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FOREWORD
F the two carrier characteristics, amplitude and time, that

0

are capable of being modulated, amplitude change has
until recently been the only type used for broadcasting purposes.
Frequency modulation, which is one aspect of time modulation
(the other is phase modulation) was thought a t one time t o require
less band-width for a given information rate than amplitude
nlodulation, but this myth was esploded by Carson's theoretical
analysis of 1922. As stated in the introduction, interest in
frequency modulation died down and was only revived by
Armstrong's pioneering work ( 1936) which showed that frequency
modulation could provide improved signal-to-noise ratio for a
given transmitting power compared with a similar service using
amplitude modulation. I n fact, he proved that with frequency
modulat.ion the effective signal strength is a function of power and
band-width and that both random and impulse noise could be reduced by using a wide p a ~ band
s
receiver containing an amplitude
limiter.
The war prevented. in England, the same exploitation of frequency modulation for broadcasting as occurred in America.
After the war the BBC carried out a prolonged series of comparative a.m./f.m. tests at very high frequencies, which confirmed
Armstrong's contentions and added much to our knowledge of
high power r.h.f. broadcasting.
Interest in frequency n~odulationhas been given a considerable
impetus by the Government's decision, in July 1954, t o accept the
BBC's recommendations for a r.h.f. broadcasting service using
frequency modulation, and the bringing into operation during
195616 of the first group of r.h.f. (f-m.) stations included in the
BBC's plan. A revised edition of this book is therefore timely, and
the increased information made available on interference, aerials,
limiters and cliscriminators, and frequency modulated receivers,
will be welcome. The co-author who has undertaken the task is
well qualified to do so because he has been responsible for writing
instructions concerning t.he BBC's v.h.f. (f.m.) sound broadcasting
station at FYrotham in Kent, which came into regular service on
2nd May 1955. but perhaps above all because he is a keen experimenter with frequency modulation receiver circuits.
K. R. STURLEY
December lat, 195,j
V

PREFACE TO SECOND EDITION
the publication of the first edition, there have been exS
tensive additions to the literature dealing with many aspects
of frequency modulation engineering, and the engineering practice
INCE

associated with frequency modulation systems has developed considerably. The book has therefore been enlarged and altered
substantially. Whilst the first edition was the work of C. E. Tibbs
alone, pressure of business prevented him from devoting the
necessary time t o the preparation of the second edition, and the
present co-author is largely responsible for the revision.
Acknowledgment is due to the BBC for the use of much of its
published material, and the revising author is grateful t o the Chief
Engineer of t.he BBC for pernlission t o use much valuable information cont,ained in unpublished BBC Reports. Particular thanks
are due to Dr. R. D. A. Maurice and G. I?. Newell, of the BBC
Research Depa.rtment, for helpful advice and discussions on a
number of points. Thanks are also due to S. W. Amos, of the BBC
Engineering Training Department, for his help and assistance a t all
times, and to Dr. K. R. Sturley, Head of the Engineering Training
Department, for the interest he has shown in the project, and for
his kindness in contributing a foreword.
G. G. JOHNSTONE
TWICKENHAM,
MIDDLESEX
December 195s

PREFACE TO FIRST EDITION
book is intended to provide students, engineers and all
T
those interested, with a concise and readily digestible survey
of the whole field of frequency modulation engineering. A number
HIS

of the classical papers dealing with the theory of this subject
are written in such an advanced style that they are almost unintelligible to the average radio engineer. The present work
re-presents the basic theory in a form which the author hopes will
be more readily understandable. After an introduction the basic
properties of a wave modulated in frequency are discussed. As
the reader should have at least a nodding acquaintance with the
different types of interference and noise structure the third chapter
is devoted exclusively to this subject. The means by which interference is suppressed in a frequency modulation system is treated
in some detail in the following chapter.
It would not be difficult to write a complete book on the propagation of radio signals in the ultra-short waveband. The chapter
on this subject is therefore only a synopsis of the more important
points. The same remarks are applicable to the chapter on aerials.
The remainder of the book is devoted to a description of the technique and circuits employed for frequency modulation and
reception. Wherever possible, circuits of actual commercial equipments have been described and component values indicated. The
reader who has a primarily practical outlook will be interested to
find that not only has the theory of such components as the
discriminator been treated in reasonable detail, but that working
designs together with measured response curves are included.
The delay in the issue of this book, due to present difficulties in
printing and publishing, coinciding as i t did with the Federal
Communications Commission's and the British Broadcasting
Corporation's choice of the 90 Mc/s region for frequency modulation broadcasts, placed the author in a rather difficult position.
Should the book be delayed until sufficient information was
available to describe only 90 Mc/s equipment or should it be
released for publication substantially as it now stands? I n view
of the absence of any other satisfactory work covering the same
ground the author not only feels justified in offering the present
ix
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work, but believes it will make a material contribut'ion towards
the progress of frequency modulation in this country. Few if
any basic changes have resulted due t o the alteration in transmission frequency from 40150 Mc/s to 90/100 Mcjs. The commercial equipment described is in no way out of date, but rather
is suitable for a lower frequency than that now employed. Provided that the reader bears this in mind he will find it detracts
little from the usefulness of the book.
A volume of this type is only possible as a result of the efforts
of the many authors upon whose work it is based. The present
author therefore wishes to make grateful acknowledgment to all
those engineers and companies who have published the results of
their work in the field of frequency modulation engineering.
Many of the names connected with this field will be found in the
index a t the end of the book. A more personal appreciation is that
due to Mr. G. D. Clifford, Secretary of the British Institution of
Radio Engineers, to whose lively encouragement the commencement of this book was directly due. The author would also like
t o offer his warm thanks to Mr. L. H. Bedford for a foreword which
is all the more valued for its frankness. Acknowledgment is also
made to the Wireless World and the Journal of the British Institution of Radio Engineers for permission to use both diagrams and
material which the author had previously published.
I n general, acknowledgment of the source of diagrams and
illustrations has been made individually. The author would,
however, apologise in advance if in any case credit has been either
incorrectly allocated or omitted. If any errors of this or any other
type should be found by the reader, he is invited to write the
author, care of Mesars. Chapman & Hall, in order that such errors
may be corrected in later editions.
C. E. TIBBS
BANSTEAD,
SURREY
April 1947
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Chapter One

INTRODUCTION
use of a frequency modulated carrier wave for the transT
mission of radio signals is not new. The Poulsen arc, developed
well before 1914, transmitted continuous wave signals which were
HE

shifted from one frequency to another when the telegraph key
was depressed.. Since that time the use of frequency modulation
has been proposed more than once, as a method of overcoming
various difficulties which have occurred during the growth of
radio-telephony and broadcasting. Interest in its possibilities was
shown when it became apparent that only a rigidly limited
number of channels could be accommodated within the medium
and long wavebands, which were at that time considered to be
the only bands on which a practical broadcast service could be
operated. It was suggested that if the carrier wave was maintained a t a constant amplitude and modulated with very small
frequency swings or "deviations", it would be possible to convey
the desired intelligence and at the same time use only a fraction
of the band-width necessary to pass the side bands of an amplitude
modulated station. It was contended that it would in this way be
possible substantially to increase the number of broadcast channels
which could be accommodated within any given frequency band.
Serious thought along these lines was, however, brought to a
conclusion in 1922, by the publication of one of the first mathematical treatments of frequency modulation. This paper, by
J. R. Carson, demonstrated that these ideas were based on a
fallacy, and gave for the first time a solution for the spectrum
distribution when a wave is modulated in frequency. Carson not
only proved that side bands are produced, but also showed that
the band-width occupied by these side bands is at least double
that of the highest audio modulating frequency. In short, he
showed that no reduction in the band-width required for any
eiven station could be obtained by modulating the carrier
frequency instead of its amplitude.
For a number of pears after the publication of this paper
fmquency modulation was regarded as of little or no practical
1

2

FREQUENCY MODULATION ENGINEERING

value. However, in 1936, E. H. Armstrong published a paper in
which he presented frequency modulat,ion not as a method of
cramming more stations into the broadcast band, but as a means
of reducing the level of every type of interference. He demonstrated that the earlier mat,hematical analyses had overlooked
the very important point that. it is possible to distinguish, at the
receiver, between a carrier wave which is frequency modulated
and any other undesired signals occupying the same frequency
spectrum. It is due to this property-the reduction in level of
every type of interference-that frequency modulation or "F.M."
for short, has been so rapidly developed during the last few years.
It is perhaps advisable to note a t this point that the use of
frequency modulation does not in itself result in an improved
standard of reproduction, except in so far as it reduces the general
noise background. Even before the construction of the first
frequency modulation broadcasting station, the sound channel of
the BBC television station in London offered similar reproduction
fidelity. Reception could, however, be marred by the staccato
stutter of ignition interference from passing cars. In changing a
very high frequency broadcasting station to frequency modulation,
this and all other forms of interference are reduced by some 20 db,
which for all practical purposes means that they may be regarded
as suppressed.
The medium waveband has for long been used almost exclusively for the transmission of programmes intended primarily for
entertainment. This band, however, suffers from many drawbacks, not the least of which is the impossibility of transmitting
a satisfactory complement of side bands within the band-width
available for each station. The selectivity necessary to separate
one station from the next results in the majority of medium-wave
broadcast receivers cutting off all side bands-and therefore all
audio signals-beyond some 3,000 to 5,000 c/s. The change from
s system giving an audio response of this order to one working on
the very high frequency band, where it is possible to have an
overall characteristic which is flat up to 15,000 c/s, produces a
marked improvement in fidelity. When this is combined with the
virtual elimination of all types of interference, there is an unanswerable case for the almost universal adoption of frequency
modulated transmission for all local high fidelity broadcast
stations.

INTRODUCTION

The development of frequency modulation broadcasting was
fostered by the conditions which exist in many modern cities.
The screening produced by immense steel frame buildings, together with extremely high static levels and the lackofsatisfactory
aerial arrangements, provided the background against which it
was developed. I t alone can provide satisfactory reception, in
flats which are part of a vast honeycomb packed with every
imaginable type of electrical equipment, from hundreds of
yacuum cleaners to express lifts.
Tests carried out by the BBC have shown that providing a welldesigned receiver is employed, a satisfactory broadcast service in
the band 90-100 Mc/s can be obtained with frequency modulation
at field strengths as low as 50 ,uV/m, whereas, with amplitude
modulation and t,he same amount of noise, the field strength
would need to be at least, 900 p V /m. These figures, however, relate
to the limitations of receiver noise. When other sources of noise
are taken into account, the BBC considers that a minimum field
strength of 250 pV/m is required.
The advantages of frequency modulation are not confined to
broadcasting alone. Very greatly improved results are obtained
with every type of short-range mobile communication equipment.
Tests have been carried out by the International General Electric
Company, in which two transmitters were used; the first having
a power of 150 watts was situated a t Albany, and the second a
3 - w a t t transmitter, was located at Schenectady, some 143 miles
sway. Both stations operated on the same wavelength, with both
frequency and amplitude modulation. I n driving a car equipped
aith a receiver along a direct route between the two stations the
following results were obtained:
Interference-free
range of 150-watt
station

Type of modulation

.lmplitude
Frequency

.
.

.

.

2.3 miles
10.5 miles

Transitional
distance with
interference

1

11.7 miles
1.0 mile

Interference-free
range of 50-watt
etation

0.5 mile

3-0 milea

In the following chapters, the complex theory and the engineering technique which lie behind such results as these will bo
investigated and discussed in some detail.

Chapter Two

THE FREQUENCY MODULATION OF
A CARRIER WAVE
commencing a detailed examination of t'he structure
B
of a frequency modulated wave, it will be found helpful to
have a general idea of the way in which intelligence map be
EFORE

conveyed by a carrier wave-form. The two principal methods by
which a wave may have a second signal impressed upon it are
indicated in Fig. 2.1. The first diagram illustrates the application
CA) FREQUENCY MODULATED CARRIER.

FIQ.2.1.-The

general nature of a frequency modulated carrier is compared with
that of an amplitude modulated carrier.
( B y c o u W of the Britwh InriiluU of Radio Enginem.)

of frequency modulation to the carrier, whilst the second depicts
the effect of amplitude modulation. In both cases the same
modulating audio signal is applied-two cycles of a sine waveshape. The amplitude of the first cycle is such that it results in
50 per cent modulation, and that of the second cycle in the
maximum permissible modulation; that is to say 100 per cent. In
order to recover this audio signal wave at the receiver it is
4
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necessary, in the case of frequency modulation, to provide a
demodulation circuit (or discriminator), in which the audio output voltage is directly proportional to the frequency variations
of the carrier. I n the case of amplitude modulation the detector
output voltage must be proportional to the changes in carrier
amplitude.
With the aid of Fig. 2.1 it is also possible to make a number of
deductions relating to the general nature of a frequency modulated carrier. I n the first place, the carrier is steady a t its mean or
unmodulated frequency until modulation commences. It then
swings above and below its mean frequency. The number of
excursions which it makes on either side of this mean frequency
is directly governed by the frequency of the modulating signal.

