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BROADCAST TECHNICAL ASSIGNMENT

FREQUENCY-MODULATED TRANSMITTERS

INTRODUCTION

The previous assignments on
Frequency-Modulation Receivers and
on Modulation in the Advanced Prac-
tical Radio Engineering course,
dealt with the fundamental prin-
ciples of fregquency modulation.
Such matters as its superiority
with respect to interference sup-
pression, various methods of modu-
lating the transmitter, receiver
design, and the various types of
fem. detectors, were covered in
that section.

In this assignment more de-
tailed information concerning com-
mercial transmitters will be given.
It will be of advantage for the
student to review the fundamental
principles already studied before
reading this assignment, particu-
larly the one on modulation.

FREQUENCY RANGE.—The f.m.
band covers the range of 88.1 to
108.1 mc, in channel steps of 200
ke In any given area, stations
are separated by at least 800 kc
in order to obviate the danger of
adjacent channel interference where
the signal levels are high. Such
separation enables less-selective
and hence cheaper as well as more
reliable receivers to be built;
this is particularly important
when a receiver requires relatively
expensive components co deliver the
high-fidelity reception of which
f.m. is capable.

At such high frequencies as
88.1 to 108.1 mc, a band width of
200 kc 1is not unduly great, and
receiver circuits of normal Q can
cover the channel. The frequency
is not so high that lumped resonant

circuits are impractical, so that
bulky, expensive, and mechanically
complicated tuning arrangements are
unnecessary. Moreover, the modern
small midget tube can operate very
successfully at these frequencies;
transit-time and cathode-~inductance
loading can be kept down by the
small dimensions of the tube.

In the case of the transmitter,
the high power required introduces
difficulties in the design of the
power tubes. This is particularly
true in the case of a 50-kw trans-
mitter. An aid in obtaining such
high power is the use of a grounded-
grid final stage. The input power
required by the stage is high, but
this power is not wasted entirely
in grid dissipation; a large por-
tion of it appears as useful output
pover, and thus reduces the amount
of power output required of the
tubes in the final stage itself.

METHODS OF MODULATION .—Funda-
mentally there are two methods of
frequency modulation: the phase-~
shift method and the frequency-
shift methode In the former method,
a crystal-controlled oscillator
produces a fixed frequency, whose
phase angle is then varied in ac-
cordance with the modulation. By
making the amplitude of the latter
vary inversely with its frequency,
the inherent phase modulation is
converted into frequency modula-
tione.

If the phase shift is small,
considerable multiplication, as
well as heterodyning, is required
to obtain sufficient frequency de-
viation at the desired carrier fre-
quency. If greater phase shift
at low distortion can be obtained,
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less multiplication, and no heter-
odyning 1s required. This in turn
imposes less stringent requirements
on the frequency stability of the
initial crystal-controlled oscil-
lator, although special circuits
or tubes may be required.

One method of obtaining great-
er phase shift is by means of the
phasitron tube, as employed by
G+E.; another 1s by means of cas-
cading the phase shift stages, as
is dorne by Raytheon. 1In this sys-
tem, the phase-shifted carrier, as
produced by a suitable circuit, is
then applied to a second similar
stage, thereby increasing the phase
shift, and so on through four
stages, until sufficient total
phase shift is obtained to require
ordinary frequency multiplication
and no heterodyning.

In the direct frequency-shift
systems, as employed by Western
Electric and R.C.A., an ordinary
oscillator has its freguency varied
by reactance tube modulatorse. The
frequency deviation thus obtained
is sufficiently great that a moder-
ate amount of subsequent multipli-
cation enables 75 kc final devi-
ation to be obtained on the output
carrier.

The same initial f.m. wave is
also demultiplied in a separate
channel to a frequency sufficiently
low so that practically only the
sub-carrier remains. This is then
compared with a crystal-controlled
oscillator, and the beat frequency
resulting from any drift is then
applied to a synchronous motor,
which operates an auxiliary tuning
capacitor in the tank circuit of
the oscillator, thereby bringing
it back into synchronism with the
crystal-controlled oscillator.,

Any of these systems are capa-

ble of meeting the F.C.C. require-
ments as to constancy of the car-
rier frequency, low distortion,
frequency deviation, and audio
fidelity, so that the choice of
equipment depends mainly on such
competitive factors as price, sim-
plicity of the equipment, service
facilities, and the like.

THE IMPROVED ARMSTRONG SYSTEM

It will be recalled from a
previous assignment that the orig-
inal Armstrong system depended upon
two crystal-controlled oscillators
for its frequency stability: the
initial oscillator that was phase-
modulated, and the heterodyne os-
cillator required to lower the
carrier frequency without affecting
the deviation, used just prior to
the final multiplication.

USE OF DUAL CHANNEL F.H..—By
a new method, Armstrong has been
able to get away from the depen-
dence of the frequency stability
on the initial oscillator, and to
rely solely on one crystal-con-
trolled oscillator, that required
for heterodyning. The method, as
employed by R.E.L. (Radio Engineer-
ing Iabs, Inc.), uses a balanced
modulator which shifts the phase
of the same carrier in one channel
opposite to the direction of shift
in a second channel. Any frequency
drift of the carrier, however, is
in the same direction in both chan-
nels,

When the feme. carrier in one
of the channels is beat with a het-
erodyne oscillator, and the beat
note in turn heterodyned with the
fems carrier in the other chanrel,
the initial freciency drift is can-
celled out, but the frequency modu-
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lation of the two waves is added,
resulting in a final carrier having
the drift of only the heterodyne
oscillator, and having the fre-
quency deviation of 75 kc maximm,
as desired.

