receiver subchassis.
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Section V. SUMMARY AND REVIEW QUESTIONS

50. Summary

a. The f-m signal taken from the modulator-
oscillator stage must be increased in deviation
and frequency by frequency-multiplier stages.

b. Frequency multipliers operate through
harmonic generation. Multiplications of two,
three, four, and five times are obtainabie with
reasonable efficiency.

¢. Frequency multipliers are usually r-f am-
plifiers with input and output circuits tuned to
different frequencies harmonically related to
each other.

d. Push-push doublers are very efficient mul-
tipliers which use two tubes with grids connect-
ed in push-pull and plates in parallel. Operation
is similar to a full-wave rectifier producing a
ripple voltage of twice the line frequency.

e. At high frequencies, the operation of fre-
quency multipliers is impaired because of de-
generative effects which tend to reduce their
power output. These degenerative effects can
be neutralized with appropriate eircuits.

f. Other methods of frequency multiplication
are available which do not depend directly on
harmonic generation, but these seldom are used.

g. Frequency multipliers can be combined
with the master oscillator circuit for compact-
ness and reduction of power consumption.

k. Power amplifiers for f-m have no connec-
tion with the modulation process. They are used
only to increase the power in the modulated
wave. All f-m power amplifiers operate class C,
which permits high efficiency and high power
output.

1. The operation of a class C amplifier de-
pends on the angle of plate current flow, which
in turn depends on the grid bias and the ampli-
tude of the grid-driving voltage.

4. Various class C amplifier circuits have
been devised with different means of introduc-
ing the grid-driving voltage and coupling the
output power to the load.
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k. The necessity for neutralization is over-
come al high frequencies through the use of
tetrode amplifiers.

I Grounded-grid triode amplifiers overcome
sume of the disadvantages of tetrodes and con-
ventional {riodes at very-high frequencies.

m. The input circuit for a power amplifier
must provide adequate regulation of the driving
valtage without causing excessive losses. Vari-
ous input eircuits have been devised by use of
capacitive coupling or inductive coupling.

n. Power-amplifier output-coupling circuits
are of two forms. series-fed and shunt-fed. The
output load circuit matches the final amplifier
to the transmission line or the antenna. In ad-
dition. it suppresses spuricus frequencies. Vari-
ous tyvpes of output circuits provide different
depgrees of suppression and ability to match
leads of different impedance.

n. Not all of the various input and output
circuits available for class C power amplifiers
can he used with each other because of the pos-
sibility of spuricus ascillations being gencrated
in the circuits.

». Spurious oscillation generated in a power
amplifier at a frequency far from the actual tun-
ing of the tank circuits is called parasitic oscil-
lation. Parasitic oscillations are eliminated by
the proper choice of circuit in both grid and
plate, as well as by suppressor chokes, resistors,

and capacitors.

g. In direct f-m transmitters, the center fre-
quency must be stabilized by some form of auto-
matic frequency control.

r. There are two major types of frequency-
control arrangements. One uses a d-c correc-
tion voltage for the modulator circuit, the other
a mechanical arrangement.

s. Afc systems include frequency changers,
comparators, and corrector networks.

t. The comparator is usually a discriminator
circuit. The discriminator produces a d-¢ volt-
age proportional to the difference between the
frequency of the oscillator and some standard
center frequency.
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u. The double-tuned discriminator uses two
resonant cirenits =eparated <lightly in frequen-
¢ and coupled to the same source. The output
iz apolied to rectifiers and the amplitude of the
rectified voltage is proportionate to the change
in frequency.

r. The phuse discriminator compares the
phase of «ignals from the master oscillator and
z erystal standard, producing a d-c output pro-
portional to the difference.

w. The pulse discriminator produces pulses
vhose polarity and number per second reflect
the departure of the oscillator {rom the center
ireyuency. These pulses are stored, and any
change in stored charge is applied to the modu-
lztor tube as a correction voltage. -

z. In a motor control system, two balanced
moedulators, receiving their signals from the
ervstal oscillator and master oscillator. pro-
duce two outputs 907 out of phase if the signal
frequencies do not coincide. The 90° out-of-
phase voltages are applied to the windings of a
two-phase motor. This motor turns a variable
capacitor in the oscillator circuit, which serves
to correct the frequency difference.

y. Frequency dividers are of two types—free-
running dividers which produce output whether
input is present or not, and those which pro-
duce an output only with an input signal.

z. The multivibrator is a common free-run-
ning divider. It is essentially a two-stage resist-
ance-coupled amplifier with some of the output
returned to the input. The essentially square
waveform it produces can be syvnchronized with
kigher harmonics.

aa. Trigger circuits are modifications of mul-
tivibrator circuits which operate only in the
rresence of input pulses. Used in sequence, they
operate as very accurate dividers.

ab. The regenerative modulator consists of
a2 nonlinear device and a frequency selective am-
plider. The amplifier is tuned to a subharmonic
of the input frequency of the nonlinear mixer.
Thke output of the amplifier is returned to the
mixer, reinforeing the subharmonie.