FIQ.2.2.-8

simple alternating wave may be represented by the equation
e = d cos 8.

The extent of the frequency suing is directly proportional to the
amplitude of the modulating signal. It should be particularly
noted that the actual frequency shift has no connection with the
frequency of the modulating wave, but is entirely dependent upon
its amplitude. One of the most important points which should be
brought out a t this stage is the fact that the carrier amplitude
remains constant regardless of the modulation depth.
I n summing up, the general nature of a frequency modulated
transmission may be defined as one in which there is no amplitude
modulation of the carrier, and in which its frequency faithfully
follows the amplitude changes of the modulating wave-shape. I n
the case of amplitude modulation the carrier amplitude is varied
without producing any frequency variation. The amplitude
changes are in direct proportion t o the modulating signal's
amplitude and frequency.

6
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Modulation

Having now outlined the general form of amplitude and
frequency modulated carriers, it is possible to pass on to a more
detailed consideration of the whole process of modulation.
The modulation of a wave may be defined as the process by
which some characteristic is altered in accordance wit,h the rariations of a second signal, such as the voltage fluctuations associated
with speech, music, television or telegraph signals. It is proposed,
firstly, to establish which of the basic characteristics of a ware
can be modulated.
A simple alternating voltage may be represented by the
equation:
e=A cos 8, .
(2.1)
where e=the instantaneous voltage amplitude of the ware;
A=the peak voltage amplitude of the wa-ve;
8=the instantaneous value of the angle of rotation of the
wave vector. This may also be expressed as

d8
where o=- is the instantaneous value of the angular velocity
dl
of rotation of the wave vector.
It may therefore be said that
t

odt.

e= A cos

.

(2.3)

0

The two basic methods of modulation can be identified from this
equation as:
1. Amplitude modulation in which A is varied, and o is constant. I n this case, expression (2.3) becomes
where A(t) indicates that A varies with time; t$=O a t t=0.
2. Angular modulation in which w is varied, and A is constant.
I n this case expression (2.3) becomes

1
t

e=A cos

o(t)dl,

.

0

where o(t)indicates that o varies with time.

.

.

(2.5)
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These two basic modulation groups are in turn divided into a
number of different sub-groups each with its particular merits
and characteristics. In the first group there is simple amplitude
modulation and all the various forms of pulse amplitude modulation. Falling within the second group are phase and frequency
modulation-both being special forms of angular modulation.
Amplitude Modulation

Let it be supposed that a regular periodic change is made about
the mean carrier amplitude, a t a rate which is slow compared with
the carrier frequency. The signal, and it should be observed that
the term signal is used in this chapter to denote the modulating
save-form and not the complete modulated carrier, can be
expressed as:

A, cos w,t,
where A,=the peak signal voltage;
wa=2nf,, where f a is the modulating signal frequency;
w,t=the signal voltage vector rotation measured in
radians.

INSTANTANEOUS
AMPLITUDE
OF MOOULATED
CARRIER

.

-A(l+macosw&)

UNMODULATED

Fro. 2.3.-Carrier amplitude modulated with a cosine wave aipal.
A modulation factor m.=O-5, results in 50 per cent modulation.

8
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If now the percentage amplitude modulation is ~ n a d eequal to
a modulation factor mu, multiplied by 100, then it follows from
the definition of an amplitude modulated wave that m a d -A,.
Under these conditions A(t) in equation (2.4) becomes

It will be seen that this indicates a periodic amplitude change
about the value of the unmodulated carrier amplitude A , the
extent of this change being determined by t,he modulation factor
ma. If A had been merely modified by i n , cos mat, this would
have indicated a change about a zero datam line.
B y combining expressions (2.4) and ( L C ) , and taking 4= u", an
expression for an amplitude modulated carrier is obtained.
e = 9 cos wt(1-m, cos w,f).

. . .

(2.7)

This formula indicates that the ware consists of a high-frequency
carrier, A cos wt, which is constant in frequency, but which is
varied in amplitude in accordance with the signal wave, about
the mean carrier amplitude A .
Expression (2.7) can be expanded to give the full spectninl
distribution as follows:
e=A cos wt+Ama cos w,t cos wt

From this it mill be seen that the same modulated carrier may
also be considered as being built up of a spectrum of constant
amplitude, constant frequency waves. This spectrum consists of
the origina! carrier, A cos wt, and two sets of high-frequency wares,
A
maA cos (w--wa)t and m
Lcos (w+w,)t, known as the side bands,
2
2
and spaced fa cycles on either side of the carrier. The amplitude
of these side bands will be dependent on the modulation factor ma,
and will a t 100 per cent modulation (i.e. when mu= I ) reach a
maximum of one-half the carrier amplitude.
The magnitude of the modulated wave a t any instant is given
by the sum of the projections on the reference axis 0=0 of the
three vectors corresponding to the components of the wave, as
shown in Fig. 2.4(a). The instantaneous wave magnitude can also
be found by considering the projections of the side band vectors
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on the carrier vector. This leads to the vector diagram of Fig. 2.4(b);
the upper side band vector rotates in the positive (anti-clockwise)
direction relative to the carrier vector, whilst the lower side band
rotates in the negative direction. The instantaneous magnitude
of t,he carrier vector is thus A ( l +ma cos o,,t)as given in expression
(2.8).

Fra. 2.4.-Diagram

( u ) sliows the'wave magnitude as the sum of the projections
of the side band and carrier vectors on the axis 0=0. Diagram (b) ahows the
variation of the carrier \.ector magnitude as the sum of its unmodulated magnitude
and the projections of the side band vectors upon it.

-la

fc

+la

Flu. 2.5.-The

side band spectrum
of simple amplitude modulated wave.

The total radiated power contained in the side bands a t 100 per
cent modulation will be half the carrier power, which remains
unchanged under all conditions. I t will be shown in the following
section that matters are entirely different for all forms of angular
modulation including, of course, frequency modulation, where the

10
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total radiated power remains constant, and a large prop~rt~ion
of
this power is contained in the side bands. I t is even possible for
the carrier amplitude to fall to zero. It is this important difference
which makes a frequency modulation t.ransmitter so much more
efficient than its amplitude modulation counterpart.
Angular Modulation

The general expression for all forms of angular modulation is
given by ( 2 . 5 ) ,

where o(t)is the instantaneous value of the angular velocity of
the wave vector. This ca.n be expressed as the sum of two comof the
ponents, one constant and equal t o the angular velocity (oc)
unmodulated carrier vector, and the other varying with time,
related to the modulating signal amplitude. Then
The actual value of w , ( t ) will be considered in detail in the discussion of the various types of angular modulation.
Combining expressions ( 2 . 5 ) and (2.9), the instantaneous value
of the wave amplitude is given by

e=A cos

Sb

{ w , + o l ( t ) ) dt

+ A cos {wet

+f~ ~ , ( t ) d t ) . .

(2.10)

0

=A cos {wet f # ( t ) ) ,
where

. . . . . (2.1 1)

. . . .

.(2.12)

is the instantaneous value of the wave phase angle 4, the angle
between the modulated carrier vector and the mean or unmodulated carrier vector.
Prom expression (2.1 l ) , it can be seen that angular modulation
can also be defined in terms of variation of the wave phase angle
4. If the wave frequency is made to vary directly with the
amplitude of the modulating signal, frequency modulation results;
if the wave phase angle is made to vary directly with the amplitude of the modulating signal, phase modulation results. Before
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discussing the forms of angular modulation in particular, i t is
necessary to elaborate on the meaning of wave frequency and
phase angle, and the relationship between the two.
Wave Frequency and Phase Angle

The frequency of a wave is normally defined as the number of
rotations of the wave vector (cycles) in a given period of time,
~enerallyexpressed in cycles per second, or multiples of this unit.
Where, however, the ware angular velocity is not constant, as in
the case of angular modulation, the frequency as estimated by the
number of vector rotations in a period of time yields only an
average value. I n order to define the instantaneous value of the
wave frequency, the angle swept out per rotation (2n radians)
must be divided by the instantaneous value of the wave vector
velocity. This then, is the time of rotation the vector wave would
have if the instantaneous value of the angular velocity w(t) were
maintained over a period; consequently the corresponding instantaneous value of the wave frequency is the inverse of this.
Designating the instantaneous wave frequency j(t),

When the ware vector angular velocity has a fixed and a
variable component, as defined in expression (2.9),

=fc+fl(t),
,
. . . . (2.14)
where f, is the carrier frequency,
fl(t) is the instantaneous frequency corresponding to wl(t),
i.e. 2rrf,(t)=wl(t).
Expression (2.14) states that the instantaneous value of the
wave frequency shift, i.e. the departure of the wave frequency
from its unmodulated value, is equal to f,(t). If, then, f,(t) is directly
proportional to the modulating signal magnitude, the wave
frequency shift is proportional to the modulating signal magnitude, and hence this type of angular modulation is termed
frequency modulation.
The instantaneous value of the wave phase shift is defined as the
angle between the instantaneous position of the wave vector and

12
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the position it would occupy if unmodulated. If this phase shift
$ ( t ) as defined in expression (2.11) is made directly proportional to

the magnitude of the modulating signal, the form of angular
modulation termed phase modulation results.
The relationship between the instantaneous value of the ware
frequency shift f,(t) (f(t) -f,) and the instantaneous value of t,he
phase shift $(t) can be found by combining expressions (2.1 2) and
(2.14),
$(t) =

1'

2nfl(t)dt,

0

. . . . .

(2.15)

or, alternatively, by differentiating (2.15),

These expressions are of fundamental importance, since they
show that frequency shift and phase shift are inseparable, and
the relationship between them. Expressed in words, it may be
stated that the instantaneous value of the wave frequency shift is
equal to 1/2n times the instantaneous rate of change of phase
angle.
Frequency Modulation

A; stated above, if the wave frequency shift is made proportional to the modulating signal magnitude, frequency modulation
ensues. With a cosinusoidal modulating signal, the resultant wave
will have alternate "compressions" and "rarefactions", to borrow
from the sound-wave analogy. The degree of "compression" and
"rarefaction" will be proportional to the amplitude of the modulating signal whilst the occurrence of the "compressions" and
"rarefactions" will correspond to the signal frequency.
It is convenient at this point to define the terms used in connection with frequency modulation; in particular the meaning
assigned to frequency shift, frequency swing and frequency
deviation. The term frequency shift is used to describe the departure of the signal frequency from its unmodulated value. The
term frequency swing is reserved for the maximum value of
frequency shift with a sinusoidal input signal, i.e. the frequency
swing corresponds to the amplitude of the modulating signal. The
term frequency deviation is a parameter of a given transmitting
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system, and is the maximum value of frequency shift permitted;
this point is discussed further later.
If the signal applied t o the input of the modulating system is
A , cos wat, and b is a constant, equal to the frequency shift
occurring per volt of applied signal,

. . .

fl(t)=bAa cos wat.

.(2.17)

From expression (2.14)f l ( t ) =f ( t )-fc= w,(t)/2n and combining this
with expression (2.10),the expression for a frequency modulating
wave becomes

{

= A cos wct

+

bA
fa

>

sin oat

,

. .

. (2.18)

since 2nfa=wa.
This expression may be rearranged into a more general form by
eliminating b and A,. These t e r m are associated with the modulating system, and it is more convenient generally if the wave
frequency swing is introduced. If f, is the frequency swing
corresponding to the amplitude of the modulating signal, f,=bAa,
expression (1.18) can be rewritten as

By analogy with the case of amplitude modulation, it might be
expected that 100 per cent modulation would occur when the
maximum value of the frequency swing equalled the unmodulated
carried frequency; in this case, the carrier frequency would be
swept between the limits 0 and 2fc. Such a system is, however,
completely impracticable.
In practice, an arbitrary upper limit f , is set for the frequency
swing and this is called the frequency deviation. This upper limit
may be considered the equivalent of 100 per cent modulation.
The choice of this limit is governed by two primary factors, signal
to noise ratio and the band-width required for transmission. As
will be shown later, the limit is required to be as high as possible
to secure a good signal to noise ratio. The limit is required to be

14
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as low as possible to reduce the band-width required for transmission. The compromise value generally adopted for broadcasting systems is 75 kc/s; for communications systems this is often
reduced to 15 kc/s.
Since f d corresponds to A, ,
the maximum amplitude of the
modulating signal, it is possible to introduce a modulation factor
defined by

and combining this expression with expression (2. In),

>

sin oat

"

.

,

,

.