The action can be better un-
derstood with reference to Fig. 1.
The audio modulating signal enters
at the point marked "PROGRAM LINE
INPUT," is converted into a bal-
anced or push-pull signal by the
phase inverter, and is then modi-
fied by the "AUDIO CORRECTOR" cir-
cuit so as to receive preemphasis
and a drooping high-frequency re-
sponse necessary to convert p.m.
into f.m.

It is then fed into the bal-
anced modulator directly belowe.
At the same time a crystal-con-
trolled 7C7 oscillator tube and
7C5 buffer amplifier stage feed
the carrier frequency (anywhere
from 192 to 205 kc, depending upon
the final carrier frequency de-
sired) into the balanced modulator.
The side-band output is fed via
two 7C7 tripler stages into two
channels, #1 and #2, such that the
Instantaneous frequency deviation
in the one channel is opposite to
that in the other; i.e., if the
frequency of Channel #1 rises by
2 kc, that of Channel #2 drops by
this same amount. (The balanced
modulator will be analyzed in de-
tail farther on.)

Subsequent multiplication of
the frequency in each channel takes
place in the third and fourth panels
from the bottom. A total of four
tripler stages gives a multipli-
cation in each channel of 3% =
81 times.

At the same time there 1is to
be noted in the audio panel, an-
other crystal-controlled oscillator

using a 7C7 tube, and capable of
oscillating at any desired fre-~
quency in the range from 1,833 to
2,250 kce Its output is beat with
the signal from Channel #1 in a
balanced converter. The output of
the latter is in turn beat with the
signal from Channel #2 in the mixer
stage shown in the third panel from
the top. The resulting beat fre-
quency output is then multiplied
the required number of times in
thé second panel from the top to
furnish the desired carrier fre-
quency, and 1is then fed into a
series of buffer and driver stages
in the top panel. The output from
the latter panel contains the de-
sired carrier frequency and maxi-
mum deviation, and is used to drive
the grids of a power amplifier
stage.

Consider now the operation
from a numerical standpoint. Sup-
pose the initial crystal oscillator
develops a 200-kc wave. This is
multiplied 81 times to produce a
frequency of 16.2 mc in each chan-
nel. Suppose the balanced modu-
lator produced an initial phase
shift of +5° (leading) in Channel
#1, and simultaneously -5° (lag-
ging) in Channel #2. The multi-
plication of 81 times produces an
output phase shift of 81 x 5 = 405°
for Channel #1, and -405° for Chan-
nel #2.

Suppose, in addition, the ini-
tial crystal oscillator drifts 1
CePese from its nominal 200 kc
value. This drift is also multi-
plied 81 ctimes to produce a fre-
quency drift of 81 c.pes., in the
same direction in both channels.
One can write, therefore, as follows:

CHANNEL #1: 16.2 mc + 81 c.p.S. +405°
CHANNEL #2: 16,2 mc + 81 C.p.s. +405°
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Fige 1e=—Block diagram of the dual-channel modulator.
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Channel #1 is then hetero-
dyned with the 2,250-kc crystal
oscillator to produce a difference
beat of (16.2 mc + 81 C.peS. t+ 405°)
- 2,250 ke = 13,950 ke + 81 CePese t
405°.

This beat frequency is then
heterodyned with the signal from
Channel #2. The resulting differ-
ence beat 1is

(16.2 mc + 81 CepeSe — 405°)

- (13,9&) ke + 81 CePeSe + 4050)

(2,250 ke + 0 - 2 x 405°)

2.25 mc - 810°

Note that the 81 ce.p.s. drift
of the initial crystal oscillator
has cancelled out, whereas the 405°
phase modulation has doubled by
this double heterodyning process.
The cancelling out of the drift
of the initial crystal oscillator
means that the only drift that may
now occur is that owing to the
heterodyne crystal oscillator;
i.e., only this oscillator really
has to be held to the desired con-
stancy of frequency. The frequency
stability is guaranteed to within
12,000 ce.p.s. and therefore meets
the F.C.C. requirements,

NECHANICAL FEATURES.—The
equipment comes in five sizes: 250
watts, 1,000 watts, 3,000 watts,
10,000 watts, and 50,000 watts.
In Fig. 2 is shown a photograph of
the 1,000-watt transmitter. The
doors and removable panels are fit-
ted with switches that form part
of the safety interlock system.
The cabinets are pressurized, and
openings are sealed with special
gaskets. The air outlets and in-
lets have filters to exclude dust,

and it is claimed that they will
last indefinitely.

Each chassis in the modulator
section of the cabinet is mounted
on hinges, so that it can be swung

(Courtesy R.E.L.)

Figes 2.—Front of the 1-kw trans-

mitter, with panels removed, show-

ing the physical arrangement of the
output circuit.
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out, thus permitting access to its
componentse Meters on the front
panel furnish readings of the pri-
mary voltage and high-power cir-
cuits of the transmitter; the prin-
cipal circuits of the modulator
chassis have built-in meters, and
tip jacks permit measurements to
be made on all other circuits. In
addition, an r.f. voltmeter enables
the power level on the antenna
transmission line to be measured.

