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PREFACE

REQUENCY MODULATION in general needs no introduction to

the man who is interested in radio communication, no matter how
remotely —he hears about it and sees references to it daily —it is
literally thrust upon him from every side. Because of its compara-
tively recent entrance into the communication picture, only a rela-
tively few books about f.m. have appeared, and these have been
introductory in nature for the most part.

Naturally when something new is brought out, numerous questions
arise in the mind of every technically inclined man as to how and why
it functions and how it can be employed. This book is intended to an-
swer as completely as possible those questions about f.m., and material
has been included which hitherto has not been published.

Due to the importance that f.m. has assumed within the last decade,
we have incorporated in this book those basic principles underlying
the operation of the complete f-m transmitter as well as the receiver,
the discussion of transmitters embracing both the narrow-band and
wide-band types that are being manufactured today for service in
many different fields. Here both direct f-m and indirect f-m (p-m)
transmitters are considered with all the essential theory necessary for
a complete understanding of f-m and p-m transmission. In order that
the f-m picture may be complete, the subject of both transmitting and
receiving antennas is covered and then the various types of receivers,
their functioning and servicing. In short, f.m. is considered from the
point in the transmitter where it first becomes a modulated signal until
it is translated into sound energy by the loudspeaker in the receiver.

The book is divided into two parts: the transmission of the f-m
signal in the first and its reception in the second. In the first part, the
underlying theory of f.m. and p.m, is included as well as the propaga-
tion of f-m signals, the basic characteristics of f-m transmitters and
an analysis of transmitters that are in use today. In no other book of
its kind, will there be found as complete a coverage of f-m transmitters
as in this one. The first part closes with a discussion of the latest in
transmitting antennas.

The second part of the book deals with f-m receiving antennas and
the f-m receiver. The discussion of the latter takes into account every
individual stage relative to f.m. and compares them to a-m sets. At the
time of writing, four different types of f-m detectors are in use: the
limiter-discriminator type, the ratio detector, the oscillator detector
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(locked-in oscillator) and the FreModyne detector, and these are dis-
cussed in detail. The last two chapters are devoted to the alignment
and the servicing of receivers and in the appendix will be found some
data on the use of vectors and other pertinent information of value.

It is believed that this book will afford the reader an opportunity to
gather and understand all the features of f.m. starting from the trans-
mitter and working straight through the receiver. In order to achieve
fully the desired simplicity, mathematics have been kept to the neces-
sary minimum and illustrations have been employed liberally so that
a clearer picture of the whole topic would be given the reader.

The authors wish to extend their gratitude to Major Edwin H. Arm-
strong, the Federal Telephone and Radio Corp., General Electric Co.,
Western Electric Co., Raytheon Mfg. Co., Westinghouse Electric Corp.,
and others for supplying them with technical data which are included
in this book and for their cooperation. Appreciation is also extended
to Richard F. Koch, of the John F. Rider Laboratories, for his help in
reading the manuscript of this book and for his suggestions.

JOHN F. RIDER

December 18, 1947 SEYMOUR D. UsLAN

PREFACE TO THE NINTH PRINTING

The principal change in this new printing of “FM” Transmission And
Reception” is the inclusion of a set of questions at the end of each
chapter. These questions were inserted in order to make this text more
useful to technical schools, as well as to the reader that uses the text
for self-study.

It was felt that the student, or reader using the book for self-study,
should understand the principles brought out in each chapter and the
questions have been prepared with this thought in mind.

Besides the insertion of the questions there have also been a number
of revisions in the text material itself. The majority of these changes
are due to revisions in certain governmental regulations.

JOHN F. RIDER

May 1, 1949
SEYMOUR D. UsLAN

PREFACE TO THE SECOND EDITION

Because of the current rapid growth of television it was felt neces-
sary to devote a new chapter to f.m. in television receivers. This
appears as Chapter 10 in the second edition of this book.

November 30, 1950 JOHN F. RIDER
SEYMOUR D. UsLAN
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PART I
TRANSMISSION

CHAPTER 1
FUNDAMENTAL CONSIDERATIONS

The concept of frequency modulation (f.m.) is not new, but only
comparatively recently has it been commercially successful. Before
the achievement of f.m. the type of modulation employed was ampli-
tude modulation (a.m.). So far as the majority of people even in the
radio field were concerned, the only method of conveying intelligence
from the transmitter was to amplitude modulate the carrier. The
prevalence of this belief was only natural, because a.m. was the only
form of modulation used in the past, and very little was known about
other types of modulation. Even ten years ago, if one had made a
survey and asked the question of how intelligence could be conveyed
from the transmitter, the majority of replies, from others than en-
gineers engaged in radio work, would have indicated use of an audio
signal which varied the amplitude of the carrier. In short, it was not
generally known that other forms of modulation could be used.
Therefore, a thorough understanding of what is meant by modulation
as applied to radio cannot but be helpful.

Modulation

The primary purpose of radiobroadcasting is to transmit intelli-
gence. This intelligence finally appears as an audible sound at the
receiver. In order that these audio signals may be received, they must
be propagated through space by some special means. Audio signals by
themselves cannot be radiated into space as electromagnetic energy
and travel great distances. Some method must be used of helping to
propagate the intelligence through space.

It was known that signals far above the audio range could be propa-
gated through space very easily in the foerm of electromagnetic waves.
These signals were referred to as radio-frequency waves (r.f.) or
carrier waves and could be of almost any frequency, as long as they
were of an r-f nature, and still be radiated. It was possible to use
these r-f waves as a means of transporting the audio signals to the

1
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receivers. Briefly this was accomplished by superimposing the intel-
ligence on the r-f wave (that is, the carrier) so that this new r-f
wave had one of its characteristic features varied in accordance with
the method of superimposing the intelligence. This superimposition
of one signal on another is termed modulation, and the new wave is
termed a modulated wave. This principle is well known to many, but
its analysis is very necessary for fully understanding the topic of
f.m., as well as other types of modulation.

When a carrier signal of constant amplitude and power is generated
by a transmitter without any intelligence superimposed upon it, it
will be accepted by the receiver, but no information or audio will
appear in the output of the set. The underlying principle behind
transmission for the proper reception of intelligence is to use a carrier
that can travel through space (that is, be propogated) and that can be
varied somehow in accordance with the superimposition of the intel-
ligence to be transmitted. This variation of the carrier can be accom-
plished by a number of methods which will soon be explained. In
dealing with r-f carrier and other frequencies they all will be rep-
resented as sinusoidal in nature to facilitate the discussion.
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Fig. 1-1. Representation of a carrier wave which is varying sinusoidally,
on which its three characteristics, amplitude, frequency, and phase are
indicated.

In Fig. 1-1 an ordinary carrier signal which is varying sinusoidally
is illustrated. The height of the signal is called its strength or ampli-
tude. The strength of the signal between the maximum positive and
negative peaks is referred to as its peak-to-peak amplitude. Conse-~
quently, amplitude is one of its characteristics. The time that part of
the wave takes to complete one swing going through a positive and
negative part of the signal and ending at the same level where
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it started is called one cycle of the signal. The number of times that
the cycle repeats itself in each second is called the frequency of the
signal, and it is expressed in some number of cycles per second. Thus,
frequency is another characteristic of the signal. It may seem very
elementary to indicate these well-known basic characteristics, but
the purpose will be evident when the modulation of the carrier is
analyzed under different conditions.

One more basic characteristic of a wave is its phase relation. This
is a difficult concept to understand especially when only one signal is
considered. If two different sinusoidal signals existing at the same
point were compared, the idea of phase relations would be easily
seen; however, this is not the situation in Fig. 1-1. In order to under-
stand the fact that, besides amplitude and frequency, phase is also
an inherent characteristic of any alternating wave, some reference
point has to be used. It is known that every cycle of frequency re-
volves through 360° with reference to the time axis. That is, by the
time one cycle is completed it will have traversed 360°. The reference
to 360° in every cycle is a concept that is very well known, and
there is no necessity to elaborate any further about it. When the
vhase of a signal is referred to, it is usually related to some other
signal, but when only one signal is under discussion, the start of the
alternating motion of the signal is referred to an arbitrary set of axis.
In this respect the phase relation of a signal by itself can be under-
stood.

When any graph is made, horizontal and vertical lines (set of axes)
are assigned to represent the respective variables to be plotted. The
same is true for a sine wave. A set of axes is used to indicate the
true alternating motion of the wave with respect to all of the signal’s
characteristics. This is so in the wave of Fig. 1-1. The sine wave is
seen to be alternating above and below a reference axis called the
time axis or baseline. Its amplitude and frequency are readily noticed.
The wave shown is seen to be starting out, not at the crossing be-
tween the axis, but at the maximum amplitude of the signal. Since
every half cycle represents 180° and every quarter of a cycle 90°,
the signal shown in Fig. 1-1 is said to have a 90° phase lead. Conse-
quently, it is seen that phase is one of the basic characteristics of
any wave. Naturally, the phase relation can be zero degree,

In practice, when phase relationship is given, it is almost always
made with reference to some other signal. This will be evident as this
chapter progresses. It will be seen later that there is a very close
relationship between the frequency and phase of a signal.

The illustration of how simple it is to represent a signal in vector
form at its starting point with relative phase is shown in Fig. 1-2.
The length of the vector A represents the magnitude or peak ampli-
tude of the sine curve, whether it be voltage, current, or power. The
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displacement or direction of the vector from the 0° reference point
is the relative phase of the signal, and it is seen to be 90° leading. If
a quick representation of the instantaneous amplitude and phase rela-
tion of a signal is desired, the use of vectors will greatly clarify the
picture. The use of vector representation is more thoroughly explained
in the Appendix.

"~ , Fig. 1-2. The relative phase of the
90 sine wave in Fig. 1-1 is shown vec-
torially here by the vector A, being

0 at 90° to the 0° axis.

It has been stated that to transmit intelligence a signal of radio
frequency has to be used as the carrier for the intelligence. In order
that this carrier properly support the intelligence signal, it has to be
modulated by the intelligence signal. With respect to the radio field,
modulation is attained by varying one or more of the three charac-
teristics of the carrier (that is, its amplitude, its frequency, or its
phase) in accordance with the instantaneous variations of some ex-
ternal signal which is superimposed upon the carrier. To realize the
latter part of this statement fully, it must be remembered that the
modulating or intelligence signal is also varying in accordance with
time.

If the amplitude of the carrier signal is varied in accordance with
some superimposed audio signal, amplitude modulation or am. is
attained. If the frequency of the carrier is varied, frequency modula-
tion or f.m. is attained. If the phase of the carrier is varied, then
phase modulation or p.m. is attained. Thus, any of three different
types of modulation can be directly obtained. As distinguished from
a.m., the other two types of modulation are sometimes referred to
as subdivisions of a modulation termed angular modulation. This
terminology arises from the fact that angular relations undergo
changes in both f.m. and p.m.

Amplitude Modulation

As pointed out in the preceding section, the three main charac-
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teristics of an r-f wave (as well as any signal) are its amplitude or
strength, its frequency, and its phase. If an audio signal, for example,
speech or a pure sine wave, is superimposed upon the r-f wave so
that the amplitude of the r-f wave varies in accordance with the
varying amplitude of the audio signal, then the r-f wave is said to be
amplitude modulated. In other words, the combination of the modu-
lating signal, which is the speech, the music, or the information to be
conveyed, with the radio signal, is accomplished in such a manner
that the modulating signal alternately increases and decreases the
amplitude of the radio signal; this variation takes place at a rate
determined by the frequency of the audio signal. The extent of this
change in carrier level depends upon the relative magnitudes of the
audio and the carrier signals at the instant they are combined.
Neglecting the degree of modulation at the moment, let it be said that

MODULATING H 1 1
SIGNA! ' : :
] 1 | Ea
i \/ E \/ |
Er=Ea , - H !
FOR 100 % ' H [ — e
MODULATION ! ' !
Fig. 1-3. The peak ' ' :
amplitude of the R B "
audio modulating
signal is equal to
the peak amplitude Ea
of the carrier wave, ‘
resulting in the
carrlert bein tloc(l)- £ s
percent amplitude E o
modulated. Ji U V v U U V v 2Ea
J
CARRIER U
A I
MODULATED
WAVE

the stronger the audio signal combined with the carrier, the greater
is the change in the amplitude of the carrier. This is of particular
importance because the degree of modulation depends upon the
amount that the carrier amplitude is changed. If the strength of the
audio signal is such that its peak-to-peak amplitude is equal to the
peak-to-peak amplitude of the carrier, 100 percent modulation exists.
(The peak amplitude of one is equal to the peak amplitude of the
other.) This 100 percent a-m wave is illustrated in Fig. 1-3. If the
peak amplitude of the audio signal is less than the peak amplitude of
the carrier, the modulation that exists is less than 100 percent.
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In Fig. 1-4 is shown an a-m wave that is 50 percent modulated.
That is, the peak amplitude of the audio is equal to half the peak
amplitude of the carrier. As stated previously the instantaneous
amplitude of the audio signal adds to or subtracts from the instanta=
neous amplitudes of the carrier resulting in an a-m signal.