(2.21)

Phase Modulation

If, as stated above, the wave phase angle is made directly
proportional to the modulating signal amplitude, phase modulation ensues. If a cosinusoidal modulating signal is considered,
the wave vector will swing about its mean or unmodulated position
in such a manner that the instantaneous value of the angle
between the vector and its unmodulated position is proportional
t o the modulating signal magnitude. The frequency of the
fluctuations about the mean position will be equal to the frequency
of the modulating signal. With a constant frequency input, the
angular deviations increase linearly with the modulating signal
amplitude. If the signal applied to the input of the modulating
system is A, cos oat, and b, is a constant, equal to the phase shift
in radians per volt of applied signal,
&t)=blAa cos oat.

. . . .

(2.22)

Combining this expression with expression (2.11),the expression
for a phase modulated wave becomes
e=A cos (wct+b,Aa cos oat).

. . .

(2.23)

By analogy with the frequency modulation case, blAa may be
replaced by m+,, where 4, is the phase shift produced by the
maximum amplitude of the modulating signal, and m is the
modulation factor defined by m= A,/Aa ,,,. Whence
e=A cos { ~ ~ t + mcos
$ ~wat).

. . .

(2.24)

THE FREQUENCY MODULATION OF A CARRIER WAVE

15

Relationship between Frequency and Phase Modulation
It was shown in expressions ( 2 . 1 5 ) and ( 2 . 1 6 ) that any frequency

shift of a wave is accompanied by phase shift, and conversely.
Thus a frequency modulated wave may be considered in terms of
the phase shift of the carrier vector; similarly, a phase modulated
wave may be considered in terms of the wave frequency shift.
Consider firstly a frequency modulated wave. The instantaneous
value of the phase shift can be seen directly from expression
(2.21) t o be

mf
-d sin oat.

&t)=

. . . . .

(2.25)

fa

This expression shows that, with a constant amplitude modulating
signal, i.e. m, constant, the wave phase shift is swept between the
limits inversely proportional to fa in contrast to the analagous
case in phase modulation, where the limits are constant. It
also shows that the instantaneous value of the phase shift for a
frequency modulated wave is in quadrature with the modulating
signal magnitude. Both of these effects are due t o the fact that
the phase shift is proportional t o the integral of the frequency
deviation. If the signal applied t o the modulating system had
been made proportional to the differential coefficient of the
modulating signal, the processes of differentiation and integration
would nullify each other, and a phase modulated signal would
result. Since the process of differentiating a signal wave-form can
be achieved in practice, a frequency modulation system can be
made to produce a phase modulated wave.
Considering now a phase modulated wave in terms of the
accompanying frequency shift, expression (2.16) shows that

=--

1

n$&, sin mat

2n
= -m&

fa

sin mat,

. .

,

.

(2.26)

since 2nfa=ma.
This expression shows that, with a constant amplitude modulating signal, i.e. m constant, the frequency shift is swept between
limits directly proportional to fa, in contrast t o the anelagous case
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in frequency modulation, where the limits are constant. The
expression also shows that the instantaneous ralue of the frequency
swing is in quadrature with that of the modulating signal magnitude. These effects arise from the fact that the frequency deviation
is proportional to the differential coefficient of the phase shift.
If the signal applied to the modulating s p t e m had been made
proportional to the integral of the modulating signal, the processes of differentiation and integration would nullify each other,
and a frequency modulated signal would hare resulted. Since the

WAVE
FREOVEWCV

-

SHIFT

WAVE PHASE
SHIFT

Fig. 2.6-The

effect on the carrier wave of a square wave motlulat.ing signal
The dotted lines indicate the practical effects obtained.

process of integration of a signal can be achieved in practice, a
phase modulation system can be made to produce a frequency
modulated wave. This fact is often utilised in practical systems.
I t can thus be seen that frequency and phase modulation are
very closely related; in fact, without some inforlnation as t.o the
nature of the modulation, it is impcxssible to distinguish a frequency
modulated wave from a phase modulated wave by inspection of
the wave-form.
The differences between frequency and phase modulation can
be shown most clearly by considering a non-sinusoidal modulating
signal. When modulation of sinusoidal type is considered, the
differences are not clearly marked since the integral and differential
coefficients have the same wave-shape. The differences are made
most apparent perhaps by considering a rectangular wave
modulation wave-form, as suggested by Professor G. W.0.Howe.
The resultant frequency shift and phase shift characteristics for
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frequency and phase modulation are shown in Fig. 2.6. Here the
integral of the modulating signal has a triangular wave-shape, and
consequently, from expression (2.15), the phase shift characteristic
for a frequency modulated wave has this shape. The differential
coefficient of the modulating signal is a series of alternate positivegoing and negative-going spikes, of infinite amplitude, since the
modulating signal amplitude is assumed t o change by a finite
amount in an infinitely short time. From expression (2.16), the
frequency shift characteristic of a phase modulated wave also has
this wave-shape.
I n practice, these wave-shapes with discontinuities would be
impossible to realise since they would require infinitely large
band-widths for their transmission; the practical results of applying such a rectangular wave modulating signal to practical
systems are indicated by the dotted lines of Fig. 2.6.
Other Forms of Angular Modulation

Phase and frequency modulation are not the only possible types
of angular modulation; they are only two members of an infinitely
large group. Another member of the group is angular acceleration
modulation. Whereas in phase modulation, the phase shift is
directly proportional to the modulating signal magnitude, and in
frequency modulation the first differential coefficient of the phase
shift is proportional to the modulating signal magnitude, in
angular acceleration modulation, the second differential coefficient
of the phase shift is proportional to the modulating signal magnitude. With an input signal A , cos mat applied to the modulating
system, the instantaneous wave magnitude would be given by

where 6 , is a constant associated with the modulating system. I n
this type of modulation, the phase shift is inversely proportional
to the square of the modulating signal frequency. It will be noted
in passing that by analogy with the name of angular acceleration
modulation, frequency modulation could be termed angular
velocity modulation.
It will be seen that further forms of angular modulation can be
derived by making higher differential coefficients of the phase
shift proportional to the modulating signal magnitude. Similarly,
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yet further forms could be derived by making successive integrals
of the phase shift proportional to the modulating signal magnitude.
However, there is no real need to consider such systems, since in
practice frequency modulation is generally considered the most
satisfactory type of angular modulation. This can be shown by
comparison with phase and angular acceleration modulation; the
successive forms suggested above merely have the relative defects
of these latter types in more accentuated form.
The Relative Merits of Frequency and Phase Modulation

I n view of the number of different types of angular modulation,
those factors which have led to the general use of frequency
modulation rather than one of the other relationships, are a t least
worthy of note.
There are two factors which, taken together, for all practical
purposes decide the issue. Firstly, whatever method or form of
modulation is employed, the limits of the channel allocated t o
any given transmitter must be defined in terms of frequency. The
method of modulation which makes the best use of the frequency
band available will therefore have much in its favour. The second
deciding factor again arises from limitations which are met in
practice. Up t o the present all the circuits available for the
demodulation of angular modulated carriers have produced an
audio output voltage which is directly proportional to the
variations in carrier frequency.
As the consideration of the advantages and disadvantages of
frequency and phase modulation will very largely centre around
these two controlling factors, it is suggested that the reader should,
for convenience, also think in terms of frequency; and when considering phase or any other angular modulation visualise it as a
special form of frequency modulation.
I n order t o assist in the building of such a mental picture, it
is suggested that reference is made to the three diagrams given
in Fig. 2.7. I n these diagrams the frequency deviation resulting
from 100 per cent modulation has been indicated for the three
principal forms of angular modulation. It does not require a very
close examination of these diagrams t o show that the relationship
which results in the greatest overall efficiency in the use of the
frequency band employed is undoubtedly frequency modulation.
By efficient use of a band, it is meant that the frequency space
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necessary is all employed to an equal extent in conveying the
signal.
It has already been stated that the practical demodulation
circuits available have a direct frequency to output voltage relationship. As most normal programme material produces maximum modulation depths over the band from 100 to 1,000 CIS,
it is obvious that the demodulator circuit should be supplied
with a signal which will allow i t to produce its full voltage output over this region. Normally, the signal voltages over the
remainder of the audio band will be of smaller amplitude. As the
FREQUENCY

W

AUDIO SIGNAL (Kc/s)

AUDIO SIGNAL (KC/S)

Fra. 2.7.-The above diagrams show the camer frequency deviations resulting
from I00 per cent modulation (arbitrarily fixed at 75 kc/s) at frequencies within
the audio band, for the three principal types of angular modulation.

discriminator (the frequency modulation detector circuit) output
voltage is the direct resultant of the carrier frequency deviations,
it is apparent that if the full output is to be usefully employed, the
modulation system adopted must be one in which this band of
audio frequencies produces the maximum frequency deviation
which can be permitted. Reference t o Pig. 2.7 shows that frequency modulation alone fulfils these conditions.
If the use of phase modulation is considered the comparison will
be found somewhat unfavourable. I n order t o reproduce a phase
modulated transmission without audio amplitude distortion, its
demodulated signals must be corrected to produce a constant
relationship between the output voltage and the carrier frequency
variations. The only way in which this can be achieved is t o
attenuate the higher audio frequencies, a~ shown in Fig. 2.8.
In the example given, the correction necessary will result in the
output actually available from the discriminator being approximately one-three-hundredth part of the maximum voltage i t
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develops. This figure assumes an audio characteristic which is flat
from 15,000 c/s down to 50 c/s. In order to be comparable with a
frequency modulation system this means that either the field
strength or the receiver gain will have to be increased by some 300
times. As the phase modulation relationship offers no apparent
advantage over frequency modulation, it may be said that, on the
ground of practical economy it is ruled out for any normal
applications.
Angular acceleration modulation may be discounted for the
same reasons, as its demodulated signals would also have to be
attenuated in order to produce a level audio response.
P.M. AS

W

so

CYCLES

AUDIO SIGNAL(KC/S)

Fra. 2.8.-As the discriminator will demodulate a phase-modulated
signal with a rising
frequency characteristic, it is necessary
in order t o avoid amplitude distortion, to correct this characteristic
in the manner shown above.

Although, as discussed in a later chapter, slightly improved
results can be obtained with a relationship which is between frequency and phase modulation, this system-known as transmitter
pre-emphasis-is definitely based on the fundamental frequency
modulation relationship.
Frequency Modulation Side Bands

Whether amplitude, frequency or phase modulation is employed, the process will be found to produce a number of side band
frequencies. If the intelligence impressed on the carrier is to be
faithfully reproduced at the receiver, it is essential that these
side bands are not suppressed or altered in their relative amplitudes at any point in the system. If for any reason the side ban&
of a modulated carrier are suppressed, then the intelligence they
carry will be eliminated.
Before it is possible to commence the design of any equipment
for use with a practical frequency modulation system, it is essential
that the band-width necessary to pass the side bands is first
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established. The only satisfactory method of arriving a t the actual
frequency spectrum of any modulated wave-form is mathematically. This is especially the case with frequency modulated transmissions, which result in a large number of side bands of an
extremely complex nature. In order to establish the spectrum of
a frequency modulated carrier it is necessary to develop its voltage
distribution equation. In so doing it will be necessary to employ
an integral equation which was first obtained by Bessel in 1824while he was investigating planetary motion. Bessel's equation
may be defined as follows:

'J

cos (no-x sin 8)dO.
Sn o
The value of J n ( x ) is known as a Bessel function of the first
kind, and of order n .
I t was shown earlier that the expression for a wave, modulated
in frequency by a single cosine wave-form, was as follows:
J n ( x )= -

The term mfd/fa is termed the modulation index, and will be
designated m,; from the expression it is obvious that m, is equal
to the peak value of the phase shift. Since f , is fixed, m, varies
directly with the modulating signal amplitude, and inversely with
its frequency. Introducing m, in the expression above,
e=A cos (oct+nz, sin mat).
This expression can now be developed into the form of a spect.rum of constant amplitude, constant frequency waves as follows.
Expanding the expression above,
e/A=cos wct cos (m, sin mat)-sin mct sin (m, sin mat).
.
By employing the two expansions
cos m, sin wat=Jo(m,)+2J,(m,) cos 2wat+2J,(m,) cos 4wat

...

4

sin m , sin wat=2J,(m,) sin w,t+2J3(m,) sin 3wat . . .,
it may be shown that
c 73=Jo(m,) cos oct+2J,(m,) cos wet cos 2oat . . .
-2Jl(m,) sin w,t sin mat-2J3(m,) sin wct sin 30,t.

. . (2.28)
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These terms may be expanded further to give
e/A=Jo(m,) cos wet

where

A=unmodulated carrier amplitude;
J,(m,)=Bessel function of the first kind, of order n for the
argument m,;
mn= *=the

fa

modulation index; f, is the frequency
deviation, m is the modulation factor, i.e. the
ratio of the modulating signal amplitude to the
peak modulating signal amplitude, and fa is the
modulating signal frequency. Also equal to peak
phase shift.