ELECTRICAL FEATURES o—In dis-
cussing the electrical features,
it will be of value first to an-
alyze the action of the dual modu-
lator. This, it will be recalled,
modulates the two channels in op-
posite directions. In Fig. 3 is

these have been shifted through
90° from their normal phase with
respect to the carrier. In Fig. 3
such 90° shift is obtained by shift-
ing the carrier voltage applied to
the modulator input by 90°. This
is accomplished by each C and R.
These are relatively small in value;
hence the reactance of C is very
large compared to R at the carrier
frequency.

As a result, the current .

through R and C leads the carrier
voltage induced in L by practically
90°. This current produces a velt-
age drop in R in phase with itself;
hence this voltage also leads that
induced in L by 90°. Since the
voltage across each R is the input
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(Courtesy R.E.L.)

Fige 3¢—Simplified diagram of Armstrong dual channel modulator.

shown a typical modulator stage.
The crystal oscillator and buffer
stage supply carrier voltage to
the modulator stage through C and
R, and also carrier voltage to coil
L1 via R for recombination with
the side-band output of the modu-
lator stage, in order to obtain
phase (and fregquency) modulation.

It will be recalled from an
earlier assignment that phase modu-
lation is obtained by combining the
carrier with the side bands after

to each modulator tube, it is clear
that the carrier input to the modu-
lator stage leads the voltage re-
combined with it at points .AB by 90°.

The action of the balanced
modulator is exactly the same as
that described in the assignment
on Modulation in Section II of the
course. The only difference is
that here the plates, rather than
the grids, are connected in paral-
lel, and the control grids are
connected in push-pull for the r.f.
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carrier. A further point is that
the screen grids are connected in
push-pull for the audio modulating
voltage.

The operation is as follows:
In the absence of audio modulation,
the opposite polarity of grid volt-
age for each tube, causes one plate
current to increase when the other
decreases; under balanced condi-
tions these variations cancel in
the common plate load, and no r.f.
output is obtained.

When modulation is applied to
the screen grids, the tube whose
screen is driven in a positive di-
rection experiences an increase in
its Gn, and its r.f. output in-
creases; the tube whose screen is
driven in a negative direction ex-
periences a decrease in its G_,
and its r.f. output decreases.
Hence, the first tube overbalances
the second tube, and a net polarity
of r.f. output is obtained.

On the other half of the audio
cycle, conditions are reversed,
and the polarity of the r.f. out-
put is reversed. The output wave
therefore appears as in Fig. 4.

s Al

\

{
~ o N

Ve
- ~LJ

Fig. 4.—Appearance of output wave
of the balanced modulator.

As has been explained in a previous
assignment, such a wave contains
only the side bands, and not the
carrier, of the ampiitude-modu-
lated wave. This can be recognized

by the fact that the upper and low-
er envelopes cross one another. If
sufficient carrier voltage were
present, the two envelopes would
be separated sufficiently so that
instead of crossing, they would at
most be tangent to one another at
the points of maximum inward modu-
lation.

Since the output of the bal-
anced modulator contains only the
side bands, and moreover these have
been given the necessary 90° phase
shift by the input RC circuit, they
are now ready to be combined with
the carrier to furnish phase mod-
ulation. It is necessary that they
be combined in 90° phase for one
channel, and in (90° + 180°) = 270°
phase to produce tke opposite phase
modulation in the other channel.
The circuit that accomplishes this
involves La’ Lx’ Ca’ Cz, and Cx'

Consider first coil Lx' It
has a center tap C to which L2 is

A

Ly+M
Co OO0

LB+M

B

Fig. 5.—Representation ot a center-
tapped coil by three inductances.

connected. As has been explained
in a previous assignment, such a
coil having mutual inductance M
between its two half-windings can
be represented by three inductances
in a Tee configuration, as shown
in Fig. 5. The self-inductances
of the two half windings are L, and
LB. Inspection of Fig. 5 proves
this: the inductance between ter-



8 FREQUENCY-NODULATED TRANSNITTERS

minals A and C is (LA+M)-M=LA;
the inductance between C and B is
a% +M) -M=1L. The inductance
between A and B, however, is (L, + M)
+ (1% t+M =L *L;, +2M, which is
correct: the total inductance in-
volves not only the self-induct-
ances of each half winding, but
also twice the mutual inductance
between them.

The three capacitors C1’ Cz,
and Ca act essentially like two
capacitors in series: ore (C,) con-
nected between A and ground, and the
other (CB) between ground and B.
The reason for using Ca in the
actual circuit is that C1 and C2
can be thereby made smaller and
less bulky variable capacitors:
in action the three behave (as
Jjust stated) as if there were only
two larger capacitors C, and C,
connected as C2 and C .

e —C
Double | Y Ly M
sideband
generator E

-

carrier i/o//q e
from input coil L

Fige 6.—~Equivalent c¢ircuit show-
ing elements of the output load
of the balanced modulator of Fige. 3.