Modulated signals for 100 percent modulation and below have beer.
shown in Figs. 1-3 and 1-4. However, a different type of waveform
exists when the amplitude of the modulating signal is greater than

o ANV
AVARVARNEN)
1 Fig. 1-4. The peak

! m ‘ amplitude of the

Ea audio I_nodulatin%
signal is one-hal

-”\ n [\ ’\ n ﬂ n ! the peak amplitude
i I Emin="R sulting in a 50 per-

of the carrier, re-

T;“—Z cent a-m wave.
g)..= Compare with Fig,
3, 1-3.

CARRIER N e~
!
Ea=3Er
MODULATED
WAVE FOR 50%

MODULATION

that of the carrier. This is termed overmodulation, and a picture of an
overmodulated wave is illustrated in Fig. 1-5, together with the modu-
lating signal. It will be noticed that an overmodulated wave is not
continuous and as such does not result in the full reproduction, upon
demodulation, of all the audio signal. This results in distortion in the
output of the receiver.

To determine the percentage of modulation of a signal (not over-
modulated) viewed on an oscillograph and having the type of pattern
shown in Figs. 1-3 and 1-4, the following simple procedure should
be followed:

Measure the maximum peak-to-peak amplitude of the modulated
signal. This is designated as E,,,, as shown in Fig. 1-4. Next measure
the minimum peak-to-peak amplitude of the modulated signal. This
is designated as E,,;, as seen in Fig, 1-4. Then to determine the per-
centage modulation the following expression is used:

E Boin 5 100

E mazT THha

Percent modulation (a.m.) — —maz



FUNDAMENTAL CONSIDERATIONS ?

AUDIO MODULATING SIGNAL
N T

i
I
: i
' 1
! I
! 1
]
(A) : : EA
i '
1 t
: |
; 1
! )
1
THE POSITIVE AND ' .
NEGATIVE PORTIONS H ,
OF THESE WAVES V h
OVERLAP AND CANCEL ——

EACH OTHER.

T /&
Y

\ /

\§7/
>] N
: £

-2

FINAL
OVERMODULATED WAVE

Fig. 1-5. When the peak amplitude of the modulating wave (A) is greater
than the amplitude of the carrier wave, the resulting modulated wave (C)
is said to be overmodulated. Notice that the resultant overmodulated
wave is not continuous, which means that the output of the receiver will
be distorted.
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For instance, in Fig. 1-4 the E,,,, is equal to 3E4 and E,,;, is equal to
Er/2. Therefore,
3E, —Eg/2

Percent modulation = 3B, J Bp/2 X 100

but since E, = %Eg, then:
3(Eg/2) —Eg/2
3(Er/2) 4 Eg/2

Ey
2E,

— 50 percent

Percent modulation — X 100

% 100 = % X 100

When percentage modulation is computed from directly viewing a
picture on the scope, the measurements are used directly. For instance,
if a picture of a modulated wave was such. that E,,;, measured 1.5
inches and E,,;» measured 0.5 inch then:

. E,..,.—E
Percent modulation — =mez—_ —min v 100
Ema.v + Emin X
_15—35
15+ 5

= 12 %} 100 = 50 percent

% 100

Certain very significant details are associated with such a-m waves.
First, the modulated wave is not of constant amplitude; in fact it is
anything but constant, varying definitely with the amplitude of the
audio signal. The second detail is that the composition of such an
a-m wave consists of the carrier frequency and a series of other
frequencies representing various plus and minus combinations of the

I f= -1,
W f=fetfa
=]
E
4
o
s
) |

fa N\ f fu,
N4
MODULATED WAVE
COMPONENTS
—————————
FREQUENCY

Fig.1-6. In this spectral distribution of a 50 percent a-m wave, f, is the
modulating signal, which is one-half the amplitude of the carrier compo-
nent, f,. The upper and lower sidebands, f, and f;, are the sum and
difference of the modulating and carrier frequencies, their amplitudes
being % of f4.
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carrier and the modulating frequencies. The modulating signal is
considered as consisting of a number of frequencies because, when
modulating a carrier with speech, the audio signal is definitely not
composed of a single frequency but of a host of frequencies through-
out the audio spectrum. These combinations represent the sidebands
of the carrier. The higher the frequency of the audio signal used to
modulate the carrier, the greater is the extent of the sidebands. A
spectrum picture of the component waves of an a-m signal is shown
in Fig. 1-6. The carrier frequency is designated as f; and the fre-
quency of the sinusoidal audio as f4. The upper and lower sideband
components of the modulated wave are designated as fp and f; re-
spectively. If the frequency of the carrier is 1000 kc and the fre-
quency of the audio 5 k¢, the upper sideband will be 1000 4 5 or
1005 kc and the lower sideband will be 1000 — 5 or 995 kc. The modu-
lated wave is then said to cover a band of frequencies equal to the
difference in frequency between the sideband components, and in
the foregoing case the bandwidth is equal to 10 ke. It is, therefore,
seen that the sideband components of the modulated wave are the
portions of the signal that contain the intelligence.

For 100-percent modulation, the upper and lower sideband com-
ponent frequencies of a sinusoidally modulated wave have their
amplitude equal to half the amplitude of the carrier. For 50-percent
modulation both sideband components of the modulated wave have
their amplitude equal to one-quarter of the carrier amplitude. The
component waves for a 100-percent and 50-percent sinusoidally
modulated carrier are shown in Figs. 1-7 and 1-8 respectively. In a.m.

ITAWAWAWAWAWAWA
VYV VYV VY

CARRIER [ FREQUENCY = 1000 KC.)

ENNANNNANN NN N
VVVVVVVVVVY

UPPER  SIDEBAND ( FREQUENCY = 1005 KC.)

AN AN WAV
TN N T

LOWER SIDEBAND ( FREQUENCY = 995 KC.)

Fig. 1-7. When a carrier is 100-percent amplitude modulated, the ampli-
tl% }els of the upper and lower sidebands are each one-half the amplitude
of the carrier.
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only two sideband components exist for each sinusoidal component
of the modulating intelligence. This can be proved mathematically,
but it is sufficient to say at this point that this condition does exist.

1/ AA N
: AVAUAV VRVAY

CARRIER (FREQUENCY « 1000 KC)

4

e A
; -

yANYVANYANVANYAN
AVAUAVAV N2 VAR VAR WAV

UPPER SIDEBAND (FREQUENCY = 1005KC)

™~
7

LOWER SIDEBAND (FREQUENCY = 995 KC)

Fig. 1-8. The amplitude of the upper and lower sidebands of a 50-percent
amplitude modulated carrier are one-quarter that of the carrier.

A very important situation prevails in the components of an a-m
wave in regard to power. For 100 percent modulation the power in
the sidebands is equal to half the power of the carrier. Since the
carrier does not contain any intelligence, the power in the carrier is
wasted and only that in the sidebands becomes usable upon demodu-
lation. Consequently, of the total power involved in 100 percent a.m.,
only one-half is considered as utilized in reproducing the audio
intelligence. That is why in a.m. 100 percent modulation is generally
considered the best for maximum power transfer. In a 50 percent a-m
wave, the power in the sidebands is only one-eighth of that contained
in the carrier.

Though the a-m form of transmission has been used for a long
time, certain disadvantages have been continually apparent. One of
these is the natural and man-made static problem. This was caused
by the effect of such disturbances upon the received signal. Investiga-
tion disclosed that, when such electrical disturbances combined with
the electrical wave in the receiver, the result was a change in ampli-
tude of the carrier, just as if this disturbance were an audio modu-
lating voltage. With the conventional receiver designed so that it
responded primarily to variations in amplitude of the carrier, the
elimination of noise became an extremely difficult problem.

In fact, under certain conditions when the noise-to-signal ratio was
high, any attempt to remove or even decrease the noise, removed or
decreased the signal as well, At times the noise reached such propor-
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tions that actual operation of the communication or broadcasting sys-
tem was impossible. The search to alleviate the situation embraced
many operations, such as selecting higher carrier frequencies, the
development of noise-reducing circuits, municipal ordinances for
filtering of noise-producing apparatus, the use of higher power at
the transmitters, and even changing the type of modulation. This
latter change was the most radical of the group because it involved
a completely new type of transmission, and it really received its due
consideration only recently,

Frequency and Phase Modulation

At the beginning of this chapter it was shown that, besides the am-
plitude, the frequency and phase of the r-f carrier also could be varied
in accordance with a modulating signal. Hence, f.m. and p.m., as well
as a.m., are possible. When the frequency of the carrier is varied
directly, then the type of modulation is known as direct f.m. When
the phase of the carrier is modulated, the type of modulation is known
as p.m. or sometimes as indirect f.m. In the process of directly varying
the frequency of the carrier, the phase is indirectly changed, and
likewise, while directly varying the phase, the frequency indirectly
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Fig. 1-9. Wave A has a greater amplitude than B and leads B by 45°, as
indicated. The vectorial representation of these two waves is shown in (B)
where the larger vector A is shown leading B by 45°.

changes. These facts will become evident in later sections of this book.
Since direct f.m. and p.m. changes are related to each other, it is
readily seen why they both are often referred to as f.m. in the broad
sense of the term.! The purpose of either of these types of modulation

*To be more specific there are in reality three types of modulation with
respect to frequency modulation. There are direct f.m., indirect fm. (a
form of p.m. such as that used by Armstrong), and direct p.m. However,
direct p.m. is utilized very rarely and consequently will not be considered
in detail. Many of its effects and attributes are like those for indirect f.m.
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is the same. That is, they both produce similar effects in that the f-m
receiver does not respond to changes in amplitude, and thus elimination
of most types of noise interference associated with a.m. results. It
should be remembered, however, that the modulating signal in either
case directly produces changes in frequency or phase and not in am-
plitude.

Phase Modulation

This type of modulation is more difficult to comprehend, because
in order to understand it the concept of phase has to be fully grasped.
It already has been stated that the concept of phase and phase differ-
ence is generally used with reference to two or more quantities. In Fig.
1-9(A) are shown two sine curves of different amplitude, with curve
A larger in amplitude than curve B and leading curve B by 45°. In
other words, the two curves are 45° out of phase with each other. The
relationship between these two curves is illustrated vectorially in
Fig. 1-9(B). The lengths of the vectors represent the individual peak
amplitudes of the curves, and the angular separation between them
shows their phase relation. With such vector representation the phase
relationship and the relative strength of their signals can be readily
noticed.

In p.m. the phase of the signal is varying, but at any one instant of
time there exists a phase difference between these two signals which
can be represented vectorially. In Fig. 1-1, it was shown that the
carrier alone has a certain fixed phase relation designated as 6, (the
Greek letter theta). This fixed phase relation is often called the rela-
tive phase of the system. It is around this relative phase that the phase
changing occurs to bring about p.m. directly; and this change is
varied in accordance with the modulating signal. The methods of pro-
ducing p.m. will be discussed later, but at the moment the realization
that p.m. can exist is the important factor. Since it is a change in
phase about the relative phase of the carrier that produces p.m., the
relative phase under p.m. does not remain fixed. As the phase is no
longer fixed, at any one instant of time an instantaneous phase has
to be dealt with, The instantaneous change in the phase of the modu-
lating signal changes the relative phase of the carrier in accordance
with the modulating signal. Consequently, the variations in phase of
the carrier convey the intelligence superimposed by the modulating
signal. The phase is not constantly advanced in only one direction.
What happens is that the phase undergoes a cyclic change. That is, it
undergoes an oscillatory motion in that it advances up to a certain
point and returns. The phase swing or phase excursion can undergo
hundreds of degrees of change.