51. Questions

a. What increases the deviation and carrier
frequency in an f-m transmitter?
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b. What feature of the operation of a class
C amplifier permits the successful generation of
output power at a harmonic frequency of the
input?

c. Cite two ways of obtaining a frequency
multiplication of 32.

d. How many times is the deviation of a basic
f-m signal increased after passing through four
doublers?

e. If the input circuit of a quintupler is tuned
to 10 mc, to what frequency is the output circuit
tuned?

f. Which type of multiplier chain produces
greater output, one containing a doubler and a
quadrupler or one containing three doublers?

¢. How are the grids and plates of a push-
push doubler connected?

k. What type of loading is produced by the
capacitance between the grid and the plate cir-
cuit of a high-frequency rmultipiier?

{. What is the effect of a high-cathode in-
ductance on the output capacitance of a high-
frequency quadrupler?

J. What is the advantage of using push-pull
multipliers?

k. What coupling exists between the input
and the output circuit of a frequency multiplier
which is combined with an oscillator?

. Why is it desirable to tune the output cir-
cuit of a comuined oscillator multiplier to a
very much higher frequency than that of the
grid circuit?

m. What differences exist in the requirements
for a class C power amplifier used for f-m as
compared to one used for a-m?

n. What is the principal disadvantage of the
grounded-grid amplifier?

0. Why are push-pull amplifiers useful at high
frequenciex?

p. What is significant about the input imped-
ance of a grounded-grid push-pull amplifier?

q. What are the major disadvantages of ca-
pacitive coupling as compared to link coupling?
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r. What is necegsary in respect to the power
transfer between driver and final amplifier?

. What are the functions of the power-am-
plifier output coupling network ? Which of these
Aeatnres is determined by the operating ) of the
circuit?

t. What are the relative advantages and dis-
zdvantages of shunt feed?

u. What is the function of a split-stator ca-
pacitor in a cingle-ended neatralized triode pow-
<r amplifier?

r. How does the type of feed affect the d-c
voltaze appearing across the tank capacitor?

1. What is the major disadvantage of the
pi-network as an output coupling circuit?

r. How can short antennax he coupled di-
rectly to the final amplifier with pood efficiency?

y. What are the major operating indications
that a final amplifier is oscillating parasitically?

z. How are parasitic oscillations suppressed?

ac. Why are certain combinations of input
and output circuits avoided?

¢’ What is the difference Letween a d-c con-
trol syvs<tem and a mechanical control svetem?

ac. What are the relative disadvantages of a
d-c control system?

ad. Compare the response specds of a motor-
control and a d-c¢ control system. Which is more
zuitable for long-time changes?

ae. What is a receiver-transmitter frequency
interlock system?

ar. What device is most frequently used to
comparce the frequencies of two waves?
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ag. What is the major disadvantage of the
double-tuned discriminator?

ah. Why are discriminators used at a fre-
quency that ix low compared to the carrvier fre-
quency ?

ai. What i the advantage of the phase dis-
criminator ax compared to the double-tuned
discriminator?”

a/. How doex the modified phase discrimina-
tor differ from the standard phase discrimina-
tor?

ak. What is the advantage of a pulse control
svstem as compared to a simple discriminator
d-¢ control svstem? ‘

ul. What ix the function of the modified
balanced modulator in the pulse control system?

«m. What s the function of the limiter tube
in the pulse svstem?

an. Why is the trigger circuit used in con-
junction with the pulse discriminator?

vo. How is the output of the pulse discrimi-

nator applied to the control of the master ocil-
lator?

ap. Why iz the motor control sysiem re-
stricted to Large tixed installations?

aq. What are the three major parts of the
motor control ystem?

ar. What is the purpose of using frequency
dividers?

as. What is the difference between a free-
running and a triggered divider?

«f. What is the major disadvantage of the
synchronized oscillator as a frequency divider?

ar. How i fractional division obtained in a
regenerative modulator?
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Figure 99. Indirect f-m transmitter.
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Figure 100. Direct f-m tramsmitter.