Hence finally, the various
circuit components can be drawn
as in Fig. 6. The two parallel
branches involving (LB + M) + CB,
and (L, + M) + C,, are each made
series resonant to the carrier fre-
guency and therefore resistive in

nature, so that the net impedance
i1s a resistance. The negative in-
ductance -M is more than balanced
by the positive inductance of coil
Lz, hence the total impedance
paralleling C4 is a net inductive
reactance and resistance in series;
i.e., L, -M, (LB + M), Cp @, t
M), and C, act 1like an L-R series
circuit.

The net inductance tunes with
C‘ to parallel resonance. As a re-
sult, the double side band generator
(balanced modulator tubes) feed a
resistive load, ard the line current
i, is in phase with the impressed
voltage. But the branch current
in C, leads the line current by 90°,
and the branch current in L,, etce,
lags i, by 90°. At point E this
current divides equally between the
two parallel paths, and produces
equal voltages across C, and C,,
in phase with one another, and both
lagging the current by 90°. Hence,
these two voltages lag the line cur-
rent i, by 90° + 90° = 180°, and
thus also lag the impressed vol-
tage of the side band generator
by 180°.

Since a 90° phase shift was
initially introduced into the
input voltage of the balanced
modulator by R and C of Fig. 3,
the output side-band voltage across
C, and C, lag the input carrier
voltage by 180° + 90° = 270°.
The same phase angle exists with
respect to the carrier voltage
applied to points A and B of Figs.
3 and 6 from input coil L.

However, the carrier voltage
1s applied in push-pull or bal-
anced-to-ground fashion. This
means that the carrier voltage
from ground to terminal B is 180°
out of phase with that from ground
to terminal A. Hence, the two
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carrier voltages combine with the
side-band voltages as indicated in
Fig. 3, and repeated in Fig. 7.
In Fig. 7, the carrier voltage
applied between terminal A and
ground is denoted by E 43 that be-
tween terminal B and ground is
denoted by E_,» It will be ob-
served that they are 180° out of
phase, as measured from ground to
either terminal.,

@)

Fig. 7.—~—Vector diagram for carrier
and side-band voltages in balanced
modulator,.

The two side-band voltages
Esz and E;  are in phase. Voltage
E is developed across CB, and

vgitage E82 is developed across
C,, in Fig. 6. Therefore, the
respective resultants, E., and |
represent phase deviations of
6 degrees in opposite directions:
ERl is a phase advance, and cor-
responds to a rise in frequency,
whereas Enz is a phase delay and
corresponds to a decrease in fre-
quency. These two voltages are
fed to the two channels, and give
rise to the equal and opposite
frequency deviations in the chan-
nels.

The output of the dual-chan-
nel modulator is 30 watts. This
feeds an intermediate power ampli-

fier consisting of two 4-125A tubes
in push-pull, whose output is 250
watts. These units are mountea
in a vertical metal cabinet, and
constitute the 250-watt transmit

ter.

In the case of the 3-kw trans-
mitter, another similar vertical
cabinet is mounted alongside of the
250-watt cabinet, and contains
the power amplifier stage and asso-
ciated plate, screen and bias sup-
plies. The arrangement is shown
in block diagram form in Fig. 8.

It will be observed that the
intermediate 250-watt power ampli-
fier feeds the 3~kw power amplifier
in the adjacent cubicle through a
coaxial 1line. This is loop coupled
to the two-wire grid transmission
line of the power amplifier. The
latter consists of a pair of WI478
tubes in push-pull. The shorted
quarter-wave grid line furnishes
the excitation signal, the shorted
quarter-wave plate line furnishes
the output power.

Note that the bottom of the
plate line is at r.f. ground, al-
though at a high d.c. potential
to ground. Hence, an ordinary in-
sulating section of the ventilating
pipe is required between the blower
and the plate line; a low-loss
section is not necessary. How-
ever, the insulating section must
also be a good acoustic insulator
in order to prevent the transmission
of mechanical vibrations from the
blower and motor to the power tube
elements. The construction is such
that the tubes are inserted into
the plate lines in order that ade-
quate cooling, particularly of the
plates, be obtained.

The antenna line is coupled
to the plate line by means of a
tuned coupling loop. Since the
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Fige. 8.~—Simplified diagram of the 3-kw f.m. trensmitter.

L---------
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plate 1line is of ‘the two-wire form
to operate balanced-to-ground in
view of the push-pull arrangement
of the tubes, and since the antemma
1ine is of the unbalanced~-to-ground
or coexial form, a special "bazooka"
or quarter-wave sleeve 1s required.

This sleeve can assume at its
bottom end a certain r.f. potential
to ground and the coaxial sheath it
surrounds, the inner conductor can
assume an equal and opposite r.f.
potential to ground and the coaxial
sheath, and yet one-gquarter wave-
length above the bottom end, the
sleeve can be conductively con-
nected to the coaxial sheath and
to ground. The theory of operation
has been discussed in a previous
assignment in the u.h.f. section
of the course. In passing it is
to be noted that an output power
from 1,000 to 3,000 watts, can be
obtained in the 1%/s inch diameter
antenna line when the latter is
terminated in its characteristic
impedance. A further point is that
the plate efficiency has a value in
excess of 70 per cent, which is
excellent at the ultra-~high fre-
quency operation.

At the left-hand side of the
plate 1line will also be observed
another coupling loop with one side
grounded. This is for the purpose
of furnishing output for the f.m.
monitor. The output power is 2
watts r.f.