By using the property of Bessel function that Jn=(- l)"J-, ,
where n is integral, the above expression reduces to the very simple
form
e=A

2

~ . ( m , ) cos (w.+no,Jt.

. . .

(2.30)

It will be seen from expression (2.29) that for any given value
of m,, there is a carrier component, of amplitude J,(m,), and an
illfinite number of side bands a t frequencies which are integral
multiples of the modulating signal frequency removed from the
carrier. The amplitudes of these side bands individually are
determined by the corresponding Bessel coefficient. It will be
noted that for the side bands which are a t frequencies corresponding to odd multiples of the modulating signal frequency removed
from the carrier, the upper and lower side bands have opposite
signs. The significance of this fact is discussed in the next section.
The relative amplitudes of the side bands themselves (Jl(m,),
J,(m,), etc.), can be ascertained from a suitable table of Bessel
function values. All the values of J,(m,) which are likely to
be required in practice have been given in Tables 1 and 2.

TABLE1
Bessel function values for modulation indices less than unity

N o T E . - O ~ those
~ ~ values greater than 0.0100 are given.

TABLE2
Bessel function values for modulation indices up to 15

I
Nwx-Only

I

I

thcvo v n l ~ m sgrantor t l l m 0.0100 nrc givon.

I

(By courtesy Of the Bn'tirh InrtiluU oj R a d b Engineera.)

[Facing p. 24
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To use them it is only necessary to note that the columns indicated
as J,(l), J,(2),etc., represent definite modulation indices, and that
the values of n giren in the first column represent the carrier ( O ) ,
and the various side bands (1-0, 2.0, etc.). By running the finger
along the line of figures against the value n=O it is therefore
possible to read off the relative carrier amplitudes for increasing
modulation indices. The amplitude of the various side bands may
be read off in the same way. As only those side bands with an
amplitude greater than 1 per cent of the unmodulated carrier
amplitude need to be considered in practice, only these side band
values ha\-e been included.
If it is ever necessary to determine the side band amplitudes
for modulation indices which are not whole numbers, i t will be
found very convenient to present the Bessel function values in a
more directly useful form. The curves shown in Fig. 2.9 are drawn
to show the Bessel function values for all modulation indices up
t o 15. With their aid i t is possible to read off directly the amplitude of the carrier and significant side bands. It will be noted that
both in these curves and in the tables some of the side bands
appear as negative quantities. If two side bands have Bessel
function ralues of opposite sign this indicates that their vectors
have an opposite polarity. This difference in polarity need only be
taken into account when vectors are being added; for all practical
purposes it may be disregarded.
,An example of a typical side band spectrum, as determined from
the Bessel function tables, is shown in Fig. 2.10. This figure also
shows an equivalent Bessel function curve which has been drawn
for the one fixed modulation index. Although i t is of interest t o
note that the function values can be presented in this form, a
curve of this type is of limited practical value owing to its
restricted field of application.
It will be seen from Tables 1 and 2 that the number of significant
side bands (i.e. those with amplitudes greater than one per cent)
increase with the modulation index. The modulation index is
directly proportional to the modulating signal amplitude and
inversely proportional to its frequency; thus with a constant
amplitude modulating signal, the number of significant side bands
decreases as the modulating signal frequency increases. The bandwidth occupied by the significant side bands is equal to twice the
frequency of the highest side band, which is given by the number
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of significant side bands multiplied by modulating signal frequency.
Thus, as the number of significant side bands falls with increasing
frequency, the band-width tends to remain constant. This is a
very important property of frequency modulation; by comparison,

F1~.2.10.-Theeide band apectrum distribution for nderiation ratioof 10.

Also the equivalent Bessel function curve for a fixed value of m,= lo.
( B y courlrry dth#Brilirh Inrtifut? of Radio E n q i m t . )

the number of significant side bands in phase modulation is
independent of the modulating signal frequency and the bandwidth occupied b y the side bands increases linearly with increasing frequency for a constant amplit,ude input signal.
The above discussion has assumed the presence of a single
modulation frequency only. For a full understanding of the
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subject, it is advisable to consider the side band distribution when
the modulating signal comprises two cosinusoidal components.
The expression for the modulated wave then becomes
sin wall

+ dd
sin cod),
fa2

where m, and m, are the ratio of the amplitude of the two components of the modulating signal to the amplitude of a single
signal necessary to produce the frequency deviation, and ma, and
o,, are the angular velocities of the two components of the modulating signal. Of necessity, n5+m2< 1, or the transmitter will be
overmodulated a t the instants when the two signals are in phase.
By a process similar to that employed with a single frequency
modulating signal, the side band spectrum can be found. The
manipulation is rather lengthy, and it will suffice here merely to
quote the result. Side bands exist a t frequencies removed from
the carrier frequency by multiples of the individual component
frequencies, as would be expected, and additionally a t all frequencies of the form nwa,imoa2, where n and m are integral.
Expressed more simply, the side bands produced are the same a s
those which would result if each of the side bands and the resultant
carrier produced by one modulating signal were modulated as a carrier by the other modulating signal. Thus, if one signal producedp
significant side bands when impressed alone (counting the carrier as
one side band) and the other q (also counting the carrier as one side
band), the total resultant number of side bands would be pq. The
amplitude of any side band, no,, +mo,,isgivenby J,(m,). J,(m,,),
where m,, and m,, are the modulation indices for the two signal
components. The carrier amplitude is given by n=m=O, i.e.
J,(m,,) .J,(mD2).S o t all of the total number of side bands pq will
be of significant amplitude. Where for example J,(m,J is only
just large enough to be considered significant almost all of the
side bands of which this term forms one component of the amplitude will be below significant value. It will be seen from the
symmetry of the expressions quoted, that it is immaterial which
component of the modulating signal is considered initially applied,
to give the side bands which form the "sub-carriers" for the
other signal. It will be appreciated that in the presence of a complex modulating signal, the side band distribution becomes very
complex indeed.
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Frequency Modulation Side Band Vectors

I n the solution of a number of practical problems, it nil1 be
found necessary to visualise the way in which the side bands
combine with the carrier to produce the frequency modulated
wave. For the purpose of the present discussion, the carrier will
be considered in an arrested condition. This most convenient
state of affairs may be reached if the reader visualises that the
carrier is actually rotating on the page at its normal angular
velocity w, and that the whole book is rotating in the opposite
direction with the same velocity. Under these conditions, the

Fig. 2.11-Positions

of side band vectors in amplitndo

modulnted wave; carrier rector shown in arrested condition.

carrier vector will appear stationary, whilst the upper and lower
side bands will be rotating in anti-clockwise and clockwise
directions respectively. The procedure we shall adopt will be to
determine the resultant vector of the summation of the side
bands and carrier, R;the instantaneous wave magnitude is then
given by
e=R cos w,t.
In order to clarify the procedure, consider first an amplitude
modulated wave, modulated by a single frequency component
(angular velocity w,) to a modulation depth m. For convenience,
we shall assume that the carrier vector magnitude is unity. The
positions of the three vectors, upper side band, S, carrier C and
lower side band 8,a t any instant are shown in Fig. 2.11. The
respective magnitudes are derived from expression (2.8). The
resultant of the addition of the upper and lower side bands is
obviously in line with the carrier vector, and equal in magnitude
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to m cos coat. The resultant of the addition of all three vectors is
( l + m cos coat), and hence the instantaneous wave magnitude is
e = ( l +m cos oat) cos act.
Consider now a frequency modulated wave; modulated by a
single frequency signal (angular velocity ma), of modulation index
m,. The side bands are as given in expression (2.29). Consider
firstly the two side bands having angular velocities (o,+wa) and
(coo-w,). These would appear t o correspond to the upper and
lower side bands in the case of an amplitude modulated wave.

Fro. 2.12.-Positions of side band vectors of angular velocities w,f a. in freqnency
modulated wave; carrier vector shown in arrested condition.

There is, however, one important difference. The sign of the lower
side band is negative, and this indicates that the direction of its
veetor must be reversed. This is shown in Fig. 2.12(a). In this
figure the amplitude of the unmodulated carrier vector is taken as
unity, so that the carrier vector magnitude is J,(m,). Here the
resultant R, of the upper and lower side bands is a t right angles
t o the carrier vector and equal to 2J,(m,) sin coat as shown in
Fig. 2.12(6). Hence the resultant of the addition of the carrier
and R,is a vector of varying magnitude and phase angle relative
to the unmodulated carrier vector. The resultant wave vector
magnitude is given by R= .\/jo(m,)2+4~l(m,)2sin2 co>, and
2Jl(m,) sin oat
Since the vector
I =
the phase angle by tan $
Jo(m,)
resulting from the addition of the two side band vectors is a t right
angles t o the carrier vector, it must be considered to act upon not
cos o,t but cos (w,t+n/2) i.e. -sin act. This leads t o the expression
for the resultant vector
e= Jo(m,) cos act-2J,(m,) sin coat sin wet,
which agrees with expression (2.28) derived earlier.

+

.
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If now the next pair of side bands, haring angular velocities

(wc+2wa)and ( 0 , - 2 4 , are considered, these are of precisely the
same form as the side bands of an amplitude modulated carrier,
and, therefore, their resultant vector is in line with the carrier
vector, and its magnitude is given 2J2(m9)cos h a t . The resultant
of the addition of this latter resultant and the carrier rector is

F I ~2.. 1 3 4 h o w i n g how the resultant R, off all side bands
at odd multiples of w. from the carrier, and R, the
resultant of all side bands at even multiplesof w. from the
carrier, are related to the carrier vector position.

Jo(m9)+2J,(m9)cos 20,t. The resultant of the addition of the
three components is thus of magnitude

d[Jo(m9)+2J,(m,)cos w,t]2+4Jl(m,)2 sin2 oat
and of phase angle 4 given by

Generalising, the resultant R , of all side bands spaced at odd
multiples of onfrom the carrier is a t right angles to the carrier
vector; the resultant Re of all side bands spaced at even multiples
of w, from the carrier is in line with the carrier vector C. This is
shown in Fig. 2.13.
If all the side bands are considered, the resultant vector R is of
constant magnitude, since there is no amplitude modulation, and,
therefore,

(C+RJ2+R,f=

1,

also

Thus, the actual phase deviation of the carrier is the result of
the presence of the odd numbered side bands.
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If the modulation index, due t o a modulating signal, is small
m
(less than 0-2 approximately) J,(m,)
1, and J,(m,)
2'
J,(m,) fi J,(m,) e,etc.=O. I n this case the vector diagram
reduces to a unit amplitude carrier vector and a resultant vector
a t right angles to it due to the side bands (w,+w,) and (w,-w,)
of magnitude m, sin mot. From expression (2.31),

--

tan 4=m, sin mat,
and since m, is small, tan 4 fi4, whence
q5=mDsin mot,

differentiating this to obtain

3
= 2nf1(t),
dt

where fl(t) is the

frequency shift,
2zfl(t)=mpwo sin mot,
and since m,=mfd/fo
as would be expected.
Band-width Occupied by the Significant Side Bands

Before proceeding to a discussion of the band-width required
for transmission, it is necessary to introduce the deviation ratio.
This is the particular value of the modulation index for m= 1, and
fa a t the highest value of modulating signal to be transmitted, i.e.
it is equal to the peak phase shift (in
it is equal to f,,/f,;,,
radians) occurring for the signal conditions specified. The deviation
ratio is selected in the course of the design of a frequency modulation system; its chief importance lies in the fact that it determines
the band-width required for the transmission of the significant
side bands, i.e. those of amplitude greater than 1 per cent of the
unmodulated carrier amplitude.
The curve given in Fig. 2.14 indicates the band-width occupied
by the significant side bands, related t o the frequency swing,
modulation index and modulating signal frequency. It will be
seen that, for a given value of frequency swing the band-width is
proportional to the modulating signal frequency. Similarly, for a
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given value of modulating signal frequency, the band-width
increases with the frequency swing. Hence, for a given system,
the widest band-width is required hen the nlodulation index is
equal to the deviation ratio, a t the highest modulation frequency.
With the aid of Fig. 2.14 it is possible t o assess the band which
will be required t o pms them, with any given de\-iation ratio. As
an example, the side bands of a system with a 3 kc/s maximunl
audio frequency and a deviation ratio of 6, would occupy a band~ kc/s=51 kc/s, as against. the 30 kc/s
width of some 3 . 4 15
( 15 kc/s) over which the carrier frequency actually deviates.
Similarly, for a maximum audio frequency of 15 kc/s and a
deviation ratio of 5, the band occupied is 240 kc/s, as compared with the 150 kc/s band over which the carrier frequency
deviates.
As the deviation ratio is increased it will be noted that the
band-width occupied by the significant side bands drops towards
that over which the carrier frequency actually deviates. I t may
therefore be deduced that the small deviation ratios are relatively
more extravagant in band-width occupied than are the larger
ratios.
Having established that the normal commercial deviation ratio
of 5 results in significant side bands extending some 70 per cent
beyond the actual frequency deviation, the question directly arising is whether or not i t is necessary to pass the whole of this band
through the various circuits in the system.
I n practice there are a number of factors which influence the
position. It is shown in Fig. 2.14 that the proportion of side band
coverage t o carrier frequency swing falls as the modulation index
is increased. I n practice this will mean that if a f75-kc/s carrier
swing is produced by an audio signal of 75 c/s (i.e. a modulation
index of 1,000), the band occupied by the side bands is for all
practical purposes the same as that covered by the actual carrier
frequency peak-to-peak swing.
Passing t o the other end of the audio frequency scale, let it be
assumed that the f75 kc/s swing is produced by an audio signal
frequency of 15 kc/s. The modulation index is now only 5. If
some of the side bands on the outer margin are suppressed by
perhaps an over-selective amplifier, this will have the effect of
producing harmonic distortion. Owing to the larger frequency
coverage resulting from the higher modulating signals, these