This phase swing or phase excursion is sometimes known as phase
deviation and can be simply illustrated by the use of a vector dia-
gram. Let the relative phase of some carrier be equal to 45° with
respect to some initial reference point as shown in Fig. 1-10 where the
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vector is represented as A. If the modulating signal is such that it
alternately changes the instantaneous phase of the carrier, the phase
of the carrier is in effect varying about its relative phase angle. When

i
"

Fig. 1-10. A carrier that is phase
modulated may be represented by
a vector A, which has a relative
phase angle of 45° and is constant
in length. Phase deviation results
when the vector varies above and
below its relative phase angle as
indicated by the dotted vectors.

the modulating signal changes the phase of the carrier at any one
instant in the negative or decreasing direction as indicated in Fig.
1-10, then, after it has reached its maximum swing in this direction,
it will return to its former starting position and then swing in the
positive or increasing phase direction. After it has reached its maxi-
mum positive swing it will return to its starting position to complete
one cycle of phase deviation. Although the vector diagram visually
takes into account a maximum of 360°, it should be understood that
a phase swing a hundred or more times as many degrees is possible.
That is, the time lag betweenh the relative phase of the carrier and
that of the modulating signal is such that the vector A of Fig. 1-10
could swing in the negative or positive direction (as the case might
be), so that the swing would encircle the 360-degree coordinate plane
a number of times. After it had reached this maximum negative
swing, it would return to its original starting position, still traversing
the same number of revolutions about the axis. After reaching the
starting position, it would swing in the positive direction the same
number of revolutions as it did in the negative direction and then
return to its starting point. In this manner hundreds of degrees of
phase shift are encountered during only one alternation or cyclic
change of phase shift. The actual value of the original reference phase
angle in reality has nothing to do with phase modulating the carrier.
As its name implies, it is nothing more than a reference point about
which the carrier becomes phase modulated.

Vector A in Fig. 1-10 represents the unmodulated carrier. If the
carrier were amplitude modulated, the length of the vector would
change. If the carrier were frequency modulated, the original fre-
quency would change in accordance with the modulating signal, and
the vector would rotate with a varying angular velocity dependent
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upon the modulating signal. In p.m. the phase varies about the rela-
tive phase of the unmodulated carrier; this movement makes the
vector swing back and forth. At any one instant of time during the
phase excursion the equivalent instantaneous frequency does not re-
main the same. If the vector rotates back and forth through a certain
number of degrees, then at each instant of time during the swing the
equivalent instantaneous frequency is changing. This is so because a
phase change is equivalent to a change in instantaneous frequency,
because every cycle of frequency change undergoes a 360-degree
revolution. It is consequently seen that p.m. indirectly causes a change
in the equivalent instantaneous frequency, thus indirectly causing
f.m. Thereverse is also true and will soon be evident.

Equivalent Frequency Change

To visualize the effect of p.m. causing an equivalent change in fre-
quency more easily, the following analysis between two sine waves
will be considered:

Imagine two sine waves A and B, each 1000 cycles and secured from
two different sources. Further imagine that the currents of these two
sine waves are applied to a common resistive circuit, but by some
means, after having started the two waves in phase, the phase of B is
changed by varying degrees until B lags A by a maximum of 15°. This
is shown in Fig. 1-11.

- /B N Fig. 1-11, left. Of the two 1-kc

A /iNS AN\ waves, A isthe reference wave and

/) i! \ ! “ leads B, as the latter has passed

AWM ] \ through a variable delay network

' which lowers its frequency to 960

Y cycles at point Z’. At point N, the

waves are again at 1 ke as they
: were at the start,

REFERENCE
TIME .001"

Fig. 1-12, right. The same 1l-kc
waves as in Fig. 1-11 are shown
here, but A, the reference wave,
lags wave B, as the frequency of
tlﬁe latter hasz})een irllgzgasedl SO
that at point it is cycles. -

Both frequency changes in these :?;:':Ri';if
figures are effected by phase : -
shifting.

An analysis of this drawing will reveal that the time required for
the completion of a cycle of A is indicated upon the time axis as the
reference time of 0.001 second. When we change the phase of one
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wave with respect to another and one wave lags the other, the second
wave moves through whatever reference points are selected after the
first; therefore, we can say that wave B at any instant is slower in time
than wave A. This is evident in Fig. 1-11 as is the fact that the fre-
quency of wave B slows down more and more as it approaches the
completion of its cycle.

Such a phenomenon may appear confusing; but, if it is recognized
that phase shifting circuits are available, that wave A is secured from
one source and wave B from another source, and that B is passed
through a variable delay network, the presence of two such waves of
current of varyinZ phase applied to a resistance network can be
visualized.

Since frequency is expressed in terms of time, wave B, which is
being subjected to a shift in phase with respect to wave A4, is at any
instant representative of a different frequency with respect to wave A.
Thus, if we consider wave A as the standard reference of time with ¥
as the first instantaneous reference point, we note in Fig, 1-11 that
this point is the peak of the positive alternation of A. However, wave
B which started concurrently with A, has not reached its positive
peak at Y, but does so at point Y’; therefore, in terms of frequency,
Bis slower than A.

Later in the cycle, say at Z’, for example, where wave B lags wave 4
by 15°, a greater amount than at Y and Y’, wave B is still lower in
frequency than before. The 15-degree difference is equal to 15/360 or
1/24th of the entire cycle. The time that it takes wave B to reach Z’
is equal to one period (or one cycle of time) plus 1/24th of a period.
The period T, is referred to the starting frequency of 1000 cycles, and
it is equal to 1/f where f is the starting frequency. However, at point
Z’ the frequency of B has changed (become slower), and the new
period is equal to the old period plus the additional time required to
traverse the extra 1/24th of a cycle. Consequently, the total period for
wave B at point Z’ is as follows.

Total period =T + 21—4T = %T

Since the period is equal to the reciprocal of the frequency, the
equivalent instantaneous frequency of wave B at point Z’ is

-22% X f= % % 1000 cycles — 960 cycles

As the waves advance the phase difference between wave A and
wave B becomes less and less, hence in sccordance with what was
said the equivalent instantaneous frequency of B is increasing, until,
at point N, the waves are in phase and the equivalent frequency of B
is the same as that of A, or 1000 cycles.

With wave A still the reference wave. suppose that the phase of B



16 FM TRANSMISSION AND RECEPTION

again is gradually changed with respect to A, but that B is now
speeded up so that it leads wave A. This is shown in Fig. 1-12 where
waves A and B, still beginning at 1000 cycles each, are in phase at X
but at Y and Y’ wave B leads A. If the curves are examined, it will
be found that while wave A completes a cycle in 0.001 second, wave
B has passed through more than one complete cycle in the same
period; therefore, whatever the frequency of B, it must be higher
than A. At point Z’, wave B leads wave A by 15°. The equivalent
instantaneous frequency of B at point Z’ is figured as in Fig. 1-11. The
period that it takes wave B to reach Z’ is 1/24th of a cycle less than
the reference period of 0.001 second. Therefore, the new period of B
represented by point Z’ is equal to the old period (reference period,
call it T') less 1/24th of this old period. Therefore,

Period of wave BatZ' =T — -l—T = ET
24 24
Since frequency is equal to the reciprocal of the period, the equiva-

lent instantaneous frequency of wave B at point Z’ is
24 24 _
53 X f= 33 > 1000 = 1043 cycles

At N, both waves are in phase, and the frequency of B is the same
as that of A.

Referring again to Figs. 1-11 and 1-12, they illustrate how, by
changing the phase of a wave, which is equivalent to slowing down
or speeding up the wave, it is possible to create the equivalent of an
instantaneous change in frequency. It should be stressed that the
greatest significance of the examples given lies in the presence of a
wave wherein the frequency is raised and lowered. A standard refer-
ence wave of fixed frequency is included only to illustrate properly
how phase shift is equivalent to a change in the frequency.

Briefly summing up the basic characteristics of p.m., we find that
the amplitude of the unmodulated carrier and the mean carrier fre-
quency remain fixed, but the carrier undergoes phase variations
(about its relative phase angle) caused by the modulating signal.
That is, in p.m. the equivalent instantaneous frequency undergoes
cyclic changes about the mean carrier frequency due to the relative
changes in the phase of the carrier signal. A more detailed analysis
of p.m. will be discussed in chapter 3 where the circuit for a basic
p-m modulator is studied.

Frequency Modulation
In discussing p.m., it was brought out that indirectly the instanta-
neous frequency of the carrier was also changed: a change in phase
produced an egquivalent change in the instantaneous frequency. In fre-
«ency modulating the carrier, it is this instantaneousfrequency which
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is varied directly, which in turn produces an equivalent instantaneous
phase shift. That a change in the instantaneous frequency does cause
this indirect change in the phase can be shown by analyzing Figs.
1-11 and 1-12 from the standpoint that it is the instantaneous fre-
quency of wave B which is changed, with wave A remaining fixed as
the reference wave. It would follow that a change in the frequency
causes a change in the period, which results in a phase shift. Conse-
quently, the converse statement that direct f.m. causes indirect p.m.
is true.

It is very difficult to tell the difference between an f-m wave and
a p-m wave as they appear on an oscilloscope. This is best illustrated
by showing pictures of both f-m and p-m waves. Fig. 1-13 shows &
p-m and an f-m wave, both modulated by audio. In both types of
modulation the modulating signal, wave A, is exactly the same in
frequency and amplitude and so are the carriers of the respective
modulated signals. The f-m wave is shown at (B) and the p-m wave
at (C). Two cycles of audio (represented by a sine wave) modulate
both carriers as shown. The modulating audio signal is lined up with
the modulated signal in order to show the effect the positive and
negative half cycles of the audio signal have on the modulated waves.
In both modulated waves the modulation starts at the beginning of
the audio signal, points R and R’, and finishes at the end of the second
cycle of the audio signal, points Z, Z’, respectively. To the left of both
of these signals, the rest of the signals at (B) and (C) represents the
unmodulated carrier.

In the f-m wave at (B) the frequency of the signal is being altered.
At the positive halves of the modulating signal the frequency of the
f-m wave is increased. This increase in frequency occurs between
points R and T and between points V and X, with maximum fre-
quency increase occurring at points S and W respectively. At the
negative portions of the modulating signal, the modulated f-m wave
is seen to decrease in frequency. This decrease occurs between points
T and V and between points X and Z, with maximum frequency de-
crease occurring at points U and Y. The maximum frequency increase
and decrease occur at the maximum amplitudes of the positive and
negative half cycles of the audio modulating signal respectively. The
frequency change as caused by directly frequency modulating a wave,
as shown at (B) of Fig. 1-13, is, therefore, readily noticed. To illus-
trate more vividly the frequency changes of the f-m sine wave, we
have included above the wave a vector diagram showing how these
frequency changes occur with respect to the audio modulating signal.
From this vector diagram the points of maximum and minimum fre-
quency are readily noticed. Where the vector crosses the baseline, the
frequency of the f-m wave equals that of the carrier.

Now let us examine the p-m wave, part (C) of Fig. 1-13. If this
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Fig. 1-13. The audio wave at A modulates the same carrier, shown to the
left of R and R’, in such a way that the resultant wave at (B) is frequency
modulated and’at (C) it is phase modulated. Above each of these modu-
lated waves is their vector representation, these being combined at (D) for
comparison. Note especially where the frequency is increased and de-
creased in each modulated wave, as indicated by the respective bunching
or spreading of the individual cycles.
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p-m wave appeared on the scope, it would be difficult to tell whether
the modulation was one of frequency or of phase. The changing of
frequency of the wave which is caused by directly phase modulating
the signal occurs as follows:

At the beginning of the p.m., point R’, the frequency of the wave
suddenly changes. In fact, at point R’ the frequency is a maximum as
witnessed by the close bunching of the wave shape and as indicated
by the p-m vector above the wave. As we proceed away from R’
toward S’, the frequency decreases and at point S’ it reaches the fre-
quency of the carrier. From point S’ to point T’ the frequency is con-
tinually decreasing, until at point T’ it has decreased to its maximum
value. This has occurred, so far, with respect to the positive half of
the audio signal. Compare it with that part of the f-m wave and the
difference between both types of modulated waves manifests itself.
From point TV to point U’ of the p-m wave, the frequency starts to
increase again, until at U’ the frequency has reached that equal to the
carrier again. From point U’ to point V’ the frequency starts to in-
crease (above that of the carrier), until at point V’ it has reached its
maximum value, equal to that at the previous point R’. From point V’
to point Z’ the wave repeats itself exactly as between points R’ and
V’. In other words, between points R’ and V’ one cycle of audio modu-
lating signal has been traversed, and the same thing occurs for both
audio cycles. Similar to the f-m wave a p-m vector is drawn above
the p-m wave better to illustrate the frequency changes that occur
in the p-m wave. The composite picture of the p-m signal discloses
that during the reversal of the audio modulating signal from the posi-
tive half cycle to the negative half cycle, the decrease in frequency is
at its maximum. If this same point (T or X) of the f-m wave is ex=-
amined, it will be noted that the frequency here is equal to that of
the carrier. From the p-m wave at (C) and the modulating signal at
(A) it is seen that, when the audio modulating signal reverses from
the negative half cycle to the positive half cycle, at points V’ or Z’,
the increase in frequency is at its maximum. If these same points of
the f-m wave are examined, it will be seen that frequency is equal
to that of the carrier.

One can readily understand how easy it might be to misinterpret
a p-m wave as an f-m wave, or an f-m wave as a p-m wave. The
drawings of the f-m wave and p-m wave are shown only for com-
parison purposes, and they are exaggerated to procure a better pic-
ture. That is, the amount of increase or decrease of frequency in
either case for the same audio signal and carrier is really nhot neces-
sarily the same.