Some further points are that
the audio input level for 100 per
cent modulation i1s only +12 12 db;
the input impedance is 600 ohms
balanced to ground. The overall
response is within 11 db from 50
to 15,000 c.pes. at 25%, 50%, and
100% modulation. The measured
r.msS. harmonic distortion is less
then 1!'/3% for all sicnal fre-

quencies between 80 and 15,000
CePeS. at 25%, 50%, and 100% modu-
lation, and the f.m. signal-to-noise
ratio 1s at least 70 db below 100%
modulation as measured at the out-
put of a monitor receiver within a
band of 50 to 15,000 c.p.s. The
a.m. signal-to-noise ratio is at
least 60 db below 100 per cent modu~
lation measured over the same band.

The maximum frequency swing
possible is $100 ke, or is in excess
of the 175 ko specified by the F.C.C.
indeed, the transmitter exceeds in
practically every respect the re-
quirements as laid downby the F.C.C.

RCA F.M. TRANSMITTERS

BASIC FEATURES.—This trans-
mitter operates on essentially the
same basic principles as the Western
Electric transmitter: the use of a
balanced reactance tube stage to
frequency-modulate an oscillator
tube, with subsequent multiplica-
tion to obtain the desired carrier
frequency and frequency deviation,
together with a demultiplying system
to obtain a sub-carrier frequency,
which is then compared with a crys-
tal-controlled oscillator, and the
beat frequency employed to operate
a synchronous motor to retune the
initial tank circuit.

Aside from constructional de-
tails, the main difference between
the two is the use of the different
types of freguency-divider circuit,
This will be discussed farther on.
A simplified schematic of the trans-
mitter for the Type BTF-3B 3-kw
transmitter is shown in Fig. 9. The
6V6 modulated oscillator is essen~
tially a Hartley oscillator, with
B+ (r.f. ground) tapped up on the -
tank coil; the grid connected
through a grid leak and condenser
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to the bottom end of the coil; and
the plate connected to the top end.

A small coil directly to the
left of the tank coil picks up some
of the signal and transfers it via
a link circuit to the two coils in
the grid circuits of the 6V6 modu-
lator tubes. The latter two coils
are tuned by the two variable ca-
pacitors, so that the voltage in-
duced in each sets up a grid ex-
citation voltage 90° out of phase
with that across the oscillator tank
circuit.

Since the plates of the modu-
lator tubes are connected in paral-
lel to the oscillator tank circuit,
their currents flow through this
circuit. Since the currents are
essentially in phase with the
excitation voltages on the grids,
they are 90° out of phase with the
tank voltage. Thus, the modulator
tubes act as reactances across the
tank circuit.

However, the voltages induced
in the two modulator grid coils by
the link circuit are 180° out of
phases This means that it the plate
current of one modulator tube leads
the tank voltage by 90°, the plate
current of the other modulator tube
lags the tank voltage by 90°. Since
the two plates are connected in
perallel to the tank circuit, their
reactive currents are equal and op-
posite and hence cancel in the ab-
sence of modulating signal.

When a modulating signal is
applied through the two audio trans-
formers in the modulator grid cir-
cuits, the grids are modulated by
this signal also 180° out-of-phase.
This means that as one grid swings
more negative the other swings more
positive, so that the transconduct-
ance of one decreases as that of the
other increases. Hence one reactive

plate current decreases while the
other reactive plate current in-
creases, and the two no longer
cancel.

As a result, during one-half of
the audio cycle, a net leading cur-
rent flows through the tank circuit
from the two modulator tubes, and
during the next half of the audio
cycle a net lagging current flows
through the tank circuit. There-
fore, during the first half-cycle
the oscillator frequency decreases,
because it is as i the tank capaci-
ty had increased, and during the
next half-cycle the frequency in-
creases, because it is as if the
tank inductance had decreased. In
this way frequency modulation is
obtained.

The use of a balanced modulator
circuit cancels, at least in part,
the nonlinearity in variation of the
transconductance of each tube with
audio signal. As a result, a fre-
quency deviation as high as 110 ke
on an oscillator frequency of 5 mc
is possible, so that the frequency
multiplication required for 175 kc
deviation is relatively small. In
the actual equipment a multiplica-
tion of nine times is employed by-
fore driving a power amplifier. The
output of the latter is in the 40.5
to 54 mc range.

This output is fed through a
transmission line to the mein trans-
mitter, where it is once more mul-
tiplied in frequency by a factor of
two, resulting in a final output
frequency in the 81 to 108 mc range.
The circuit in block diagram form is
shown in Fig. 10, which should be
consulted in conjunction with
Fig. 9.

The doubler stage feeds the
first r.f, amplifier, consisting of
two Eimac 4~125A tubes in parallel.
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Note that the screens are series
tuned to ground by adjustable tuning
capacitors, and isolated from one
another and the power supply by
individual r.f. chokes and resis-

4.5-6 M.C.

FREQUENCY
AUDIO|REAGTANCE| |56 aTe o, 37| 3 [9f] pa L9F
input| TYBES [PloscILLATOR OUTPUT

| f/240

18.75°25KC 92128 KG

(Courtesy RCA Review)
Fig. 10.—Block diagram of RCA f.m.
exciter unit.

tors. The first r.f. amplifier
feeds a coaxial line through an
impedance-matching tee network.