-+
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signals will be distorted before those of lower frequency are
effected.
As 15 kc/s is considered to be the highest frequency which is
normally audible, its harmonics must therefore be inaudible.
From this it follows that the distortion resulting from side band
"clipping" may be ignored provided that the harmonics of the
audio signal fall beyond the audible band. Further, it may be
stated that if the harmonics of the lowest audio frequency t o be

MODULATION INDEX rmp=

-

AUDIO SIG. FREQ.1

FIG.9.14.-This

curse shows the band occopied by the significant side
bands (i.e. those greater than one per cent of the unmodulated carrier
amplitude), plotted against varying modulation index. (See also
Fig. 4.4.)

so distorted also fall outside the audible band, then the listener
will remain unaware of any harmonic distortion. From this i t is
apparent that no harmonic distortion will be audible, providing
that all the side bands associated with the signal whose second
harmonic frequency is equal to that of the highest audible
frequency, are amplified within the receiver passband available.
There will, of course, be a small amount of amplitude distortion,
but as this only occurs a t maximum outputs and on the highest
audio frequencies, i t may be ignored. If the case of a system
with a -J= 75 kc/s deviation and a 15 kc/s maximum audio signal
is again considered, the minimum frequency band which must be
passed in order t o avoid harmonic distortion may safely be reduced
from 240 kc/s to some 75 x 2.8= 210 kc/s.
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I n practice it is very doubtful whether even this passband
would be required. The above considerations have assumed a
single frequency modulating wa\-e, whereas in practice there will
be a complex multi-tone signal. In such a complex signal no one
frequency component can be allowed to produce the maximum
permissible carrier frequency swing: otherwise the addition of the
other frequency components would result in orer modulation. I t
may, therefore, be stated that the greater the number of frequency
components present in a modulating signal the smaller must be
the average amplitude of each individual component signal.
Crosby has examined this situation mathematically and shown
that the greater the number of modulating frequencies present,
the more closely will the band occupied by the side bands approach
that over which the carrier frequency swings. This is especially
true for programme material where the lower modulating frequencies have the largest amplitudes.
It is very difficult to lay down a precise value for the minimum
receiver passband which should be allowed. I t ail1 be shown later
that for the best signal/noise ratio, the receiver passband should
be as small as possible. With a frequency deviation of 75 kc/s, the
lower limit is obviously 150 kc/s; a passband of between 160 and
180 kc/s would appear desirable. The matter is, however, further
complicated by considerations of local oscillator stability, and the
desirability of allowing some latitude for receirer mistuning.
While this rule may be used as a general guide t o the passband
required a t the receiver, the transmitter circuits should be capable
of passing all significant side bands due to the maximum swing a t
the highest modulating frequency.
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Chapter Three

INTERFERENCE AND NOISE STRUCTURE
principal advantage which frequency modulation shows
T
over amplitude modulation lies in the greatly reduced interference level which results from its use. This chapter is devoted
HE

to an investigation of the way in which interference effects (I
carrier; and to the study of the characteristics of the principal
types of noise. Although a t first sight interference and noise may
seem to be one and the same thing, this is not necessarily the case.
Interference may be defined as any signal, other than that to
which it is intended that the receiver should respond. I t normally
arises from three main sources:
1. The signals from an unwanted station.
2. Static disturbances (lightning, etc.), radiation from electrical

equipment, and motor-car ignition systems.
3. Thermal agitation and valve noise produced in the early

stages of the receiver.
Although interference may be produced by any or all of the
above types of signal, only the latter two are normally classed as
noise; being known respectively as impulsive and fluctuational.
As these forms of interference each have their own characteristics
and produce different effects on the wanted carrier, they will be
examined in turn.
Continuous Wave Interfering Signals

The effect which an interfering carrier has on the desired carrier
will be considered in this section, which will also serve to establish
the fundamental relationship existing between the amplitude and
angular modulation components resulting from this type of interference. In order to simplify the discussion as far as possible it
will be assumed that both interfering and wanted carriers are
unmodulated. As the interfering signal always results in some
audible or visual output, it may be regarded as causing an interfering modulation to the wanted carrier. As a first step it will
be necessary to develop expressions for the amplitude and phase
36
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modulation components of this interference modulation. Once
having established the phase modulation component, the equivalent frequency modulation component, being its first differential,
may be directly derived.
If the wanted carrier wave-form is represented as A sin wt and
the interfering signal as B sin w,t, then the combined resultant
wave-form may be expressed as the sum of the two signals:
e=A sin wt+B sin

wit.

. . .

(3.1)

This is shown vectorially in Fig. 3.1, where R is the resultant
vector.

FIG.3.1.-Vector addition of wanted and interfering signals.

As the interfering signal may be regarded as a single side band
associated pith the wanted carrier, the above equation may be
rewritten in terms of the wanted signal variations only:
(3.2)
e=A(sin wt+x sin (w+2nb)t),

. .

where b=the frequency difference between the wanted and
interfering signals (i.e. the beat frequency);
and x=the ratio of the interfering signal amplitude B to the
wanted signal amplitude A.
For clarity A is omitted from the next few steps. Equation
(3.2) may be expanded to give terms for the amplitude and
angular interference modulation components.

.
.

(3.3)
(3.4)

. .

(3.5)

e=sin wt+x sin wt cos Bnbt+x cos wt sin 2nbt
=sin wt(1+z cos 2nbt)+cos wt(x sin Bnbt),
or for simplicity:
e=sin wt(P)+cos wt(Q)
= (P2 Q2)+sin (wt++),
.
x sin 2nbt
where
$=tan-l- -tan-1
P1 x cos 2nbt '

+

c?

+
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Expanding equation ( 3 . 5 ) ,
Reintroducing the amplitude of the wanted signal A , the
modulation resulting from the interfering signal is as follows:
e=A(1+x2+2x

.

cos 2,zbt)! sin (ot+t$).

(3.7)

This result can, of course, be derived directly from the vector
diagram.
COMPONENT PARTS

CA)

(I))

.

C C>

Fro. 3 . 2 . S h o w s in ( A ) the arrested carrier vector with superimposed
interfering carrier vector. Diagrams (B) and (C) show respectively the
interfering amplitude and phase modulation components which result.
( B y eourlcsy of the Brilidh IRdiluU of Radio Enginun.)

If reference is made to expressions ( 2 . 4 ) and (2.5) (the equations
for the basic modulation forms), it will be apparent that the wanted
carrier A is subjected to an interfering amplitude modulation to
the extent indicated by the term ( 1 + x 2 + 2 x cos 2nbt)* and is
angular or phase modulated by an amount equal to:
+=tan-'

sin 2nbt
1 + x cos 2xbt'

The way in which these two modulation components are produced is illustrated in the vector diagrams shown in Fig. 3.2. Each
of the modulation components will now be considered separately.
Equivalent Amplitude Modulation

The detector in an amplitude modulation receiver is only able
to respond to changes in carrier amplitude; carrier phase changes
having no effect on its output wave-form. In the case of an
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amplitude modulation receiver it is therefore only necessary to
consider the amplitude modulation component which results from
an interfering signal. If this component (l+x2+2x cos bt)k is
expanded it may be shown t o consist of a spectrum comprising
the original difference frequency beat note and its harmonics.
The expansion of (1+x2+ 2x cos 2nbt)l is

+ (X + T3X3
+-

) cos 2nbt
X2 15X4
+ . - .)cos
+ (7+ . - -)cos 6nbt
5
- (G X4 + . . .)cos 8nbt

4d1

where X

=

x

(x= the ratio of interfering to wanted
1+x2

signals);

b=the difference frequency between the two signals.
When the amplitude ratio between the interfering and wanted
signals is less than 0.5 this equation may be written with sufficient
accuracy as
X3
X2
d+X cos 2nbt - cos 4nbt cos 6 d t - . . .
4
8

(I

+

x
2

The terms

-

X3

d m X, d\/l+Zp, dl+x2-,8

etc., represent

the modulation depth due to the interference beat frequency and
its harmonics referred to the amplitude of theunmodulated wanted
carrier. It should be noted that the equivalent modulation depths,
given by X,

E4 ,

8

are referred to a carrier of amplitude

greater than the original carrier. The presence of the interfering
signal increases the wanted carrier amplitude t o this apparent
value, since the modulating wave-form has a peaky character, so
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that its average value is not equal to the arerage of the positive
and negative going peak values. In order to illustrate this point,
reference is made to Fig. 3.4, which shows the extreme case when
the wanted and interfering signals are of equal amplitude. C'nder
these conditions the resultant modulation envelope is not sinusoidal,
but has the peaked form shown. An examination of the conditions
which exist in the regions where the rectors of the two wares
add together, and that in which they cancel out (Fig. 3.3), rereals
the reason for this wave-shape. In the zone in which the rectors

FIQ.3.3.-The shape of the interfering amplitude modulation
which is produced when the amplitude of the interfering
signal approaches that of the wanted carrier.

are adding there is a period during which the amplitude of the
resultant wave increases slowly, remains constant, and then
slowly begins to fall. Conditions in the region in which the two
vectors tend t o cancel each other out are, however, very different.
Here the resultant gets rapidly smaller right up to the instant a t
which the two carriers cancel out. Instantly a t this point the
amplitude of the resultant wave begins to again increase a t the
same rate as it was previously falling.
This peaked type of wave-form is very pronounced when the
wanted and interfering carriers are approaching the same amplitude. As soon as one signal becomes smaller than the other the
modulation gradually approaches a pure sine wave-form.
The average value of the modulation envelope is shown in
Fig.
- 3.4 as a dotted line. Since x= 1, the apparent carrier amplitude is increased by a factor of dg

(

1
15 1
1 - -- - 16 64 16
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its unmodulated value. The modulation depth of the harmonic
components of the modulation envelope, referred to the amplitude
of the unmodulated carrier, is shown in Fig. 3.5. These curves,
which have been drawn up to the third harmonic, were calculated
from expression (3.9).

FIG.3.4.-The shape of the carrier envelope obtained when
the amplitude of the interfering signal equals that of the
wanted carrier. The middle dotted line shows the mean
value of the carrier envelope.

RAT10 OF IUTERFERIHG 10 WANlCD SIGNAL

FIG. 3.5.-These
curves analyse the interference amplitude modulation
produced by an unwanted signal to a wanted carrier. The beat-note frequency
is the difference between the interfering and wanted signals, the harmonics
are those of the difference frequency.
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Equivalent Phase Modulation

A receiver designed for the reception of any angular modulated
transmission (either phase or frequency modulation) should not be
responsive to changes in the carrier amplitude. The only interfering modulation component which need be considered is, therefore, that of the resultant phase modulation. It h~ earlier been
shown that this component, when arising from the interference
produced by one unmodulated wave acting upon another, may be
expressed in the following terms:
x sin h b t
(6= tan-l
1 + x cos 2zbt '
Keall has shown that this term may be expanded into the form
of the following series:
x2
23
t$=x sin 2nbt - sin 4nbt 7sin 6zbt - . . . . (3.10)
2
3
This analysis shows that the interfering phase modulation
component is built up of a series of waves having frequencies
equal t o b, the beat frequency between the interfering and wanted
signals, and its harmonies (2d, 3b, etc.). The magnitude of these

+

22

x3

component waves is determined by the terms x,-,- , etc.
2 3
A number of single cycles of the phase modulation con~ponent
of the resultant interference have been drawn in Fig. 3.6. These
waves are actually a graphical presentation of equation (3.10) for
different ratios of interfering to wanted signal amplitude (i.e. for
different values of x). The curve for a 1: 1 ratio is only of theoretical interest as the limiter will have ceased to function before this
point is reached. Once the interfering signal has exceeded the
wanted signal i t is necessary to change one's viewpoint and
consider the interference produced by the wanted signal to the
interfering signal. Reference t o the insert,ed vector diagram makes
clear the reason for the non-sinusoidal phase variation which is
produced when the interference signal approaches the wanted
carrier amplitude. When the wanted and unwanted carrier
vectors are adding together, the resultant phase modulation will
be changing relatively slowly, whereas when they are tending to
cancel each other out the resultant vector will swing very rapidly
through up to 180".
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In order to compare the interfering phase and amplitude
modulation components it is necessary to express the series of
waves, from which the curves in Fig. 3.6 are derived, in terms of
the equivalent modulation depth. This may be done by adding
a term 4, to indicate the maximum phase displacement in radians
employed in the transmission system concerned.