For an over-all comparison between the f-m and p-m waves, a
composite picture of both vector diagrams is drawn in part (D) of
Fig. 1-13. This readily reveals that the relative changes in frequency
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for an f-m and a p-m wave, for the same audio modulating signal and
carrier, do not occur at the same instants of time.

Comparing f.m. with a.m., the chief contrast is that in fm. (as in
p.m.) the amplitude of the modulated wave remains constant, whereas
in a.m. it varies. In f.m. the carrier frequency is varied by means of
the modulating signal. It is varied in such a manner that it undergoes
frequency deviations on either side of its center frequency. These
frequency deviations, or frequency swings, are dependent upon the
level of the audio modulation, which means that the loudness or am-
plitude of the audio modulating signal is a determining figure in the
frequency swing or deviation about the center frequency. The stronger
the audio signal, the greater the change in frequency, but the ampli-
tude of the f-m wave is always constant. This is in contrast to the
a-m wave, which is produced when the amplitude of the modulating
signal varies the amplitude of the carrier. The frequency of the modu-
lating signal in f.m. determines the number of times per second that
the change or deviation in frequency of the carrier takes place. The
higher the frequency of the audio or medulating voltage in the trans-
mitter, the greater the number of times per second the carrier fre-
quency changes between the limits determined by the amplitude or
strength of the audio signal. This will be made clearer in chapter 2
when the analysis of different f-m wave shapes is considered.

In am. it was simply shown what was meant by percentage of
modulation. It was also indicated that only two sidebands appear in
a.m., namely the upper and lower sideband, the frequencies of which
are, respectively, the carrier plus the frequency of the modulating
signal and the carrier less the frequency of the modulating signal. In
f.m., as well as in p.m.,, the percentage of modulation and the sideband
characteristics are not so simple as in a.m. For instance, in f.m. if we
were to refer to 100 percent modulation similar to the way percentage
of modulation is understood in a.m., the frequency swing of the f-m
wave would have to be such that it covered the whole of the carrier
frequency on either side. We know this to be a practical impossibility,
so the percentage of modulation in f.m. is defined in another way with
respect to the deviation of the signal. This will be shown in the next
chapter.

Numerous sidebands may appear in f.m. as compared with only one
pair in a.m. These sidebands are paired equally on either side of the
center frequency. The sidebands nearest this center frequency and on
either side of it are equal to the frequency of the carrier plus or minus
the audio modulating frequency. The sidebands of the next nearest
pair are equal to the carrier frequency plus or minus twice the fre-
quency of the modulating signal, and so on with the other pairs of
sidebands. In other words, the sidebands in f.m. are removed from
each other by some integer multiple of the modulating frequency, and
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itis their strength which determines those that are effective in repro-
ducing the modulated signal. As in a.m., the intelligence of the f-m
signal is carried in its sidebands. The relative strength or the amount
of the effective sidebands is determined by the degree of modulation.
Due to the number of sideband components in an f-m wave, the re-
quired bandwidth for this type of modulation may be greatly increased
as compared with a.m. This will all be evident from the more thorough
discussicn of f-m waves in the next chapter.

The F-M and P-M Transmitter

Many different types of so-called f-m transmitters are in use today.
The two main types are those using direct methods of f.m. and those
using indirect fm., or p.m. The methods of obtaining the modulated
signal differ in both of these systems. However, as far as the reception
of signals is concerned, both types of transmitters are considered as
equivalently transmitting f.m. This is easily understandable since it
was shown how a p-m signal indirectly undergoes changes in its
equivalent instantaneous frequency The perforraances within either
type of transmitter, from the viewpoint of desired and undesired
characteristics, is quite different. That is, the basic operation of pro-
ducing the correct type of modulation differs appreciably enough to
warrant discussion of the various transmitters. Since a-m transmitters
are most familiar, wherever possible, comparisons between the a-m
and f-m systems will be included in order to correlate certain funda-
mental relations.

It is quite difficult to draw general bloek diagrams of a-m trans-
mitters and of f-m and p-m transmitters that will represent the only
types in use, because there are so many versions of such transmitters,
even though the f-m and p-m types are virtually new in the field of
radiobroadcasting. The block diagrams shown in this section are
chosen to be indicative of the general run-of-the-mill {ransmitters.
The components that are included are necessary for the basic opera-
tion of each type of transmitter and also for the comparison of the
individual transmitters.

Fig. 1-14 shows three block diagrams of a-m, f-m, and p-m trans-
mitters. Part (A) of Fig. 1-14 is that representing an a-m trans-
mitter. It is the familiar type wherein the r-f section consists of an
oscillator feeding into a buffer, which in turn feeds into a system of
intermediate power amplifiers and/or multipliers which in turn feed
into the final power amplifier stage. The audio system consists of the
mike and speech amplifier which feeds into the modulator system. For
high level (plate or grid modulation) a-m transmission, the cutput
of the modulator is usually fed into the final power amplifier stage, as
indicated by the solid line leading into the last stage, whereas for low
level a-m transmission the output of the modulator is fed into some
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intermediate amplifier stage as shown by the dashed lines. The modu-~
lating power needed in either type of a-m transmission is far in excess
of that required for modulation either in £.m. or p.m.
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Fig. 1-14. Block diagrams of a-m, f-m, and p-m transmitters are shown
in (A), (B), and (C) respectively.

Parts (B) and (C) of Fig. 1-14 show the block diagrams for the f-m
and p-m transmitters, respectively. If the block diagrams of the three
different types of transmitters are examined it will be noticed that
there is not much difference as far as their r-f sections are concerned.
All three require oscillators, intermediate stages usually consisting of
frequency multipliers or amplifiers, and the final power amplifier
stage. The greatest difference among them would appear to be in the
method of modulating the carrier. It must be remembered, however,
that we are looking at the block diagram views of the different trans-
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mitters and are not really considering their internal structures. The
r-f sections up to the final power amplifier do differ appreciably as
far as their construction is concerned. In most a-m transmitters (es-
pecially of the high level type), the r-f tubes used are of the power
variety, whereas in f-m and p-m transmitters, they can be (and often
are) of the receiving tube type. Consequently, in viewing block dia-
grams it skould be understood that as far as similarities exist, they
exist in the functioning of the different stages and not necessarily in
the methods of performing these functions.

The primary difference between the operation of the f-m and p-m
transmitters lies in the methods of producing the modulstion. In the
f-m transmitter, the output of the speech amplifier is usually fed
directly into the modulator stage. The modulator stage injects a
variable reactance into the oscillator stage changing its frequency
in accordance with the varying reactance. The output signal from the
oscillator is thus frequency modulated. It is sent through a system of
frequency multipliers in order to obtain the correct deviation and fre-
quency output.

In the p-m transmitters (indirect f-m), the audio signal is fed into
some type of so-called audio correction network before it is fed to the
phase modulator. This audio correction network makes the p.m. that
occurs directly proportional to f.m. The phase modulator works in
conjunction with a crystal oscillator so that, when an audio signal is
applied to the microphone and, hence, to the modulator, the phase of
the crystal oscillator signal is varied in accordance with the audio
modulating signal. The output from this oscillator-modulator network
is then fed into a series of multiplier stages. There are numerous types
of indirect f-m transmitters which utilize different methods of phase
shift, and they are discussed in detail in chapter 4.

The frequency multipliers used in a-m transmitters are primarily
intended to increase the fundamental frequency? put out by the oscil-
lator. The oscillator itself does not produce the transmitted frequency,
because it is more stable at lower frequencies than at higher fre-
quencies. Since in f-m and p-m transmitters the final transmitted
frequencies are in the 88-108 mc range, this fact becomes even more
important when considering them. The frequency multipliers used in
f.m. and p.m. are employed not only to increase the fundamental fre-
quency put out by the oscillator but also to increase the frequency
deviation (or phase shift). This will be clarified later in this book.

In all three types of transmitters the final power output stages are
chiefly used to increase the power of the modulated signal before
transmitting it. In the high level type of a.m., as mentioned previously,
this last stage is modulated, but in fm. and p.m. it is not. This last

*See chapter 3 for an explanation of frequency multipliers.
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stage in all cases has to be properly matched to the antenna for the
maximum transfer of energy.

The antennas of the f-m and p-m system are important in that they
nave to be directional, As the propagation of energy from f-m trans-
mitters is at the higher frequencies (it is in the 100-mc region since
the frequency allocations have been changed from the old band), then
the special effects of the different layers of the atmosphere have to be
taken into account. The erection of f-m antennas3 is such that their
height and the type of radiators used are very important problems.
That is, the antenna should be as high as possible. Likewise, the radi-
ators have to be in certain positions in order to propagate the energy
in the correct direction. This will be discussed in greater detail in
chapter 5.

Relative Factors in the Transmission of F-M Signals

Until very recently the frequency band of f.m.* was between 42
and 50 mec. This band covered only 8 mc and, naturally, the allotment
of the number of stations per given area was not many. The rela-
tively increasing importance of this type of modulation led the Federal
Communications Commission (FCC) to allot a new band in the fre-
quency spectrum to fun. This new band, in effect since 1946, is be-
tween 88 and 108 mc. (The top two megacycles of this band are re-
served for facsimile.) These new frequencies, as well as the old band,
are in the so-called v-h-f region (very high frequency), and trans-
mission at these frequencies presents a different problem from trans-
mission at the frequencies of the a-m broadcast band.

Long before f.m. came into use, high-fidelity broadcasting was almost
always desired. From 550 kc to 1600 kc a-m broadcast stations are
separated by 10 kc. No two stations on adjacent channels occupy the
same service area, unless their transmitted power is quite weak. Modu-
lation frequencies as high as 7.5 kc can now be used. An a-m station
can use frequencies higher than 7.5 kc provided its transmitted signal
does not interfere with any other station. However, not many stations
operate even as high as 7.5 kc and few operate higher, any system that
can always transmit a signal modulated to 15 kc with minimum distor-
tion will be the best high-fidelity system.

Frequency modulation properly used achieves such a system. By
transmitting in the v-h-f region, the separation, or bandwidth, between
stations can be greater than that usually found in the a-m broadcast

*'When f-m antennas are mentioned they shall be understood to include
those used for both the direct f-m and indirect f-m (p-m) form of
transmission.

‘In most cases when the term f.m. is used without specifying whether
direct or indirect fm. (or p.m.) is meant, it encompasses both types.
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band. In fact, the bandwidth, or separation, between channels in
fm. is a minimum of 200 kec. It must be realized that in the 100-mc
region 200 kc is but a small fraction of the operating frequency, and,
consequently, such a large bandwidth can be used. Also, this band-
width does not mean exactly the same thing as the bandwidth in a.m.

In f.m. we have to deal with the deviation or swing of the f-m wave
with respect to the modulating audio signal. For the so-called 100
percent modulation in f.m., this deviation swings 75 kc on either side
of the carrier frequency. To this 75-kc deviation the FCC has added
25 kc as a “guard band” on either side of the swing, to bring the band-
width to 100 kc on either side of the carrier, or a total of 200 kc. This
will be discussed in greater detail in the following chapter. Thus, with
the possibility of being able to modulate with frequencies as high as
15 kc with minimum distortion, the f-m system is considered as true
high fidelity.

Since f.m. works in the v-h-f region, its transmitting range, com-
pared with that for the a-m broadcast band, is smaller. Thus, the f-m
station does not cover a very wide area and, consequently, interference
between f-m stations is greatly reduced from what it is for a.m., which
covers a much greater area. The primary differences between the
propagation of a-m and f-m signals lies in the difference in propaga-
tion of signals in the medium-frequency region (m-f) and in the very
high frequency region. Propagation of signals of very short wave
length and propagation of much longer waves differ a great deal. For
instance, the longer radio waves may follow the curvature of the
earth, but very short waves can travel only in a straight directed path
as does a beam of light. The fact that very short waves travel in
straight lines explains why the f-m transmitting antenna has to be
appreciably higher for the proper transmission of signals.

It should be understood that good reception and high fidelity can be
obtained either in a.m. or f.m. when using the v-h-f region. However,
there are certain disadvantages to using a.m. rather than f.m. in this
region, as well as in most other regions. One of the principal draw-
backs of a-m broadcasting is that a-m signals are readily subjected to
noise interferences. Since the a-m signal is varying in amplitude, and
since most static and noise interferences vary the amplitude of a sig-
nal, it is readily understandable that a-m waves will be affected by
such interference,

The F-M Receiver

The belief is widespread that a receiver for the reception of f-m
waves is in many respects like a receiver intended for the reception
of a-m waves. For a comparison between the a-m and f-m super-
heterodynes generally in use today, three fundamental types are
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illustrated in Fig. 1-15 by means of block diagrams. In (A) of Fig.
1-15 the block diagram of the conventional a-m receiver is shown,
while in (B) and (C) appear block diagrams for the different f-m
receivers in use today. As far as the functional identity of these re-
ceivers is concerned, the only difference lies in their detector circuits.
The a-m receiver, part (A) of Fig. 1-15, employs a conventional diode
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Fig. 1-15. Block diagrams of superheterodyne circuits for the reception of
a-m signals in (A) and f-m signals in (B) and (C). The difference in
these receivers lies in their detector circuits.