The coaxial line is then loop-
coupled to another transmission
line in the cathode circuit of the
intermediate power amplifier. This
is of the grounded-grid type, hence
the signal is injected in the cath-
ode circuit as just mentioned.
Since the latter is of the filament
type, means must be provided to keep
the signal out of the 60-cycle a.c.
secondary supply, and also to pre-
vent the capacity of the latter to
ground from shorting out the r.f.
signal.

This is accomplished by sur-
rounding the two filament leads with
a cylinder as shown in Fig. 9. The
cylinder is suitably grounded, and
the portion of the cylinder above
the ground is one~quarter wave in
length. This makes the top end of
the two filament leads have a high
impedance with respect to the
grounded cylinder owing to the pro-
perties of a A/4 line.

Hence the top end of the fila-

ment leads and the filament itself
has a high impedance to ground so
far as the r.f. signal is cancerned,
and the filament can therefore sup-
port the high r.f. voltage to ground
induced in it by the coupling loop.
At the same time the bottom ends of
the filament leads are at ground
potential, so that no r.f. signal
leaks into the filament supply
secondary.

The output load of the inter-
mediate power amplifier is a quar-
ter-wave resonant coaxial line
(r.f.) grounded at the bottom end.
This is the tank circuit for the
tube. Another coaxial line taps off
this tank circuit at an appropriate
impedance point on the inside of the
outer conductor, and feeds a cou-
pling loop as shown. This loop in-
duces an r.f. signal voltage in the
filament of the power amplifier
stage in exactly the same manner as
described previously.

The output stage also has a
quarter-wave coaxial tank circuit,
which is suitably coupled to the
antenna lire in the same way as that
employed for the intermediate power
amplifier. Note that this method of
coupling from the inside of the
outer sheath keeps the d.c. poten-
tial away from the loop coupling
and antenna line circuits.

The antenna meter is coupled to
the interior of the outer conductor
of the antenna coaxial line at two
points. The resistance unit of the
thermogalvanometer circuit then
actuates the thermocouple, which in
turn energizes the d.c. meter move-
ment.

A harmonic filter of the fixed
tuned type reduces all harmonics by
30 db or better, and is provided as
standard equipment. In addition, a
transmission line monitor guards
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Fig. 11.—Front view of RCA Type BTF-3B 3-kw f.m. broadcast transmitter.
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against any change in the signal
intensity such as might be produced
by an arc in the transmission line
or a fault in the antenna itself;
any trouble actuating the monitor
causes the transmitter to be shut
down.

In Fig. 11, is shown a photo-
graph of the transmitter. It con-
sists of three fabricated steel
frames bolted to a base frame. Each
compartment has a front and rear
door; these doors are provided with
windows for observing the transmit-
ter while in operation.

A filtered air supply is sup-
plied through individual air inlet
openings and removable filters (in
the base frame) for each compart-
ment. The warm air is expelled
through the roof, and dust collec-
tors collect any dirt which may
settle while the transmitter is
idle.

Reading from left to right, the
compartments house the r.f., f.m.
exciter, and control and main recti-
fier units. The exciter compartment
has room for two units (including
their power supplies), so that
either unit may be selected by the
flick of a switch if the other be-
comes defective. Normally, however,
only one is furnished.

Safety features for the operat-
ing personnel include automatic
interlock switches for all doors
giving access to high-voltage com-
partments, and grounding bars, me-
chanically operated, which are
automatically released when the
doors are opened. Thus, opening a
door immediately Je-energized all
rectifiers and grounds the circuits
so that no dangerous charge can re-
main in any capacitor.

Both manual and automatic
sequence starting are provided. In

the automatic position, a 3 shot
recycling sequence is provided by
the control "brain center." This
automatically returns the trans-
mitter to the air up to 3 times in
case of repeated overloads. If the
overload condition still persists,
the transmitter is automatically
shut downe. The carrier monitor
mentioned previously is also con-
nected into this circuit so as to
cause the transmitter momentarily to
shut down in the event of an arc on
the transmission line, thereby
permitting the arc to clear.

In the event of momentary
power~line failure, a special hold-
in circuit permits the transmitter
instantly to return to the air be-
fore a 30-second time delay relay
in the plate circuit can function,
thereby avoiding this 30-second
delay. Means are also provided to
operate at reduced power for tuning-
up and emergency operation through
the use of a power reduction switch
in the primary circuit of the main
rectifier.

FREQUENCY CONTROL.—As indi-
cated previously, the frequency
control is similar in principle to
that employed in the Western Elec-
tric transmitter. The frequency of
the modulated oscillator is divided
in steps of 3, 4, 4, and 5 down to
about 20 kce A crystal oscillator
in the range of 94-125 lx is divided
by 5. The two subdivided frequen-
cles are beat with one another in a
balanced modulator (refer to Figs.
8 and 10) to provide a difference
beat frequency two-phase supply.
This operates a motor on whose shaft
is mounted the rotor of an air
capacitor having a split stator; so
that no additional bearings are re-
quired in the capacitor (see Fig.
12) .
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The capacitor is connected in
the tank circuit of the modulated
oscillator, and retunes it if it
drifts relative to the crystal
oscillator. Note the oil dash-pot

pair of balanced modulator stages
has been redrawn. Observe that the
output coil L of the frequency di-
vider for the crystal-oscillatr
feeds a pair of coils and capacitors

'ﬁ.,‘
F 4

(Courtesy RCA Review)

Fig. 12.—Frequency control induction motor, showing capacitor at one end
and oil dash pot at other end.

arrangement on the opposite end of
the motor shaft. This dash pot
offers no friction to continuous
rotation in either direction because
it rotates with the shaft as a
whole.