FIO.3.6.-The above group of curves illustrate a series of single cycles of
interfering phase modulation produced by different ratios of interfering to
wanted signal amplitude. Diagram ( b ) shows the vector diagram for a 0.8 : 1
ratio.

The equivalent modulation depth of the interfering phase
modulation components may therefore be expressed as
x
x2
d
-sin 2nbt- -sin
4xbt -sin
6nbt . . . .
+o

240

+

340

In order to express the magnitude of the modulation terms
as a percentage, 4, can be assigned a value
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of 1 and each term multiplied by 100. They then express directly
the equivalent phase modulation depths of the beat frequency (b)
and its harmonics referred to a maximum phase shift of one radian.
I n order to complete the comparison of the amplitude and phase
modulation interference components a set of equivalent phase
modulation depth curves is given in Fig. 3.7, with the maximum
phase deviation taken as 1 radian.

FIO.3.7.-These curves show the equivalent phase modulation
components produced a t varying ratios of interfering to wanted
signal amplitude. One hundred per cent phase modulation is
assumed t o be a deviation of 1 radian.

The band-width occupied by the significant side bands of s signal
with the maximum value of phase shift of 1 radian can be found
from Table 1 of Chapter Two, by using the fact that m,, occurring in
the table, is equal to the phase swing of the signal. At the maximum value of phase swing, m,= 1, and it will be seen that the
significant side bands extend up to the third order. By comparison
of the terms involved in both amplitude and phase modulation
cases, it will be seen that the magnitudes of the fundamental beat
notes are almost equal in both systems, for small values of x,
whilst the amplitude of the harmonics can be neglected, as they are
vanishingly small. Thus there is no improvement obtained by
employing phase modulation with a maximum phase swing of 1
radian, although a n increased band-width is required. The magnitude of the second and third order side bands, are, however, small
for all values of m < l , and hence may be suppressed, with only
slight spurious amplitude modulation of the signal, and some
distortion. If these higher order side bands are suppressed,
the amplitude modulated and phase modulated signals require
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identical band-width for transmission, and hence no significant
improvement can be expected.
If a maximum phase swing, +,, other than 1 radian is employed,
then the relative magnitudes of the beat notes in the phase modulation and amplitude modulation systems is directly proportional
to +,. I t can be seen from Table 2 of Chapter Two that the number
is
of significant side bands increases relatively slowly as
at 4,=3 and 7 at +,=4.
increased; from 3 at #,= 1, to 4 a t +2,6
Thus, for values of 4, greater than unity, the improvement of a
phase modulation system over an amplitude modulation one,
becomes more nearly commensurate with the greater band-width
required.
The above conlparison is confined to small values of x, the ratio
of the interfering to wanted signal amplitude. Inspection of the
fundamental and harmonic terms will show that as x increases, the
terms associated with the phase modulation components increase
more rapidly than those of the amplitude modulation aeries. This
relative deterioration with increasing values of x is common to all
forms of angular modulation, and is discussed in detail for the
frequency modulation w e .

+,

Equivalent Frequency Modulation

In the last chapter it was shown that frequency modulation is
proportional to first differential of phase modulation. This being so,
we can derive the carrier frequency shift due to the presence of the
interfering signal by differentiating expression (3.10). This gives
Znf,=d+/dt =2xbx cos 2nbt -2nbx2cos 4nbt 2nbx3 cos 6nbt . . .
f,=bz cos 2nbt-bx2 cos 4nbt+bx3 cos 6nbt. . . . (3.11)
or

+

This shows that the interfering frequency modulation component
is built up of a series of waves having frequenciesequal tomultiples
of b, the beat frequency. The magnitude of these component
waves is proportional to bx, ba2, bx3, etc.
A number of single cycles of the frequency modulation component are shown in Fig. 3.8. These correspond to the values of
x in Fig. 3.6. It should, however, be noted that the ordinate is
now proportional to b. Thus, for x=0-8 and b=1 kc/s, the
maximum value of the frequency deviation is 4 x 1 kc/s=4 kc/s.
The curves for high values of x are of theoretical interest only,
as the limiter will have ceased to function.
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If the vector diagram of Fig. 3.6 is again referred to, the reason
for the rapid change in f, in the region of 180" phase difference
between the carrier and interference vector will be apparent. As
the angle approaches 180•‹, the result.ant vector velocity d l
increase very rapidly and for x= 1 will be infinite at 180•‹,since
the resultant vector phase changes instantaneously by 360" at this
point. This point is, however, of academic interest only, since the
amplitude of the resultant vector goes to zero a t 180'.

FIG.3.8.Showing variation of frequency awing wit11 variation of interfering to wanted carrier amplitude.

The equivalent modulation depth of the interfering frequency
modulation component may be expressed rts

In order to express the amplitude of the modulation terms as a
percentage, fd can be assigned an arbitrary value, and each term
multiplied by 100. They then express directly the equivalent
frequency modulation depth of the beat frequency 6 , and its
harmonics. Fig. 3.9 shows this result graphically. I t will be noted
that the equivalent modulation depth varies directly with 6, in
distinction to the case of amplitude modulation and phrtse
modulation when the equivalent modulation depth is independent
of 6.
The foregoing considerations have shown that both the interfering amplitude and frequency modulation components consist
of a series of harmonics of somewhat similar form. In order to
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complete this investigation, the total equivalent modulation depth
of the two components will be plotted on the same graph.

Flo. 3.9.-The curves show the interference frequency modulation produced
by an unwanted signal to a wanted carrier. The beat-note frequency is the
difference bet,ween the interfering and wanted aignab; the harmonics are
those of the frequency difference.

The total equivalent frequency modulation depth is

and that for the total equivalent amplitude modulation depth is

where x = the ratio of interfering to wanted signal amplitudes and
x2
X=-.1+x2 Expressed differently, these expressions give the
- ,
r.m.s. noise to peak signal amplitudes of the demodulated
outputs.
The curves in Fig. 3.10 show these results graphically; the
curves for the frequency modulated case have been plotted for a
range of b l f , values. As x approaches 1, the total equivalent
modulation depth for frequency modulation increases rapidly,
but over the usable range of interfering to wanted signal amplitudes, the frequency modulation curves are lower than the
amplitude modulation curves except for high values of b l f , and
x. A more realistic comparison perhaps is to compare the
equivalent modulation depths for the fundamental beat frequency
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terms only, because, since the value of b is unrestricted, many
of the harmonic components may be inaudible. For frequency
modulation this reduces to
bzlfd,
and for amplitude modulation t o

(for small values of z, i.e. ( 0 - 5 approximately).
The equivalent modulation depths for the range x < 0.5 which
allows of intelligible reception, are plotted in Fig. 3.11. It will

RATIO C+ 1NTERFERING TO WANTED SIGNAL

Fro. 3.11.-Showing

the fundamental frequency
interfering frequency and amplitude modulation
compone<ts produced by varying-ratios of interfering
to wanted signal amplitudes.
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be seen that the signal t o noise ratio for frequency modulation is
always better than the signal to noise ratio for amplitude modulation, except in the extreme case of b approaching fd. If the case
of a wide band frequency modulation transmission is considered,
where fd=75 kc/s, and the maximum audible value of b is 15 kc/s,
the frequency modulation system is always a t least better by a
factor of 5 or 14 db. At worst, the improvement factor is given
by fa/b,,,,,, and this is normally equal to the deviation ratio.
Hence, it is apparent that a large deviation ratio is desirable.
This is, however, only true so long as x is small.
Impulsive Noises

1n the study of the improvements resulting from the use of
frequency modulation it is necessary to distinguish between
impulsive and fluctuational noise. The former is defined as noise
made up of definite impulses each of short duration and occurring
a t relatively widely separated intervals. I n practice this type of
interference is almost always produced by some form of spark
discharge. The most common sources are motor-car ignition
systems, commutator-type electric motors, and natural atmospheric static.
Impulses of this type, if subjected t o Fourier analysis, may be
shown t o consist of an infinite sum of sine wave components.
The part of this spectrum which is amplified in any one radio
receiver is a small band of high order components. Since in
practice the difference between the highest and the lowest
frequency in such a band is small compared with the midfrequency, all the components received will be of substantially
equal amplitude. As these individual voltages are equally spaced
throughout the band being amplified, the number of voltages
included in any given band is proportional t o its width. This being
so, the peak amplitude of the amplified impulse is proportional not
only to the amplitude of the original signal, but also to the
-receiver's band-width.
The Shape of an Impulsive Wave Train

The solution t o the problem of the mathematical examination
of discontinuous functions is due t o Heaviside. He evolved an
operational calculus which is today known by his name. His
operational method employs a simple form of discontinuity, which
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may be typified by that occurring when a switch is closed. The
voltage across a load, which was previously zero, a t time t=O
suddenly becomes E and remains at this value. A discontinuity
of this type is termed a Heaviside unit function, or a unit step.
By employing this function as an operator in derived equations,
the results produced in transmitting any type of discontinuity
signal through a modifying network may be explored mathematically.
Usually the circuits in the receiver are considerably sharper
than any present in the noise source. Hence, the shape of the
envelope of the wave-train which emerges from the output of the
receiver amplifier is usually almost independent of the wave-form
of the original impulse signal-provided that the pulses are
separated sufficiently in time to avoid overlapping decay trains.
The shape of the envelope of the wave-train emerging at the radio
receiver's output terminals will therefore be a function of the
circuits of the receiver, and as such is a suitable subject for
calculation on the basis of Heaviside's operational calculus or the
methods of the Laplace transform. These methods can be applied
to evaluate the response of a receiver to either of the two basic
types of discontinuous function, the unit step or the unit impulse.
The former was defined above. The latter may be defined as the
limiting case of a rectangular pulse having a constant product
of amplitude x time equal to unity, as t approaches zero. The
impulse is thus of infinite amplitude for an infinitely short
duration.
These functions may be shown to be equivalent to the sumof
sinusoidal components of all frequencies. The components are
spaced infinitely closely together, and it is not possible to allocate
an amplitude to a component at any given value of frequency f,
but only for the contribution of all the components in the region
between f and f+df.
For periodically repeated wave-forms, the distribution of
amplitude with frequency is a discontinuous function, i.e. components exist only a t frequencies harmonically related to the
fundamental period. In general, however, repeated noise waveforms are of short duration, have low repetition frequencies
(generally less than 1,000 per second) and are generally subject to
"jitter". This being so, it is permissible to consider each noise pulse
separately, and to consider it to have a continuous spectrum. It
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is then possible to evaluate the distribution of amplitude with
frequency for a single pulse, and to compare its value in the region
of interest, i.e. the portion of the spectrum t o which the receiver
is tuned, with that of unit step or a unit impulse in the same region.
If, then, the response of the receiver to either unit impulse or
unit step is known its response to the noise pulse can be found by
scaling the result appropriately. The resultant amplitude of the

I

t-0

--+

I

I
t

FREQ

T I M E 4

TIME 4

FREO

FIG.3.12.-Wave-forms of unit step andimpulse, together with amplitude1
frequency distributions.

components in a region df about a centre frequency f for the
df and d j respectively.
unit step and the unit impulse is given by 2nf
The components of the unit step are all sine waves, whilst those
of the unit impulse are all cosine waves. The distribution of
amplitude with frequency is shown in Fig. 3.12. If a step of
E is considered, the distribution of amplitude with
amplitude
-

E

frequency is given by -; correspondingly, if an impulse whose
2nf
product of amplitude and time E is considered, the distribution
of amplitude with frequency is given by E.
By virtue of the close relationship of the unit step and the unit
impulse, it is permissible t o work with either. If the unit impulse
is chosen, the corresponding result for the unit step can be found
by dividing the result obtained by 2nfo=wo, where fo is the
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frequency a t the centre of the region of interest. This assumes t.hat
the band-width of the region of interest is very small compand
with f,.
As stated earlier the response of a receiver is dependent upon its
band-width. This being so, the shape of the noise output will be
determined almost entirely by the stages of the receiver having
the narrowest band-widt,h. Keglecting the audio amplifier, the
effect of which we shall consider later, these stages will in general
comprise the i.f. stages of the receiver.