(C) F-M RECEIVER

detector circuit wherein the envelope of the modulated signal is de-
tected. In the f-m diagram of part (B), a limiter stage is used in
conjunction with a discriminator detector stage. This type of circuit
was the only one commercially used from the beginning of f-m broad-
casting until 1946. In 1946 two new types of detector circuits found
their way into f-m sets. The block diagram of the f-m receiver em-
ploying these two types of detectors appears in part (C) of Fig. 1-15.
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This latter type of f-m receiver does not employ any limiter circuit
at all, because all the limiting action is accomplished within the de-
tector. Of these single-stage detectors, one is known as the ratio
detector, and the other, using the principles of the locked-in oscil-
lator, as the oscillator detector. The former type is used in more radio
receivers than the latter. An analysis of these three different f-m
detectors is discussed in greater detail in chapter 7.

One of the greatest differences between the a-m and f-m receivers
lies in the design of their i-f circuits. The i-f circuits do not look any
different so far as the block diagrams are concerned, but their physical
design differs appreciably. This difference in design is due to the band-
pass characteristics and the intermediate frequencies involved. The
i-f bandwidth in a.m. is approximately equal to 15 kec. This is in order
to pass the normal maximum of 7.5 kc for the sidebands on either
side of the carrier. The intermediate frequencies involved in a.m.
operate at a peak frequency from 175 kc to about 465 kc with the
usual bandwidth equal to 15 kec. In f.m. the bandwidth design is
approximately equal to a minimum of 200 ke, as previously men-
tioned; and the i-f peak frequencies are anywhere from about 4 mc
to 11 mc. When the old f-m band of 42-50 mc was in use, the i-f peak
frequency was usually 4.3 mc. With the new f-m band of 88 to 108 mc
now in use, the i-f peak frequency commonly employed is either 8.3
mcor 10.7 mc. There are indications that the radio industry will stand-
ardize the i-f peak frequency for this new f-m band. It is believed
that the standardized intermediate frequencies will be about 10.7 mc.
Consequently, it can be realized how much the design of the i-f trans-
formers for a.m. and f.m. differ from each other.

Although in block form they may appear similar to those of a-m
receivers, the r-f and oscillator sections of the f-m receiver are
designed to work with frequencies in the 100-mc region and, there-
fore, require special attention. The f-m oscillator coils found in many
receivers consist of only one turn, or even half a turn, of wire in order
to obtain the necessary small amount of inductance required to pro-
duce the necessary oscillator frequency. As an indication of how
critical the design is at these high frequencies, it is wise to mention
at this moment that some inductances of certain sections of f-m re-
ceivers are permeability tuned, and they form the necessary tuned
circuit in conjunction with their own distributed capacitance.

The audio section of the f-m receivers presents an interesting prob-
lem. To start with it should be mentioned that, in schematic form, it
does not appear much different from that used in a-m receivers. The
amount of difference varies in accordance with what the original
designer had in mind. In a.m. we know that the normal maximum audio
frequency that can be transmitted is according to FCC rulings for a-m
stations. Consequently, for high-fidelity wnrk in the a-m broadcast
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band, the design of the audio section should provide for a good response
to about 7.5 kc. Such an audio frequency response is not hard to obtain
since the usual maximum frequency that can be passed is only 7.5 kc.
In f.m., the situation is very different. Since it is always possible to
transmit f-m signals with modulating frequencies as high as 15 kc, then
the audio system of f-m sets should be designed to pass this range of
frequencies in order to obtain the available high fidelity. The essence
of high fidelity can therefore be realized with f-m sets. The audio fre-
quencies usually involved in speech very seldom exceed 6 ke, but those
involved in music have a range well up to 15 kc. Consequently, for the
full reproduction of music the audio section of f-m sets should be so
designed that it has a response characteristic up to 15 ke. This is quite
a difference from a.m. where the usual maximum of only 7.5-kec audio
modulation can be transmitted.

To achieve the reception of high-fidelity f.m., the speaker of the
receiver should be designed to have a good audio response char-
acteristic. Such speakers are commercially available, but economically
speaking they present a problem for the production of low-cost f-m
receivers. Many speakers will reproduce frequencies up to about 15
ke, but their response characteristics are anything but flat. A speaker
that has a fairly flat response characteristic up to about 15 kc costs a
few hundred dollars. Perhaps in time high-fidelity speakers may be
mass produced and the individual cost of each speaker cut down to
make them economically available for f-m sets.

The aerial or antenna problem in f-m receivers is not quite so com-
plicated as has been maintained. When a-m sets were in their child-
hood, receiving aerials presented quite a problem for the proper
reception of signals. Today the situation is so different that indoor
loop antennas are used in most a-m sets. In a.m. the antenna problem
is now considered a very simple matter. In the few years that f.m. has
been in use, the problem of antenna construction has been greatly
minimized. In fact, f-m receivers that contain indoor antennas are
already on the market. It should be remembered that for the proper
reception of weak signals, especially with a receiver which requires
a high input signal for correct operation, outdoor aerials are consid-
ered the best to use. However, when beset with limitations as to the
use of a suitable outdoor antenna, an indoor antenna will suffice. In
either event, the design of the antenna has to take into account the
type of signal and the direction of approach. The antenna problem in
f.m. is not so complicated as that of a.m., with respect to noise and
other types of interference, as the f-m receiver discriminates against
these interferences.
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QUESTIONS

CHAPTER 1

What is meant by modulation of a carrier wave?
What are the three principal types of modulation?

What is the amplitude relationship between the audio modulating
signal and that of the carrier for a 100-percent a-m wave? For a 50-
percent a-m wave?

. When will an a-m wave become overmodulated?
. Why does such an overmodulated wave cause distortion upon re-

production?

. If an audio modulating signal has a peak-to-peak amplitude of 60

volts and if the peak-to-peak amplitude of an r-f carrier is 80 volts,
what degree (percentage) of a.m. will result?

. If an a-m wave that appears on an oscilloscope measures 2.4 inches

peak-to-peak and a minimum of 1.2 inches between troughs, what
is the degree (percentage) of a.m. of the wave?

. How many sidebands exist in an a-m wave?
. If the frequency of the r-f carrier is 1.5 mc and that of the audio

modulating signal 2 kc, what are the frequencies of the sidebands
inan a-m wave?

Compare the amplitude and also the power of the sidebands with
that of the carrier of a 100-percent a-m wave. Of a 50-percent a-m
wave.

Describe one of the principal disadvantages regarding the a-m
form of transmission.

Define direct f.m. Indirect f.m. or p.m.

How aredirect f.m.and p.m. related toeach other?

. What is meant by phase deviation?
. What other names are given to phase deviation?

Explain how one cycle of phase deviation can undergo a change in
hundreds of degrees.

Does the equivalent instantaneous frequency remain the same dur-
ing a phase swing? Why?

Referring to Fig. 1-11 on page 14 and assuming that the frequency
of each of the two sine curves is equal to 2000 cycles and that be-
tween points Z and Z' wave B lags wave A by 40 degrees, what is
the equivalent frequency of wave B at point Z’
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1-15.
1-16.
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1-19.

1-20.

1-21. a.

1-22, a.
. How was this separation originally determined?

1-23.

1-24.

1-25.

1-26.
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Refer to Fig. 1-12 and assume that the frequency of each of the two
sine curves is also equal to 2000 cycles but that wave B leads wave
A by 40 degrees between points Z' and Z, what is the equivalent
frequency of wave B at point Z’?

In p.m. what characteristics of the carrier remain fixed?

In what manner does the frequency of a direct f-m wave change
during one cycle of a sine-wave modulating signal due to the
changing amplitude of the modulating signal? (Assume that the
positive amplitude of the modulating signal increases the fre-
quency of the carrier.)

In what manner does the frequency of a p-m wave (indirect f.m.)
change during one cycle of audio modulating signal due to the
changing amplitude of the modulating signal? (Assume that the
positive amplitude of the modulating signal increases the fre-
quency of the carrier.)

What determines the amount of frequency deviation of an f-m
signal?

. What determines the rate at which this deviation takes place?
. Aref-msignalslimited to only twosidebands as an a-m wave?

Is the (modulating) audio power needed for f-m transmission
about the same, greater, or smaller than that needed in a.m., as-
suming the same carrier power in each transmitter?

What two functions do frequency multipliers have when employed
in f-m and p-m transmitters?

Compare the usual maximum audio frequency that can be trans-
mitted in the a-m band (between 550 and 1600 kc) with that pos-
sible in f-m broadcasting.

. Why is there a limitation on the amount of audio modulating fre-

quency used in a.m.?

What is the minimum frequency separation between f-m channels?

In schematic appearance, what part of the f-m receiver is very
different from the general a-m receiver?

Name the three principal types of detector systems that are used
in f-mreceivers.

Compare the intermediate frequencies used in a-m receivers with
those used in f-m receivers. Which if. is most common in f-m re-
ceivers of today?

For maximum possible high-fidelity reception, assuming undis-
torted output, what frequency should the audio system of f-m
receivers be designed to pass?



CHAPTER 2
FREQUENCY MODULATION

We have discussed in general the primary differences between a.m.,
f.m., and p.m. In this respect we have touched on the analysis of the
various modulated wave shapes and how they differ from each other.
As an introduction f-m transmitters and receivers were analyzed with
regard to the conventional a-m transmitters and receivers. Before
going into a discussion of the different methods of producing f-m
waves and how the different transmitters operate, it will be well to
have a more thorough understanding of the relative features of fre-
quency-modulated signals.

It is the purpose of this chapter further to acquaint the reader
with the more detailed aspects of such related f-m topics as band..
width, sidebands, percentage of modulation, modulation index, inter-
ference, and the like. A broader understanding of the fundamental
action of f-m signals is necessary in order to comprehend easily the
chapters to follow.

The Basic F-M Wave

In the first chapter we mentioned the frequency deviation of an
f-m signal and also how the amplitude and frequency of the audio
modulating signal changed the degree of deviation and the repetition
of this deviation. To understand the effects that a changing modu-
lating signal has on a carrier being frequency modulated, it is best to
use illustrative examples. The basic f-m wave usually has the
sunching up of its cycles at the positive half of the audio modulating
signal and the spreading of its waveform in the negative half of the
audio modulating signal. It is this bunching and spreading of the f-m
waveform that undergoes changes with respect to variations in the
amplitude and frequency of the audio modulating signal.

Fig. 2-1 shows two f-m signals modulated by the same audio fre-
quency in each case but with the amplitude of the modulating signals
different from each other. Parts (A) and (B) represent sinusoidal
audio signals that are used to frequency modulate a carrier wave.

29
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Both are oz the same frequency, but signal B is of a louder tone than
signal A as witnessed by the differences in amplitude. Wave C repre-
sents that f-m wave modulated by the audio at (A), and wave D
represents that f-m wave modulated by the audio at (B). Comparing
the two f-m waves at (C) and (D), it is at once evident that an in-
crease in loudness or audio level causes a greater frequency change
(that is, deviation) of the modulated signals. In other words, the fre-
quency deviation of wave D is greater than that of wave C. UJpon
further examination of these modulated waves, 1t will be noticed that
when the modulating signal is positive (above its axis) then the fre-
quency of the f-m wave is increased. This is indicated by a bunching
up of the wave at this point. Likewise when the audio signal is nega-
tive (below its axis) the frequency of the f-m signal is decreased.

SR LN
L
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Fig. 2-1. The modulating waves in (A) and (B) are the same frequency,
but the amplitude of (A) is less than that of (B). The louder signal (B)
causes a greater frequency change in the modulated signal at (D), shown
b¥ the increased bunching and slpreadmg, than does the smaller amplitude
of (A) on the modulated signal at (C). In (E) and (F) the modulating
waves are superimposed on their respective modulated waves.

This is indicated by a spreading of the wave at this point. This was
all indicated in Fig. 1-13 of chapter 1, but it is even more clearly evi-
dent in parts (E) and (F) of Fig. 2-1, wherein the audio modulating
signals A and B are respectively superimposed upon the f-m waves
Cand D.