If, however, the motor over-
shoots the mark, and begins to
rotate in the opposite direction,
the inertia of the oil-coupled fly-
wheel tends to prevent the latter
from immediately following the re-
verse rotation, and thus momentarily
puts a drag on the motor until it
is up to the motor speed. In this
way hunting of the control is pre-
vented.

In Fig. 13 the circuit of the

as shown redrawn in the right-hand
figure. The phase-shift in each
branch is such that the voltage
across R, 1is 90° out of phase with
respect to that in Rz.

As a result the voltage across
L, is 90° out of phase with respect
to that of R . On the other hand,
the output of the subdivided modu-
lated oscillator frequency is fed
to the center taps of the associated
secondary coils in phase. The two
resultant beat frequencies produced
by each pair of modulator tubes are
90° out of phase with one another,
and since these two beat frequencies
are fed to the two phase windings of
the motor, a rotating field will be
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produced of a velocity depending
upon the value of the beat fre-
quencye.

As explained in the assignment
on modulation, the velocity of the
rocating field is independent of the
magnitude of the motor currents,
although the latter determine the
motor torque and hence the sensi-
tivity of the frequency control.
Moreover, if the carrier frequency

Motor

02 x5 x4x4x3I x3I xIJIx2
= 86.4 cycles

frum that of the crystal oscillator.
Since at the final carrier frequency
a total drift of 2,000 cCespes. is
permitted, this leaves 2,000 - 86.4
= 1913.6 C.pss. for the crystal
oscillator to control. 1913.6
Cepss. at 100 mc, for example,
corresponds to 19.13 parts in a

—

freg.divider _1;3
for mod.osc. /] /T
== = e = Freg.div. for
L{"‘ \[ ] creyqs/a/ osc.
+ I =
TR ——————— TR 2 R
Ly = L, L

Balanced modulators

a I PR

Fig. 13.—Portion of Fig. 9 showing detail of two balanced modulator stages
employed for motor control.

of the modulated oscillator varies
from above to below that of the
crystal oscillator, the phase of
one of the motor currents reverses,
whereas that of the other remains
unchanged, whereupon the motor
reverses its direction of rota-
tion. In this way both positive
and negative drifts can be cor-
rected.’

The motor can respond to beat
frequencies from as low as 0.03
CePeSe Or 1,2 cycles per minute to
as high as 1,000 c.pes. This is a
result of the low frictional drag
an the motor. The low value of 0.02
CePeSe corresponds to a final fre--
quency drift of

million, which is a constancy easily
attained by a crystal oscillator.

The maximum value of 1,000
CepeSs beat frequency means that if
for any reason a large drift should
occur—say-—when the equipment is
first turned on, the motor will be
able to respond and reduce it to
within the value specified by the
F.C.C. It is stated that the con-
trol is so sensitive that the slight
variation in crystal frequency pro-
duced by changes in its thermostat-
controlled oven temperature, are
followed by the control system.
These variations correspond to only
130 cycles at 100 mc.

ELECTRICAL CHARACTERISTICS.—An
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important feature to note is the
use of grounded grid circuits.
These have been discussed fully in
the assignments on U.H.F. Tech-
niques. Suffice it to say here that
one grounded grid circuit is not
only particularly well suited for
ush.fs oOperation in that triode
tubes can be employed and yet neu-
tralization avoided owing to the
shielding action of the grounded
grid between the cathode and plate,
but also the appreciable inmput. power
required to drive the cathode 1is not
wasted, and appears in large part as
useful power in the plate circuit.
This is particularly important in
the higher-powered transmitters,
since large power output tubes in
the u.h.f. range are difficult to
build.

Some other electrical charac-
teristics of interest are the fol-

lowing:

1. R.F. output impedance

Three-phase power 1s required
at a frequency between 50- and 60
cycles, ard at a voltage between 208
and 230 volts. The approximate
power consumption is 8,300 watts, at
a power factor of 85%. Another
important point to note is the use
of the same kind of tube in as many
different stages as possible, thus
reducing the total number of tube
types required to be kept in stocke.

THE RAYTHEON F.M. TRANSMITTER

BASIC THEORY .—The Raytheon
f.m. transmitter operates on the
phase-modulation rather than direct
frequency-modulation principle. It
obtains a large initial phase shift
by a series of cascaded phase shift-
ers. Thus, the first phase-shift
stage may produce a phase shift of
23.9°; the output is then fed into a

35 to 75 ohms

2, Modulation capability 1100 kc
3. Audio input impedance 600 ohms
4. Average program level +4 12 vu
5. 100% modulation level +12 t2 dbm
6. Audio-frequency response, 1,000-
cycle reference, uniform within +1 db
7. Audio-frequency distortion
30 - 100 CesPe8Soe 1.5%
100 - 7,500 cep+S. 1.0%
7,500 — 15,000 CePe 8o 1.5%
including all harmonics up to
30 kc/s at 75-kc swing
8. F.lU. noise level, below 175-kc swing 85 db
9. A.M. noise level, below 100% ampli-
tube modulation (this refers to re-
sidual amplitude modulation of the
f.m. carrier). 50 db
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second stage, which produces an
additional phase shift of 23.9%, or
a total of 47.8°, and so on through
six stages, which produce a total
phase shift of 6 x 23.9° = 143.4°.
For a 30-cycle note this -corresponds
to a frequency deviation of