F I ~ 3.13.-Receiver
.
i.f. stages: (a) single tuned-circuit type, ( b ) coupled tuned
circuits.

Such a stage generally comprises a pentode valve feeding a
single tuned circuit or two coupled circuits, as shown in Fig. 3.13.
I n order to secure the band-width required for f.m. systems, it is
usual for the centre frequency of the i.f. stages to be in the region
5-15 mcls. The valve anode impedance is normally sufficiently
large for its damping effect t o be negligible. Similarly, a t the
frequencies normally encountered, the input damping of the
following stage is generally sufficiently high to be ignored also.
The response of a number of stages of i.f. amplification employing single tuned circuits to an impulse a t the grid of the first stage
has been examined in detail by Smith and Bradley. I n order t o
provide a fair basis of comparison, Smith and Bradley assumed
that the overall band-width (i.e. the frequency separation between
the points a t which the steady state response is 3 db below that at
the centre frequency) is maintained constant irrespective of the
number of stages considered. This means, of course, that as the
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number of stages considered increases, the damping of each
individual circuit must be increased. Then if R is r.f. resistance
of the inductor L, and assuming the tuning capacitor to be lossleas,
the damping factor a is defined by a =

-.R

2L

The band-width for

a single stage is given by

f0
Band-width= -

Q'

where Q=

Lo
O
-,

R

and fo=

2 is the resonant frequency of the
o

circuit.
Designating the half band-width Af,

o

The corresponding angular velocity A o = -2 =2n Af.
2Q

Where n identical stages are employed, the value of a must be
reduced to maintain the overall band-width constant, and the
relationship between A o and a for n stages under these conditions
is given by

Smith and B r d e y show that for n stages, the output response to
a noise signal comprising a unit impulse applied to the grid of the
first stage is given approximately by
Nn(t)=2a(g,,,Ro)" -ecatcos mot,
(n-l)!

. .

(3.15)

where g , is the mutual conductance of each valve and Ro is the
L
1
dynamic resistance of each tuned circuit given by R,= -= CR 2aC'
Since the damping has to be increased as the number of stages
increases to maintain the band-width constant, Ro will be reduced
progressively as n increases.
The output with a steady signal E cos o& applied to the grid
of the first stage is given by
~ = E ( S , , R ~cos
) ~coot.

. . . .

(3.16)
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So that from (3.15) and (3.16)' the instantaneous value of the
ratio of noise output envelope to the signal output, enrelope

The peak value of this ratio occurs when (at)"-' e-"* reaches its
n-1
maximum value; this occurs when t = -. Substituting this
a
value in (3.17), the peak value of the noise en\-elope to signal
envelope ratio is given by
l)l~-l~(l-n)

" an-

mas

E

-

(9~-l)!

and substituting for a from (3.14)

This expression is practically independent of n for n.> 3, showing
that under these conditions, the peak value of the ratio is practically
constant.
Defining
Smith and Bradley give the following values for A for various
values of n:

The actual instantaneous value of the noise to signal envelope
ratio of the output wave-form is given by

Expression (3.19) is plotted in Fig. 3.14, for n=2, and n=4, in
2Ao
terms of -, i.e.
has been taken equal to unity. The

E

E
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magnitude of any point of the envelope can be obtained, therefore,
2Aw
by multiplying by the value of -.

E

The time axis is plotted in terms of I/Ao,the value of 1
1
2z

corresponding to a time of - x the duration of a cycle of a wave
Aw
of frequency Af=- >. - , i.e. the time for a vector a t the half bandLJT

width frequency to rotate through 1 radian.

FIG.3.14.-Xoise output ware-form for i.f. amplifier employing single
tuned circuits. The magnitude of the output is related to the peak
value E of a sinusoidal input at the centre frequency, and the i.f. half

Aw

band-width -*
2n

From the expressions for the time for the peak output to occur,
t=- n- l ,and A, it will be seen that the effect of adding successive
a
stages to increase the time for the peak of the output noise pulse
to be reached, without appreciably altering the peak noise to
signal envelope ratio for n > 3.
We may, therefore, take the value of A , for n > 3 as 0-5 with
negligible error and also for n=2 with only a small error. This
result is of considerable importance, since it shows that the peak
noise to signal envelope ratio remains practically constant, with
only a small error for two or more stages, so that it is possible
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to generalise about the response of i.f. amplifiers of this type to
impulsive interference. It must, however, be remembered that
this result is only true provided that the overall band-width ia
maintained constant.
Since the peak value of the noise envelope is reached when
n-1
t=, and a = ( 2 l I nd- lo) n l Z ' the time for the peak value to be
a

reached is inversely proportional to do for a given value of n .
Also, from expression ( 3 . 1 8 ) , the actual peak magnitude of the
noise envelope alone is directly proportional to do.
The response of a single i.f. stage employing two coupled circuits
to a unit voltage impulse a t the grid of the first stage is given
below. I t is assumed that the two circuits are identical, and
coupled by mutual inductance. The circuit parameters employed
are:
a=

R where R is the r.f. resistance of the inductor L;
-,

2L

M = KL;
1
f,= 2=resonant frequency of either tunedcircuit alone= -

dE;

The response to the unit voltage impulse is given approximately by

-g,,,o,PLe-"' sin

*
2

sin q , t .

The output with a steady signal E cos o u t applied to the grid of the
stage is given by

E=g,EQ+

KQ

. . .

cos wol.

1 f K2Q2

(3.21)

So that from (3.20) and (3.21),the instantaneous value of the ratio
of the noise envelope to the signal envelope

(3

is given by

e-"' sin Koo
(:)-@ - a, 1 +K2Q2
KQ

-t .

2
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I t will be seen that this expression is generally similar to the
corresponding expression for an i.f. amplifier employing single
tuned circuits (expression 3.17, n= 2) except that an oscillatory
Kw
term sin O
-t
replaces the term in at and an additional factor
2
is introduced. I t will be shown later that this is of
KQ
relatively minor importance, since, for the coupled circuits, the
response after the first half cycle of the oscillatory term is small,
and during this first period the envelopes are of similar shape.
Returning to expression (3.22), the peak value of the noise
Kw
envelope to signal envelope ratio occurs when e-at sin Ot reaches
2
Kw
Kw
t= O= KQ (for
its maximum value. This occurs when tan O 2
2a
2
practical circuits of this type 1 <KQ < 2). Hence t= -tan-lKQ,
Km,
1
Kw
t =
at= -tan-1 KQ, and sinO KQ
Substituting these
2
(1+ K ~ Q Z ) ~ .
KQ
values in (3.22),

The value of A w = h Af, where A j is the half band-width, for two
coupled circuits is given approximately by d m = F 0 . Introducing
42
this term,

(f)

ma+

=Am-

'd2

2

+K2Q2)'

e - l / ~tan-'
~ KQ

Kwo E

2a
1
and rearranging, and using - =
wt, 0'

From this expression it will be seen that, for a given value of KQ,
the peak ratio of noise envelope to signal envelope is directly
proportional to the band-width. Further, since the time a t which
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this peak is reached is inversely proportional to Ko,and t'herefore
inversely proportional t,o Aw also.
If the particular value of KQ= 1 is considered, expression (3.22)
reduces to

For this value of KQ, Am= 1/2a.
Substituting these values,

(g)

-

2 v'~Aw

E

e-dwr,,r

sin

do1.
4 2

. .

(3.24)

PI^. 3.15.-Xoise outpnt ware-form for i.f. amplifier employing
coupled circuits. The magnitude of the ware-form is related to the
peak value E of a sinusoidal input at the centre frequency, and the
i.f. half band-width

e.
ez

This expression is plotted in Fig. 3.16, and to the same scale as
Fig. 3.14, i.e. the time axis is plott'ed in terms of l / A w , the value
of 1 corresponding to the time for a vector having angular
velocity Aw to sweep out 1 radian. Similarly, the ordinate has
been plotted to a value of 2AW equal to unity. As s basis of com-

E

parison, the corresponding response of an i.f. amplifier employing
two single tuned circuits having the same overall band-widtb is
plotted in the same figure.
It will be seen that the bandpass circuit gives a lower peak value
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of noise envelope to signal envelope ratio, whilst the time for this
peak value to be reached is greater for the bandpass circuit.
It is interesting to note in passing that if KQ is made very small,
i.e. the coupling between the circuits of the bandpass filter is very
small, expression (3.22) approximates to

which is identical with the response of the i.f. amplifier employing
two single tuned circuits. This is, of course, an impractical condition, since with very weak coupling, the steady state gain falls
to a low value.
I t can be shown that the response of an i.f. amplifier employing
two stages of coupled circuits is similar to that employing one such
circuit, if the overall band-width is maintained constant. It differs
from the response obtained by adding additional stages in i.f.
amplifier with single tuned circuits, in that, whilst the time for the
peak value of the noise enrelope to be reached increases as before,
the act.ualmagnitude of the peak value of the ratio of noise envelope
to signal envelope tends to increase slightly with the addition of
further stages. This is the converse of what occurs with single
tuned circuits.
The oscillatory term in the envelope of the response to an
KO
impulse, sin -t, goes to zero when Go
t=n, 2n, 372, etc. If all
2

2

other circuit parameters are held constant, and only K is varied,
it is to be expected that as K is increased, the duration of the
"lobes" of the envelope will decrease. Also, as K is increased the
peak amplitude of the second and later lobes will increase, if
the value of a is unchanged.
This is well illustrated in the oscillograms shown in Fig. 3.16.
The first shows the impulse wave-train emerging from a receiver
having a double-peaked response characteristic (i.e. K large and
KQ > 1); it is possible to identify three successive maxima. A flattopped response curve ( K Q = 1) results in a main lobe with a trace
of a second, while a round nosed response ( K Q < l ) results in
practically no identifiable secondary lobe. By mistuning so as to
produce a pronounced second peak on the skirt of the response
curve the main and secondary lobes are run together, as shown in
the fourth oscillogram.
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As the frequency of the oscillatory
component of the envelope is given
Ko
by 2nf= -O,
it follows that the
2

duration of the main lobe will be
2n
given by -.
Ko,
It is of inkrest to note that the
frequency of the oscillatory term
- l KwO- z f 0 , wheref,, is the centre
2n 2
frequencyof the passband. For values

K

of KQ > 1, -fo is approximately the
2
separation between the centre frequency and the "ears" of the steady
state response characteristic (the
accuracy of this result increases with
increasing values of KQ). I n relation
to the half band-width, i.e. the frequency separation between the centre
frequency and the point at which the
response is 3 db down, Af is given
approximately by

Hence, in terms of the half bandwidth, the frequency of the oscillatory
Af .
term is -

d2

Thus for Af=lO kc/s, a typical
figure for a high fidelity a.m. broadcast receiver, the frequency of the
oscillatory component is 7 kc/s, and
the duration of the main lobe
7 0 micro-seconds. For Af = 100 kc/s, a typical figure for a v.h.f.
receiver, the frequency of the oscillatory component is 7 0 kc/s,
and the duration of the main lobe 7 micro-seconds.
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Addition of Carrier and Impulsive Interference Signal

An impulsive interfering signal adds to an existing carrier to
produce amplitude and phase modulation of the carrier in a
manner similar to the way in which a continuous wave signal does.
There are, of course, two important differences: (1) the amplitude
of the interfering signal is varying continuously; (2) the duration
of the interference period is short. In order to simplify the
analysis, we shall assume initially that the carrier and the response
to the impulsive interference are a t the same frequency. Then considering the output from a single i.f. stage employing coupled
tuned circuits, the response to an impulse may be written as
Ae-"Gin w,t sin w,t,
Ko w
where o, =O , -2 =the mid-frequency of the passband,
2
2n
A=gmw,2L. The output due to an applied carrier may be written
as
e= B sin (mot++),
where B=g,EQw,,LKQ/l +K2Q2.
The phase angle 4 is introduced here to allow for the fact that
the impulse may be applied at any time in the course of the carriercycle; if the time at which the impulse is applied is taken as
t=O, B sin 4 gives the instantaneous magnitude of the carrier a t
this instant. As will be shown, the initial phase displacement of
the carrier is of considerable importance. Since the time of
application of the impulse is purely random, 4 may have any value
froin 0 to 2n.
Pig. 3.17 shows the situation of the carrier and interference
vectors a t time t after the application of the impulse. The resultant vector of the addition of the two components R, is given by

R=C sin (wot+O),
where
and

C= [(B cos 4+ Ae-at sin ~ , t ) ~
B3+sin 2$]h
tan 0=

B sin 4
Ae-at sin w,t B cos

+

4

'

These results are obtained by geometrical considerations.
The resultant amplitude modulation is given by
phase modulation by 4-0.