To show how the frequency of the audio modulidting signal deter-
mines the number of times a second that the deviation of the carrier
takes place, let us refer to Fig. 2-2. The two audio signais A and B
are of the same amplitude but different in frequency. For the same
period of time, wave A undergoes two cycles of frequency change and
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wave B undergoes three cycles. This time equality is indicated by
time T, equaling time T, Part (C) of Fig. 2-2 represents the f-m wave
that is modulated with the audio at (A) and part (D) represents the
f-m wave that is modulated with the audio at (B). If these two f-m
waves are examined, it will be seen that for the same period of time
wave D undergoes a greater number of cycles of frequency changes
than wave C. That is, the frequency deviation, which is determined
by the amplitude of the modulating signal, changes through its full
range more often in wave D than in wave C. This is due to the fact,
as stated before, that the modulating signal of (B) is higher in fre-
quency than that of (A).

Parts (E) and (F) of Fig. 2-2 show the audio signals superimposed
upon the modulated signals in order to illustrate clearly that for the
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Fig. 2-2. The frequency of the modulating wave of (A) is less than that
of (B), the time intervals T, and T, being equal. Notice the two groups of
frequency changes in the modulated wave at (C) and the three in the
wave at (D), which occur in the same period of time. The modulating
waves are superimposed on their respective modulated carriers in (E)
and (F).

same period of time, the greater the frequency of the modulating
signal, the greater the rate of change in f-m deviation. The ampli-
tudes of both audio signals are the same, and thus the amount of
carrier frequency change or deviation is the same in each case. This
is easily seen by comparing the points of maximum and minimum
frequency in both f-m waves and it will be seen that the points of
closest bunching, as well as the points of greatest spacing, in each
wave are equal to each other. However, since the frequencies of the
audio modulating signals differ, with that at (B) greater than that at
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{A), the number of times per second that the cyclic frequency change
takes place is different. T'he change of the modulated wave at (D) is
seen to be more frequent thar that at (C), indicating that the higher
the audio frequency, for the same amplitude, the greater the number
of times per second the deviation changes. Although technically ac-
curate, the wave forms in both Fig. 2-1 and Fig. 2-2 have Leen ex-
aggerated to provide a more vivid illustration.

F-M Bandwidth and Sidebands

It was noted in chapter 1 that in the a-m form of transmission the
modulated wave (when at or under 100 percent modulation) con-
sisted of three component waves. These three components were the
carrier frequency and the upper and lower sidebands respectively.
In the f-m form of transmission the modulated wave consists of the
carrier frequency and numerous sideband components. In a.m. the
frequency of the audio modulating signal determines the bandwidth.
Since 7500 cycles-per-second is the normal maximum amount of audio
modulating frequency that can be used, the usual maximum band-
width in the a-m broadcast band is considered to be 15 kilocycles.!
In f.m. the amplitude of the audio modulating signal is the chief factor
in determining the amount of f-m bandwidth. This was indicated in
Fig. 2-1, where the difference in audio amplitude produced a different
frequency change or deviation. This deviation may shift the fre-
quency of the carrier by 50 kc, or even higher, according to the am-
plitude of the modulating signal. Since the allowable bandwith in
f.m. can be greater than that of the audio frequency spectrum, there
is really no limit to the amount of audio frequencies that can be
passed. Hence, in f.m. high fidelity can be easily attained. In deter-
mining the amount of deviation of the carrier, the amplitude of the
modulating signal determines the eftective bandwidth and also the
number of effective f-m sidebands.

The extent of the bandwidth, being dependent upon the variable
factor of audio amplitude, is also a variable factor itself. The devia-
tion in f.m. can vary by quite a large amount, and to compensate for
the maximum amount of carrier frequency swing that can occur the
FCC has established 75 kc as the peak deviation (that is, the maximum
deviation on either side of the carrier). To this 75-kc deviation the
FCC has added 25-kc guard bands making a total of 100 kc on either
side of the carrier. The “guard bands” are included to insure against
interaction between any two adjacent stations. For instance, without

*According to the FCC, modulation above 7.5 kc is permissible. How-
ever, if a station that modulates above 7.5 kc interferes with reception of
signals from other stations, the interfering station has to install equipment
or make adjustments to reduce this interference so that it is not objection-
able. Thus, in am., 7.5 kc is considered as the normal maximum audio
modulating frequency.
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guard bands, if a station were somewhat off carrier frequency the
shift might cause the bandwidth of the station to overlap that of the
adjacent one. Consequently, the separation between adjacent chan-
nels in the f-m broadcast band is 200 kc (100 kc on either side of the
carrier). This 200-kc adjacent channel separation is for f-m stations
assigned to different coverage areas. Adjacent channel stations that
service the same area are separated by a minimum of 400 kc. The rea-
son for this is primarily that the signals of stations covering the same
area (as the New York City Metropolitan area) are quite strong, and
there is probability of interference if there is any overlapping of the
station bandwidths.

In a.m. the bandwidth is a much larger fraction of the carrier fre-
quency than it is in f.m. For example, considering 1000 kc as the mean
carrier frequency in the a-m band, the fraction of the 15-kc a-m
bandwidth to this mean carrier frequency is: 15 ke/1000 ke = 0.015 or
1.5 percent of the carrier frequency. Considering the mean carrier fre-
quency of the new f-m band as being 100 mc, the fraction of the f-m
bandwidth (150 kc or 0.150 mc total) to this carrier frequencv is
0.150/ 100 = 0.0015 or 0.15 of 1 percent. Examination of these rela-
tive percentages reveals why such a comparatively large bandwidth
in fm. is feasible, especially when it is such a small part of the
carrier frequency.

The preceding chapter stated that the a-m wave was a complex
signal in that it contained various frequency components. The a-m
wave and its component parts for 100 percent and 50 percent modu-
lation were illustrated in Figs. 1-7 and 1-8, respectively. Besides the
carrier, the other component parts of these modulated waves are
known as the sidebands, and only two such sidebands (upper and
lower) exist for each type of a.m. illustrated for sinusoidal modula-
tion. In f.m. the situation is completely different. The f-m wave is
also a complex wave, but it contains numerous sideband components
distributed equally on either side of the carrier frequency. The intel-
ligence is contained in these f-m sidebands as it is in a.m. with the
difference that in f.m. the intelligence is distributed over a very wide
spectrum of the sideband components. The amplitude of these side-
band components is not the same, as in a.m., but varies considerably.
To prove that numerous sideband components of various amplitudes
may exist in an f-m signal for a single modulating frequency, higher
mathematics would have to be used; this is beyond the scope of this
book. Although numerous sideband components do exist, the relative
amplitudes of each determines whether or not they will be useful in
the reproduction of the intelligence conveyed in them. In other words,
the amplitude of a certain sideband component may be so small that
it has negligible effect upon demodulation. This will become clearer
if a spectral picture of the comoonents of an f-m signal is analyzed.
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spectral distributions of f-m waves are shown in Fig. 2-3. In

both parts of this figure, the frequency of the unmodulated carrier is
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Fig. 2-3. Two spectral distributions of f-m waves. The frequency of the
modulating signal in (A) is 15 kc and in (B) it is 5 kec. Note that the
relative amplitudes of the sidebands are often greater than the amplitude
of the center frequency component.

the same. The peak deviation involved is the same in either case,
being 75 kc on either side of the carrier, even though the frequencies
of the audio modulating signals differ. Since the deviation is the same
in both cases, the amplitude of the audio is also the same. In part (A)

of Fig.

2-3 the audio frequency involved is 15 ke, which is considered
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the maximum modulating frequency for high-fidelity f.m. The true
amount of sideband components that exist are numerous, but the
amplitudes of those past the 8th sideband are so small as to be inef-
fective in reproducing the sideband intelligence. In reality, there-
fore, there exist eight effective sideband pairs in the spectrum of part
(A). Note that the amplitudes of the sideband pairs have no imme-
diately apparent special order of increasing or decreasing in size. In
fact, the amplitude of some of the sidebands may be greater than the
center frequency component, which is the case for both spectra of
Fig. 2-3. This contrasts with a.m. where the center frequency com-
ponent is always greater in amplitude than its sidebands and equal
to the amplitude of the unmodulated carrier. That is one of the rea-
sons why f.m. is considered better than a.m. This will be expanded
later.

As previously mentioned, the sidebands in f.m. are equally distrib-
uted on either side of the center frequency component. (The center
frequency component is at the same frequency as the unmodulated
carrier but always smaller in magnitude). This frequency distribu-
tion of sidebands is as follows:

1st sideband pair — center frequency == 1 X audio frequency

2d sideband pair = center frequency =+ 2 X audio frequency

3d sideband pair — center frequency = 3 X audio frequency

4th sideband pair = center frequency = 4 X audio frequency
and so on for as many effective sidebands as there are. Consequently,
the first pair of sidebands in part (A) of Fig. 2-3 is found 15 kc on
either side of the center frequency component. The second pair is
found 2 X 15 kc or 30 kc on either side of the center frequency, the
third pair 3 X 15 kc or 45 kc on either side, and so on. Therefore, the
total distribution of the eight effective sidebands on one side of the
center frequency in part (A) is equal to 8 X 15 or 120 kec. This means
that the total effective bandwidth is equal to 240 kec.

Part (B) of Fig. 2-3 illustrates a similar situation where the modu-
lating frequency is 5 kc. However, the number of effective sideband
pairs in this case is greater and equal to 19. Since the sideband fre-
quency distribution on either side of the center frequency is an integer
multiple of the audio frequency, the effective bandwidth is 19 X 5 or
95 kc on one side of the center frequency. This means that the total
effective bandwidth in part (B) is only 2 % 95 kc or 190 kc. This is
50 kc less than the bandwidth of the spectral distribution of part (A)
of Fig. 2-3.

To indicate the relative amplitudes of the sidebands, they are shown
to be some percentage of the amplitude of the unmodulated carrier,
which is considered to be at 100 percent for maximum amplitude. The
unmodulated carrier is drawn in dashed lines for the sake of clarity,
but it really does not exist in the spectral distribution. In part (A) of
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Fig. 2-3, the center frequency component is seen to be only 17.8 per-
cent of the unmodulated carrier. The first sideband pair is greater in
magnitude than the center frequency, and it is 32.8 percent of the
amplitude of the unmodulated carrier. The second sideband pair is
only 4.66 percent of the unmodulated carrier. The amplitudes of the
other sideband components vary accordingly, and their percentages
are illustrated to the left of the spectrum.? In part (B) of Fig. 2-3, the
relative percentage amplitudes are also illustrated to the left of the
frequency spectrum.

Now that we have a fair understanding of f-m spectrum distribu-
tion let us study the two spectra of Fig. 2-3 for comparison and try
to formulate a general rule about spectrum distribution in f.m. in
regard to deviation, bandwidth, and audio modulating frequency.

With the frequency deviation kept constant, the number of effec-
tive sidebands increases with a decrease in audio modulating fre-
quency, However, the effective bandwidth does not increase with the
increase in sidebands but rather decreases. This is evident from the
two spectra of Fig. 2-3. In both cases the deviation is the same,
being 75 kc. In part (B) the audio frequency is 5 kc, and the number
of effective sideband pairs 19, but the effective bandwidth is only
190 ke. If the audio frequency is 3120 cycles, the number of effective
sideband pairs would be 29, but the effective bandwidth would only
be 181 kc.

Consequently, a general rule can be formed regarding f-m spec-
trum distribution. With the frequency deviation assumed constant,
the greatest bandwidth (spectrum distribution) is attained when the
audio modulating frequency is at its highest value. As this audio fre-
quency is lowered (keeping the deviation still constant), the effec-
tive bandwidth decreases, but the number of effective sidebands
increase. However, no matter how low the audio frequency is made
and no matter how many effective sidebands do appear, the effective
bandwidth can never be reduced below the frequency deviation on
either side of the carrier. If twice the audio modulation frequency
happens to be higher than this peak-to-peak deviation swing, then
the effective bandwidth cannot be less than twice this audio fre-
yuency. Therefore, with a deviation frequency of 75 kc on one side
of the carrier, the effective bandwidth can never be less than 150 kc
since the audio frequency cannot exceed the deviation.

After a spectrum analysis, the question invariably arises as to what
would happen if the frequency deviation were not kept constant, if the
audio frequency were kept constant and the deviation varied. The
answer to this is relatively simple if one fully understands the fore-

*The actual determination of the amplitude of the sidebands employs
higher mathematics, namely Bessel Functions, and is beyond the scope
of this book.
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going analysis.

Let us assume the audio frequency to be constant at 10 kc and the
peak deviation varied from 60 kc to 30 kc. Where the peak deviation
is 60 kc, the number of effective sidebands that appear in the fre-
quency spectrum is 18 (9 sideband pairs) and the effective bandwidth
is then equal to 18 X 10 kc or 180 kc. Where the peak deviation is
30 kc, the number of effective sidebands that appear is only 12 (6
sideband pairs) and the effective bandwidth in this instance is only
12 X 10 kc or 120 kc. Consequently, in this type of spectrum distri-
bution decreasing the frequency deviation while keeping the audio
frequency constant decreases both the number of effective sidebands
and the effective bandwidth.