143.4 49
57.3

The resulting multiplication
in order to obtain a deviation of
75 kc for a 30-cycle note is
75,000/75 = 1,000, Such a value of
miltiplication of an initial 100-kc
carrier frequency results in a
carrier frequency of 100 mc, which
is in the fe.m. range, and does not
require a heterodyne oscillator.
The elimination of a heterodyne
oscillator obviates spurious beat
frequencies that can appear in its
output unless tuned circuits and
adequate shielding are employed.

A block diagramof the system is
shown in Fig. 14. The 100-kc crystal

=75 CePeSe

— e EREDUENCY powe!
OSGATOR o BOcOLBTOn T = nmn%n
s 100K+ T116,CPS LS TN T3 KC

MODULATING AUDIO~
INVERSE Ao~ FRD | FRECUENCY seUT
FREDUENGY FREQUENCY o~  pmépuppass [
NETWORK AMPLIFIER NETWORK.

R-F QUTRUT
e

(Courtesy Electronics)

Fige. 14.—Block diagram of Raytheon

transmitter employing cascade phase-
shift modulator.

oscillator feeds the 6-stage cas-
caded phase-shift modulator, wherein
a total phase of 147.5°, or 24.6°
per stage, is obtained. (This is
slightly more than the value of
23.9° employed in the example cited

above, in order that the final
carrier frequency come out to be
97.2 mc.)

A frequency multiplier of 972
times then brings this frequency up
to 97.2 mc, and the frequency devia-
tion up to +77.16 x 972 = 175 kc.
Suitable power amplifier stages then
bring the power level up to the de-
sired value. The ratings for the
transmitters are 250 watts, 1 kw,
3 kw, and 10 kwo

PHASE SHIFT MODULATOR . —The
phase-shift modulator employs a
pentode tube in each stage as a
constant-current source, which feeds
a special plate load. This load
includes a vacuum tube that func-
tions as a variable r.f. resistor,
the variations being controlled by
the modulating voltage applied to
its grid. As a result, the phase
of the voltage output varies, but
not its amplitude, at the modulating
frequency, and thus phase modulation
is produced.

The basic circuit which accom-
plishes this is shown in Fig. 15.
The plate load consists of L, R, and
C, as shown, with R, actually a
vacuum tube (to be discussed sub-
sequently). The driver tube is the

Fig. 15.—Basic phase-shift modulator
circuit.



THE RAYTHEON F.M. TRANSMITTER 21

initial crystal-controlled oscilla-~
tor, or an amplifier tube following
the oscillator and acting as a con-
stant-current source.

The absolute value of the im-
pedance |Z| of the load is given by

v (3f
BGLE)

lz| = (2t )

where a = 1/(27f)2%IC, and b = 2mfCR.

An examination of Eg. (1) shows that
the mmerator would be equal to the
denominator if (1/a - 1)2 were equal
to unity, and Z would equal simply
27fL regardless of the value of b;
i.e., independent of 2rmfCR. Thus

2
or .
.1:-1.-.1
a
.1::2
a
a=1/2 (2)

If this value is employed, then

a = 1(27f)2LC = 1/2
= 1/(2nfL) (2nfC)

or

1/2 = X /X,
from which

X, = ‘?‘Xc

or

27fL = 2/27fC (3)

In other words, at the carrier fre-
quency of the crystal oscillator the
inductive reactance must be twice
the capacitive reactance. Then, as
R is varied, the impedance Z remains
constant in amplitude, but its phase
angle changes.

The significance of this is
that the output voltage of this

stage is given by

e =e, G- Z (4)
where e 1is the input voltage to the
grid of the constant-current gerera-
tor. (This has been developed in a
previous assignment.) In Eg. @),
if the magnitude of Z is constant,
then e is constant in magnitude
for constant magnitude of the input
voltage e

However, the phase angle of Z
is also the phase angle between e
ard e_. As this angle changes (by
varying R), the phase angle between
e and e \varies accordingly.
Hence, if e, is the r.f. excitation
voltage applied to this unit, and R
is varied at the modulation fre-
quency, then e will be constant in
amplitude, but will vary in phase
relative to e, and will therefore
acquire phase modulation with its
attendant frequency deviation. If
the audio control voltage for R has
a response that varies inversely
with the audio frequency, then true
frequency modulation will result.

The method of obtaining a re-
sistance R that varies at the audio
frequency is an electronic one, and
is illustrated in Fig. 16. Coil L
and C are the same components as

Fig. 16.—~Phase~shift stage showing
use of vacuum tube as a variable
r.f. resistor Re.
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shown in Fig. 15. Resistor R, how-
ever, is the r.f. resistance looking
into the cathode circuit of the
vacuum tube.

The impedance looking into
terminals 1-2 is the same as looking
into a grounded-grid amplifier,
since C, essentially shorts the grid
to ground so far as re.f. is con-
cerned. This impedance has been
derived in the assignment on ground-
ed-grid amplifiers; and (for Class A
operation and disregardi<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>