Both where the deviation is held constant and the audio frequency
varied and where the audio is held constant and the deviation varied,
a fundamental relation exists between the frequency deviation and
the audio modulating frequency. This relation is known as the modu-
lation index or deviation ratio and will be discussed in greater detail
lateron.

To emphasize the fact that some sidebands of an f-m wave can be
(and often are) greater in amplitude than the center frequency com-
ponent, a breakdown of a typical f-m wave will be illustrated. In
part (A) of Fig. 2-4 is shown a typical f-m wave together with the
unmodulated carrier signal. The unmodulated carrier frequency is
designated as f; and the audio modulating frequency as f,. If the
amplitude of the audio signal is such that a peak deviation (designated
as fp) of 30 kc appears for an audio frequency of 15 k¢, the number
of effective sideband pairs is only four. These are illustrated together
with the f-m wave and the spectrum distribution in Fig. 2-4.

The maximum instantaneous frequency is equal to the carrier fre-
quency plus the frequency deviation. In respect to what was discussed
in chapter 1 this takes place at the maximum point of the positive
half cycle of audio. The minimum value of the instantaneous fre-
quency of the f-m wave is equal to the carrier frequency less the
frequency of deviation. This takes place at the maximum point of the
negative half cycle of audio. These maximum and minimum fre-
quency points are indicated in the f-m wave of Fig. 2-4. If the respec-
tive amplitudes of the carrier and center frequency component are
examined, it will be noted that, although they are equal in frequency,
the amplitude of the center frequency is much less than that of the
carrier. In fact in the case shown here, where the deviation is equal
to 30 kc and the audio equal to 15 kc, the amplitude of the center
frequency component (B) is equal to 22.4 percent of the unmodulated
carrier amplitude. This is very different from the a--m case where the
amplitude of the center frequency component is equal to that of the
carrier.
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If the first sideband pair (C) of signals is examined, it is noted that
their amplitudes are much greater than that of the center frequency
component. The same is true of the second (D) sideband components.
However, the third (E) and fourth (F) sideband pairs are smaller in
amplitude than the center frequency component, part (B). The rela-
tive frequencies of the sideband components are indicated next to
their waveforms. The spectrum distribution of the components parts
of the f-m wave is illustrated in part (G) of Fig. 2-4.

Since the center frequency component of the f-m wave does not
contain any of the intelligence (that is, audio modulating signal),
then the smaller its amplitude, the less power wasted. In a.m., half the
power of modulation (for 100 percent modulation) is invested in the
center frequency component, which is equal in amplitude to that of
the carrier, and the power unavoidably contained in it is wasted so
far as demodulation at the receiver is concerned. Therefore, the audio
modulating equipment for high level a.m. has to be high powered in
order that the sidebands contain a sufficient amount of power for
proper demodulation. In f.m. the situation is different, especially
where more than three pairs of sidebands are present. Most of the
power in f.m. is distributed in its sidebands, while the center fre-
quency component of the f-m wave contains a relatively small part
of the transmitted power. In a.m., modulation increases the radiated
power, whereas in f.m. the power remains constant.

This is one of the important reasons why f-m transmitters are so
much cheaper to operate than a-m transmitters. There is greater
power efficiency in f.m. than in a.m. Since f.m. does not require high-
powered equipment, receiving type tubes can be used for its modu-
lating and speech equipment.?

Percentage of Modulation

An interesting highlight of f.m. is the percentage of modulation. In
a.m. the percentage of modulation is a direct relation between the
audio power and the power of the unmodulated carrier. In this respect
the greater the percentage of modulation (up to 100 percent), the
greater the audio power output from the receiver. If the percentage
of modulation is increased beyond 100 percent (overmodulation), it
means that the audio power at the transmitter is greater than the r-f
carrier power. If an overmodulated a-m wave is transmitted and
picked up by a receiver, distortion results in the receiver output be-
cause overmodulation causes distortion of the a-m transmitted signal.
(See Fig. 1-5 chapter 1).

A somewhat different situation exists for f.m. in regard to the per-

*A similar analysis to that given in this section exists for p.m. Because
the analysis is basically very much alike, only the one for f.m. was studied.
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centage of modulation. Reference to the percentage of modulation in
f.m. as is done in a.m. would presuppose a condition practically im-
possible to attain. For instance, in am. the power or level of audic
modulation with respect to that of the carrier determines the per-
centage of modulation. When the power of the audio signal equals
that of the carrier, 100 percent modulation exists. In f.m. the level of
the audio modulating signal determines the frequency deviation of
the carrier. In this respect then, what would be a good method of
determining percentage of modulation for f.m.? Since the level of the
audio signal determines the frequency deviation for fm., it should
follow that the relation between the frequency deviation of the
carrier and the frequency of the carrier would be a good method of
determining percentage of modulation for f.m. This follows somewhat
similar lines for percentage of modulation in a.m. However, if this
definition for percentage of modulation were to hold true for f.m., the
peak frequency deviation would have to equal half of the carrier fre-
quency for 100 percent modulation. For a carrier frequency of 100 mc
the peak deviation frequency would have to be equal to 50 mec. This
is known to be definitely out of the question for more than one reason.
First of all, the level of the audio would have to be quite high and the
level of the carrier quite low. Secondly, the deviation necessary would
cover too wide a frequency range; it would be completely outside the
f-m band.

Since such a definition is not realizable, percentage of modulation
in £m. is defined in another way. It is based upon the maximum
available deviation incorporated in the individual transmitter. If an
f-m transmitter has provisions so that the audio level will never pro-
duce deviations in the carrier greater than a certain amount, then for
that amount the transmitter will be working at 100 percent modula-
tion. Since the maximum deviation as set up by the FCC cannot be
greater than 75 kc for commercial broadcasting, then 100 percent
modulation for f.m. can never exceed a frequency deviation of 75 kc.
This definitely places a limit on the level of audio modulating signal.
Whenever the audio level increases to a point where it produces a
frequency deviation greater than 75 kc, overmodulation for f.m. is
said to exist. The audio level in f.m. is seen to exercise a different type
of control, so far as percentage of modulation is concerned, than it
does in a.m. Briefly, then, 100 percent modulation for f.m. becomes
equivalent to the maximum allowable frequency deviation.

Modulation Index — Deviation Ratio

Two of the most important factors in f-m broadcasting are the
deviation swing and audio modulating signal. Associations between
these two quantities enable us to bring out some very important rela-
tions about f.m. The basic relationship between these two quantities
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is the ratio of the peak frequency deviation swing to the audio modu-
lating frequency. This ratio, as mentioned above, is known as the
modulation index or deviction ratio. One of the most common symbolic
methods of representing this ratio 1s by the letter M. Some texts use
the Greek letter beta, 8, but in this book we will use the former. This
ratio is very important in establishing the number of effective side-
bands and the effective bandwidth.

TABLE 1
Modulation Index* Number of E ffective Effective Bandwidth
M =fp/fa Sideband Pairs
0.5 2 4f,
1 3 6f,
2 4 8fs
3 6 12f,
4 7 14f,
5 8 161,
6 9 18f,
7 11 22f,
8 12 24f,
9 13 261,
10 14 28f,
11 15 30f,
12 16 32f,
13 17 34f,
14 18 36f,
15 19 38f,
16 20 40f,
17 21 42f,
18 23 46£,
19 24 48f,
20 25 50f,
21 26 52f,
22 27 54f,
23 28 56f,
24 29 58f,
25 30 60f,

*All the M’s that are less than 0.5 have only one pair of effective side-
bands and their effective bandwidths are all equal to 2f,.

Let us examine this ratio and see what importance it holds. Calling
the peak deviation frequency f; and the audio modulating frequency
fa, the index ratio is given by the following:

Modulation index: M — -Jil—’-

fa
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When it is realized that the level of the audio modulating signal de-
termines the amount of deviation and that the audio frequency is also
relevant to the value of M (the frequency of the audio is the denomi-
nator in the foregoing expression for M), the importance of the
modulating signal becomes apparent. It is known that the higher the
level of the audio signal, the greater the deviation swing and, conse-
quently, the greater the modulation index M (for a given audio fre-
quency). This ratio M is important in that it helps determine the
number of effective sidebands and the effective bandwidth.

The chart in Table 1 will help determine these factors, once the
peak deviation swing, f,, and the audio frequency, f,, are known. The
first column is for the modulation index, where M equals the pre-
viously explained ratio. The second column depicts the number of
effective sideband pairs. With the multitude of sidebands occurring
in f.m., some limit has to be set tc define what is no longer an effec-
tive sideband. The amplitudes of the sidebands in f.m. vary ccnsid-
erably. Some are grester in amplitude than others. The second side-
band pair may be so small as to be noneffective, while the third and
fourth may be appreciably large — even larger than the center fre-
quency component. However, as we proceed farther away from the
center frequency component a point will be reached after which the
sideband components will all become very small. The point where the
amplitudes of the sidebands become appreciably less than one percent
of the amplitude of the carrier is the determining margin of effective
bandwidth. In other words, the number of sidebands between this
point znd the center frequency component of the f-m wave is the
number of effective sideband pairs (the sidebands appear equally on
both sides of the center frequency component). These effective side-
pand pairs appear in the second column of Table 1. In the third column
the effective bandwidth is included. This effective bandwidth is based
upon the number of effective sideband pairs included in the second
columnr. To find the effective bandwidtl. the number of effective side-
bands on both sides of the center frequency component is multiplied
by the frequency of the audio modulating signal. Using Table 1 is a
simple procedure. The following example will indicate the simplicity
of its use.

If the peak deviation frequency as caused by the amplitude of a 5-k¢
audio modulating signal is equal to 35 kec, the modulation index is
35/5 or 7. Looking down the first column of Table 1 to the modulation
index of 7 it is found from the second column, that the number of
effective sideband pairs is 11 and the effective bandwidth from the
third column is 22f,. Since the audio modulating frequency involved
is 5 ke, the total effective bandwidth is 22 X 5 or 110 kc. This does
not necessarily mean that in all cases where M is equal to 7 the band-
width is going to equal 110 kc. Only the number of effective sideband
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pairs remains the same for the same value of M. For instance, if the
peak deviation frequency was 70 kc and the audio frequency 10 ke,
the index M would still be 7 and the number of effective sideband
pairs still 11, However, the bandwidth in this latter case is equal to
22f4 or 22 X 10 ke, or 220 ke, which is exactly double the previous
bandwidth.

Even when the modulation index happens to be some fractionsal
number lying between the numbers in the first column, the effective
bandwidth and number of sideband pairs can be easily determined
from the table. For instance, if M turns out to be 9%, then the modu-
lation index of nine should be used. If M is 933, then the modulation
index of 10 should be used. In other words, whichever number the
fractional M is nearer is the one used.

If the modulation index M is less than %, the number of effective
sideband pairs is only one, which is similar to a.m. (This is the basis
upon which the Armstrong transmitter was designed.) Since one pair
of effective sidebands always exists when M is less than 1%, the effec-
tive bandwidth can never be less than two times the audio frequency
(2f4). Consequently, when the audio modulating signal is higher in
frequency than the peak deviation frequency, the effective bandwidth
can never be less than twice the audio frequency. As the modulation
index M increases, but the deviation remains constant, the number
of sideband pairs also increases, but the effective bandwidth decreases
as previously mentioned. However, no matter how much M increases,
which means no matter how high f, becomes and how low f, becomes,
the bandwidth can never be less than the peak-to-peak deviation of
the carrier frequency. In other words, the effective bandwidth can
never be less than twice the audio frequency or the peak-to-peak
deviation swing, whichever is greater,

So far we have dealt primarily with the modulation index with
respect to the amount of frequency deviation and have said nothing
about phase deviation. In some transmitters the oscillator is directly
frequency modulated, and when this type of modulation occurs, we
invariably refer to the frequency deviation. In indirect f-m trans-
mitters, where the oscillator signal is initially varied in phase about
its relative phase angle, we talk in terms of the amount of phase
deviation. In chapter 1 we showed that a shift in phase is equivalent
to a change in frequency and vice versa. Consequently, when talking
in terms of frequency deviation, we can also refer to the equivalent
amount of phase deviation. Likewise, when talking about phase devi-
ation we can also refer to its equivalent in frequency deviation. How-
ever, if the transmitter is one of direct fm., usually only frequency
deviation will be referred to, but in indirect f-m transmitters phase
deviation is a common term, The amount of equivalent frequency
deviation is also mentioned in reference to indirect f-m transmitters,
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because it is becoming accepted practice to talk in general terms of
frequency deviation.

Once the modulation index M is known, it is a simple process to find
the amount of equivalent phase shift. A circle, or one cyclic change
of alternating signal, is said to contain 360 degrees or 2r radians,
where 7 is a numerical figure equal to 3.14. Therefore, one radian is
said to contain 360/2x degrees or 360°/6.28 or 57.3°. Since the modu-
lation index M as discussed is given a value on the basis of cyclic
changes, if we multiply the modulation index M by 57.3 degrees, we
will get the equivalent phase shift in degrees. For instance for a
modulation index of 7 the equivalent phase shift is equal to 7 X 57.3
— 401.1°. This phase shift is known as the phase deviation. If a cer-
tain indirect f-m transmitter is found to have a peak phase shift at
the output of its oscillator-modulator system of 25 degrees for an
audio frequency of 50 cycles, it is often desired to know what the
equivalent peak frequency deviation is. Since the peak phase devia-
tion, call it Pp, is equal to M times 57.3 and since M is equal to fp/f,
(the peak deviation frequency fp divided by the audio modulating
frequency f4) then we have the relation:

Pp =M X 57.3°
or

Pp—= %12 % 57.3°
solving for fp we find that 4

fp = Pp X fa
57.3°
For the problem under discussion P, equals 25 degrees and f, equals 50
cycles, therefore the equivalent peak frequency deviation is equal to:
25° % 50
o =——-—57§0 — 21.8 cycles
From this analysis we see that we can talk in terms of phase devia-

tion as well as frequency deviation.

Interference Between Signals

When f.m. was introduced to the public its biggest drawing card
was its successful method of minimizing interference disturbances
usually found with a.m. Many of us have some basic knowledge of the
concept that in f-m receivers, amplitude limiters or other means are
employed to reduce greatly the effects of amplitude variations on an
f-m signal. The type of interference we are concerned with at the
moment is that between two of the same types of modulated signals.

Interference between a-m waves is quite well known. Some of this
interference is due to image frequency effects which are definitely
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undesirable in any receiver. It is the purpose of this section to indi-
cate why such types of interference and others are less likely to occur
in f.m. than in a.m. So far as interference between two a-m waves is
concerned, let us consider two forms. First, there is interference be-
tween two stations that operate on the same or near the same fre-
quency but are, presumably, in different service areas. Secondly, there
is the interference between two stations of different frequency, when
one is the image frequency of the other. In regard to the former case,
if the amplitude of the signal from the station considered to be the
interfering one is only 1 percent of the a-m wave from the station
being interfered with, the interfering effect will be noticeable. In
other words, if an interfering signal is of the same frequency as an-
other signal (or differs so slightly in frequency as to be passed by the
selective circuits in the input to the receiver) and if its amplitude is
only one hundredth as great as that of desired signal, then the inter-
ference will be perceptible in the output of the receiver. When image
frequencies appear, the same situation prevails in regard to the am-
plitude of the interfering signal with respect to that of the desired
signal. To state it in another manner, the amplitude of the desired
a-m signal has to be at least one hundred times as great as the ampli-
tude of the interfering signal, no matter what its source, in order that
theinterfering signalhavelittle or no effect.

If the interfering signal is of the same frequency as the desired
signal, the amplitude of the desired signal as it passes through the
receiver is changed in accordance with the amplitude variations of the
interfering signal. Consequently, the output of the receiver contains
the intelligence of both the desired signal and the undesired signal.
The weaker the undesired signal, the weaker is the interference out-
put. However, as long as there exists a ratio between the amplitude
of the desired and undesired signals that is greater than roughly 100
to 1, then interference in the output of the receiver will be undetected.

When the interfering signal differs so slightly from the desired sig-
nal that the selective circuits are broad enough to pass it, then besides
interference between the intelligence of the two signals in the output
of the receiver, a heterodyne squeal will probably be heard. This
squeal is due to the slight difference in frequency between the inter-
fering and desired signal. In other words, the interfering signal varies
the amplitude of the desired signal in accordance with its varying
amplitude, producing a new varying amplitude. This varying ampli-
tude occurs at a frequency that is the difference between the two
signals. If this difference is within the audio range, it will appear in
the output as a heterodyne squeal. This latter condition of interference
is quite complicated, inasmuch as three different types of output are
really detected, the intelligence of both the desired signal and the
interfering signal and the heterodyne squeal. Consequently. as far as
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a.m. is concerned, the signal to noise ratio or the ratio of desired to
undesired signal has to be greater than 100 to 1 for interference to be
undetected in the output of a receiver.

The f-m situation is completely different. If the ratio in f.m. of the
desired signal to an undesired signal on an adjacent channel is as
small as 2 to 1, interference will not affect the output as far as the
listener is concerned. Though this has been definitely proved by field
tests as well as by mathematical analysis, the details are beyond the
scope of this book. It is sufficient to state that if the modulation index
of the desired signal is high, the chances of interference become re-
duced. There exists a limitation in the amount of angular variation
between the desired and interfering signal such that no matter what
the phase variation of the interfering signal, the resultant signal from
the interference can never have a deviation ratio (modulation index)
greater than %. Therefore, if the modulation index of the desired
signal is made greater than this maximum resultant signal’s modula-
tion index of %, the chances for interference will be greatly reduced.

Two things are basic to the proper discrimination against inter-
fering signals in f.m. If the amplitude of the desired f-m signal is
at least twice as great as the amplitude of the interfering signal, the
interfering signal will have practically no effect. In addition, the
modulation index should be higher than ¥, and the higher the better.
Even though these standards may be met in practice, it is possible that
under some peculiar circumstances, such as a receiver located between
two transmitters and perhaps at the limit of the range of transrnission
of both stations, or a terrain of a special nature, this desired ratio of
2:1 will not prevail. Under these conditions both signals will be heard.
This will be discussed in chapter 5.

So far as the receiver itself is concerned, nothing can be done to
alleviate the situation, because no amount of alignment or readjust-
ment within the receiver proper can in any way raise the level of the
desired signal and reduce the level of the undesired signal. The one
possible solution that remains is use of a directional antenna, so that
a stronger signal is secured from the desired station.
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QUESTIONS

CHAPTER 2

. If the amplitude, or strength, of the audio modulating signal of an

f-m wave is increased (assuming a constant audio frequency),
what happens to the frequency deviation?

. How does this change in audio signal level affect the appearance

of the f-m wave?

. If the frequency of an audio modulating signal is increased (as-

suming no change in its amplitude), what happens to the amount
of frequency deviation? What happens to the rate of frequency
deviation?

. For the same period of time how does this change in audio fre-

quency affect the appearance of the f-m wave, still assuming no
change in amplitude of the audio signal?

What is the chief factor that determines the effective bandwidth
in a-m broadcasting? In f-m broadcasting?

What purpose does the 25-kc “guard band” serve?

What is the minimum adjacent channel separation for f-m sta-
tions assigned to the same coverage area? Why this amount?

Why is such a large bandwidth allowable in f.m. as compared with
thatina.m.?

. Aref-m signals limited to two sidebands?
. In an a-m signal, the center frequency component is alwuys much

greater in amplitude than the sidebands. Is this also true of the
center frequency component of an f-m signal? Explain.

. Is there any particular order in which the amplitudes of the side-

bands of an f-m signal increase or decrease?

. What determines whether a sideband of an f-m signal is consid-

ered effective?

. What is a sideband pair?
. If an audio modulating frequency is equal to 7 kc and if the center

frequency of an f-m signal is equal to 96.1 mc, what are the fre-
quencies of the fifth sideband pair?

. If the f-m wave of part (b) is assumed to have only 14 effective

sideband pairs, what is its effective bandwidth?

. If the audio modulating frequency of one f-m signal is higher than

another, which f-m signal has the greater number of effective
sidebands, assuming that the strength of each modulating signal is
the same?

. Which signal has the greater effective bandwidth?

Taking into account the amount of frequency deviation and the
audio modulating frequency, what is the minimum limit of the
effeatia handwidtb of an f-m signal?
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2-11.

2-12.

2-13.

2-14.

2-15.

2-16.

2-17.

2-18.

2-19.

a.

a.

a.

a.
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If the amplitude of the audio modulating signal of one f-m wave is
higher than another, which f-m signal has the greater number of
effective sidebands, assuming that the audio modulating frequency
is the same for both?

. Whichsignalhas the greater bandwidth?

If the amplitude of a 10-kc audio signal is such that it produces a
peak-to-peak frequency swing of 40 kc in frequency modulating
an r-f carrier of 100 mc, then:

. What is the maximum instantaneous frequency of the f-m wave?
. What is the minimum instantaneous frequency of the f-m wave?

Where is most of the power found in an a-m signal? Compare this
situation with that of an f-m signal?

. If we were tc interpret percentage of modulation of an f-m signal

(in terms of frequency deviation and carrier frequency) in a
similar manner to the way it is defined in an a-m signal, what
would be the equivalent of 100-percent modulation in f.m.?

. What represents 100-percent modulation in f-m broadcasting to-

day?

. Define the modulation index.
. What is another name for the modulation index?

Explain how both the amplitude and frequency of the audio modu-
lating signal are represented by the modulation index.

If an audio signal is equal to 10 kc and the peak-to-peak deviation
of an f-m signal is equal to 100 kc, what is the modulation index?
What is the effective bandwidth of the f-m signal? Hint: Use Table
1 on Page 41.

. If a 100-mc carrier is frequency modulated by a 7-kc audio signal

such that the f-m signal has a maximum instantaneous frequency
of 100.056 mc, what will be the effective bandwidth of the f-m
signal? Hint: Use Table 1 on Page 41.

. If the audio modulating signal of an f-m wave is equal to 8 k¢, the

carrier frequency equal to 90 mc, and the effective bandwidth
equal to 144 ke, what will be the minimum instantaneous fre-
quency of the f-m signal? Hint: YFirst find the modulation index.

. If the audio modulating frequency is 15 kc and the peak frequency

deviation of an f-m signal equals 5 ke, what is the effective band-
width of the f-m signal?

If at an audio modulating frequency of 100 cycles the peak-to-peak
frequency deviation of an f-m wave is equal to 80 ke, what is the
equivalent peak phase deviation?

. If the peak phase deviation of an f-m signal is equal to 520 de-

grees and the audio modulating frequency equals 5 ke, what is the
effective bandwidth of the f-m signal?

In a-m how much greater does the amplitude of a desired signal
have to be than that of an undesired signal to prevent interference
from the latter?

. Under most circumstances how strong must a desired f-m signal

be to just eliminate noticeable interference from an undesired
signal?



CHAPTER 3
ESSENTIALS OF F-M TRANSMITTERS

Up to this point we have discussed in general the differences be-
tween the f-m, the p-m, and the a-m waves. A fair understanding of
what an f-m ard a p-m wave looks like in comparison with an a-m
wave has been obtained. We are now ready for a discussion of how
f-m and p-m waves are produced. An analysis of f-m and p-m trans-
mitters will be made in this chapter. The basic principles of how an
f-m transmitter works and the fundamental circuit analysis will be
included, rather than design problems. The sections of the f-m trans-
mitter that will be stressed are those dealing primarily with the pro-
duction of f-m signals.

As with a.m., there are numerous methods of producing the final
f-m and p-m signals, and we will study the systems that are most
common. The intention of this chapter is to cover as much material
relative to the operation of the transmitters as is necessary fully to
understand this operation,

The Basic Transmitter

In the first chapter, block diagrams of typical f-m and p-m trans-
mitters were illustrated, together with the block diagram for a typical
a-m transmitter for comparison purposes (see Fig. 1-14). The most
important section of the f-m and p-m transmitters that differed appre=-
ciably from the a-m transmitter was the modulator system. There=-
fore, the modulator sections of the f-m and p-m transmitter will
receive the greatest consideration. In f.m. the modulated signal is
achieved somewhere at the beginning of the transmitter (that is, at
the low power-level stages.) In a.m., especially high level trans-
mission, the modulation is performed somewhere at the output stages
of the transmitter after the frequency multiplication stages. In f.m.
the modulation is performed before the frequency multiplication
stages because the frequency multiplication aids in increasing phase
shift and frequency deviation, besides effectively increasing the car-
rier frequency,
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To effect a change of frequency in the carrier of the direct f-m
type of transmitter, a reactance tube modulator or some similar cir-
cuit is almost invariably used. This reactance tube works in conjunc-
tion with the audio signal to produce a variable reactance across its
output. This variable reactance can be either inductive or capacitive
in character. If this variable reactance is placed across a tuned LC
tank circuit, the effective inductance or capacitance of the tank circuit
will change, which in turn will change the resonant frequency of the
tank circuit, since the resonant frequency is dependent upon the