IRI,and the
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Considering firstly the amplitude modulation component,

IR I = [B2+A2e-2" sin2 w,t+ 2BAe-"'
A
and putting - e"'
B

sin o,t cos +I!,

sin w,t=x,

PIG.3.17.Showing vector addition of wanted signal and interference.

This is similar to expression (3.7) derived earlier, except that x is
now a function of time, and the angle replaces h b t . The demodulated output is given by
B[(1+x2+2x C O S + ) ~ - ~ ] . . . (3.25)
and from the form of the expression will comprise a pulse, the
exact shape of which will depend upon t.he value of 4. Since the
envelope of the response to the impulsive noise can be considered
az
zero after time t= - ,the duration of the output pulse is constant.
wr
The evaluation of the above expression for a train of impulses, as,
for example, will occur if with motor-car ignition interference,
involves consideration of the mean value of the output for all
values of 4. This involves considerable difficulties, and for our
present purpose we shall limit our consideration to the case where
the peak value of the impulsive interference signal envelope is very
much smaller than that of the carrier envelope, i.e. x<l.
Then expression (3.25) can be simplified by neglecting x2, and
expanding (1+2x cos +)', ignoring terms in x2 and above. Then
IRI=B(l+x cos 4)
and the demodulated output
Bx cos +=Ae-"' sin o,t . cos 4.

+

.
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The shape of the output envelope is thus identical in shape with
that of the i.f. output due to the application of the impulse.
All values of will arise with time if a series of impulses are
applied, if i t is assumed that the impulses are quasi-regular, i.e.
the intervals at which they occur are approximately uniform, but
not so exact that the value of 4 is the same for each impulse. This
condition is fulfilled for the type of interference met in practice.
If the impulses recur at precisely regular intervals, the value of 4
is consequently the same for all impulses, and the demodulated
output will comprise a series of uniform pulses. The duration of

+

each pulse being-

3t

, Fourier analysis of the output would yield

0 1

o 2w1 30,
components of discrete frequencies, 2,
-, - , etc. This case is,
23t 27d 3n
however, trivial.
Returning to the case where the demodulated output comprises
a series of pulses of random amplitude, we shall assume that the
repetition rate of the pulses is such that the output due to each
inlpulse is effectively zero before the next occurs. The pulses will
all be of the same shape, but of different magnitude. To assess the
audible output, we must determine the frequency spectrum of a
single pulse.
We shall assume that the audio amplifier corresponds to an
ideal low pass filter of cut-off frequency f,. In order to provide a
comparison between amplitude and frequency modulated receivers,
we shall consider both types of receiver to be tuned to a very high
frequency. With both amplitude and frequency modulation
receivers working at these frequencies it is customary for the half

i.f. band-width

to exceed considerably the audio

band-width. With this condition, the demodulated interference
signal in the amplitude modulation case can be treated as being
n
equivalent t o an impulse, since its effective duration - is very
01

small compared with the duration of a cycle of the highest audio
frequency. The magnitude of the impulse is given by

J

nlw,

A ~ - o 'sin y t . cos 4 at,

0

i.e. the area under the pulse envelope. This, with sufficient
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accuracy, is given by A

+.

cos
As pointed out earlier,
a2+02
the spectrum of an impulse is uniform with frequency; and therefore the resultant of the components of the demodulated
output in the audio frequency range between frequencies f and
Awl cos+df.
f+df is given by F ( f ) = a2+q2
To determine the r.m.s. value of the audio output, we must
evaluate the contribution of F ( f )at all frequencies in the working
range. The sum of all components up to f, is

Therefore the mean square value calculated over the interval 1If,,
where f, is the repetition rate of the pulses, is

The r.m.s. value is therefore

I n order to complete the investigations, we shall evaluate the
r.m.8. signal to noise ratio. Assuming the wanted carrier to be
modulated 100 per cent by a sinusoidal signal, the r.m.s. value of
the audio output is

and therefore the r.m.s. signal to noise ratio is

S
1 B a2+w2, ( f , f P
- r.m.s.= - - ------ .
N
2 A
w,
cos #
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Now B=EQw,L

Now

. 1+KQ
and for a unit impulse A=oo2L,
K2Q2

az+o12
-awl

and thus
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l+K2Q2
KQ

S
E (frfJ-"
- r.m.8. = - -.
N
4 cos rp

Cos 4 can take any value from 0 to 1, and for a succession of impulses,
2
it can be replaced by its mean value - .
It

S
7z
Substituting this value - r.m.s.= E - (f,f,)-&.

iv

8

.

.

(3.27)

It is interesting to note that this value is independent of the
overall band-width of the i.f. amplifier, provided this exceeds
twice the audio band-width, and depends solely upon the value
off, and f,. From this expression it will be seen that the signal t o
noise ratio deteriorates a t the rate of 3 d b per octave of pulse
repetition frequency. Although this result is evaluated for low
values of i f . output signal to noise ratios, further analysis ahows
that the result holds good generally.
Consider now the frequency modulation component, or rather
the phase modulation component, given by expression

B sin +
tan c$=
Ae-a sin o,t B cos 4'

+

For the present purpose i t is more convenient t o rearrange this
expression employing the angle +, the phase shift between the
resultant rector and the carrier (see Fig. 3.17). From this figure
+=d-0,
Ae-at sin colt sin
tan +=
B Ae-a: sin o,t cos 4'

+

+
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If the same assumption is made as in the amplitude modulation
and
case, namely, that B>>A, will be very small, so that tan p+,
the above expression reduces to

+

A
. .
B
This shows that the phase deviation output is identical in shape
with the a.m. output as given by expression (3.25). It is of interest
to note that expression (3.25) includes cos 4, whilst expression
(3.28) includes sin 4. Thus when +=O, there is no phase modulation, and maximum amplitude modulation. Conversely, when
4=n/2, there is maximum phase modulation and no amplitude
modulation. This is obvious from inspection of Fig. 3.17.
It is of interest t o observe a t this point, that in a phase modulation system, the actual magnitude of the demodulation noise output is as given by expression (3.28) above, and it varies inversely
with B, the amplitude of the carrier output. I n an amplitude
modulation system, the noise output is constant irrespective of
carrier amplitude. However, in the amplitude modulation case,
the demodulated wanted signal output is directly proportional t o
B, so that the ultimate signal to noise ratio is inversely proportional to B. I n the phase modulation case, the demodulated
wanted signal output is independent of carrier amplitude, so that,
subject t o the condition that B>> A, the ultimate signal t o noise
ratio is also inversely proportional to B.
If an amplitude modulation system is compared with a phase
modulation system having a maximum phase deviation of
1 radian, it will be apparent from the foregoing that the ultimate
signal to noise ratio is the same for both. Further, if the phase
modulation system has a maximum phase deviation of n radians,
the signal t o noise ratio for the phase modulation system will be
better than that of the amplitude modulation system by a factor
of n'times in voltage, and n2 in power.
For a frequency modulation system, the demodulated output
is proportional t o the derivative of the phase deviation. Consequently, the shape of the output is markedly different from that
met in the cases of amplitude and phase modulation. This is shown
in Fig. 3.18; it is this difference which determines the superiority
of a frequency modulation system as compared with an amplitude
or a phase modulation system.

JI= - e-at sin w,t sin 4.
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The demodulated output from a frequency modulated discrimi1 -; if H is the sensitivity of the disnator is proportional to 2n dt
criminator, i.e. volts out /cycleoffrequencyshift, the actual output is

Now as we have already shown, the envelope phase deviation Jr
is identical with the a.m. output except for the factors B and cos 4,

~ ' 1 . a . 3.13.-Illustrating

demodulated noise output in nn f.m. system.

and by a well-known property of the Fourier integral the distribution of amplitude with frequency for the frequency modulation
demodulated output Fl(f ) is given by

H
sin 4
F , ( f ) = - x ezjx [ F ( f ) a.m.x 2n
cos 4 x

;I7

i.e. the resultant of the components a t frequencies between f
and f fdf, Fl(f ) is directly proportional to f. Hence
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Assuming rn before that the half i.f. b a n d 4 d t . h considerably
exceeds the audio band-width, the r.m.s. value of the noise output
in the a.f. output can be evaluated as before and is given by

Now the signal output is depenclcnt upon f,, the frequency
deviation. I n order to compare the frequency modulation with the
amplitude modulation case we shall consider the carrier to be
100 per cent modulated by a sinusoidal signal. In this casc the
r.m.s. value of the demodulated output is given by

And the r.m.s. value of the signal to noise ratio is, t,herefore,

employing
Since 4 can take all values from 0 to h,sin d, can be replaced for a
2
succession of impulses by its mean value - , hence
7l

Thus the ratio of the r.m.8. values of the signal to noise radio
f ~ comparable
r
amplitude modulation and frequency modulation
svstenls is

It is the fact that for a frequency modulation system f, is usually
much greater than f, that leads to the superior performance of
frequency modulation in this respect. The subjective assessment
of annoyance due t o impulsive interference would appear to indicate that the improvement is greater than the comparison of
r.m.s. values would suggest. This may be ascribed to the fact that
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linearly rising distribution of amplitude with frequency in a
ftequency modulation system is much less disturbing to the
listener than the uniform distribution associated with an amplitude
modulation system.
A frequency modulation system does not, however, maintain its
superiority over an amplitude modulation system a t the same valuo
for all magnitudes of the impulsive interfering signal. I n particular,

PHASE
ANGLE

I
I

FIQ.3.19.-Vector addition of wanted signal and interference, with relative

rotation, generating "click".

the signal to noise ratio deteriorates rapidly when the peak value
of the interference at the i.f. output exceeds the carrier amplitude.
In order to explain this phenomenon, we must examine the vector
diagrams illustrating the relationship between the carrier and
interference vectors in this region.
We assumed in the earlier discussion that the interference
vector maintained a constant direction with respect to the carrier
vector throughout its period of effective duration. If the carrier
is modulated, or if the carrier is not at the i.f. centre frequency,
the vectors will have a relative rotation during the course of the
period of the impulsive interference, and the locus of the resultant
vector will therefore lie on a curve, as shown in Fig. 3.19. This
shows the instantaneous resultant vector at successive instants;
4 is the initial phase angle between the carrier vector and the
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interference vector and t, is the period of effective duration of the
interference. It is assumed that w, is constant. during the interval
4, which is true if the carrier is mistuned only, and approximately
true if the relative rotation is due to modulation. If the initial
value of 4 is in the region of n radians, the locus of the resultant
vector can enclose the origin 0, provided that the amplitude of

PHASE
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FIQ.3.20.-Generation of "pop" in an f.m. system, with relative rotation of
wanted and interfering signals.

the interference exceeds that of the carrier a t the instant when the
angle between the vector is precisely n radians. This is depicted
in Fig. 3.20 from which it will be seen that the frequency deviation
output differs appreciably from that of Fig. 3.19. In fact, the output approximates to a double peak, with both peaks of the same
polarity, combined with a square pulse, corresponding to the
removal of the modulation for the interference period. The distribution of amplitude with frequency of such an output tends to
a uniform spectrum, and, consequently, the audible noise output
is greatly increased, since the demodulated noise output approaches
that occurring in the amplitude modulation case. The character of
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the noise also changes, being of the nature of a "pop" rather than
the "click" heard when this effect does not occur.
If the resultant wave-form of the i.f, signal is observed, the
corresponding effect is of the signal having slipped or gained a
single cycle in the period t,. There is an upper limit to the
deterioration of the signal to noise ratio since when the interference peak amplitude is sufficiently great, all the demodulated
interference outputs will be of this form. It is thus of interest to
note that the signal to noise ratio then tends to a constant value.
-

?n
FREQ
SHIFT

PHASE
SHIFT
TIME

n

26

Fro. 3.21.-As Fig. 3.20 but with greater relative velocity.

The effect of further increase of the interference peak amplitude
is to modify the shape of the unpolar noise output, to that shown
in Fig. 3.21, where the peaks are more sharply defined. The contribution to the noise output due to this cause is, however, of
minor importance compared with the contribution due to the
mechanism discussed below.
In the foregoing analysis, certain simplifications were made
about the nature of the response to the interfering signal. A
detailed analysis reveals, however, that in certain cases the output from an i.f. stage due to an interfering impulsive signal can
have a component which produces a phase rotation of the output
vector. For example, if the input signal is of the form of a unit
step, and the i.f. stage has a pair of coupled tuned circuits, the
interference output is of the form
KwO t cos mot-

K
Ko,
- cos -t sin

2
2
The second term of this expression is of small magnitude, and can
generally be neglected. However, in the consideration of threshold
effects, i t is of considerable importance, since it produces a
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rotation of the interference vector during the course of its period,
and hence an effect similar to that previously discussed can occur.
2
If tan 8= - tan
1, the above expression reduces to
-

K

9
2

W J ~ -sin
~

The value of 8 for K = O m 0 1

(mot-0).

is plotted in Fig. 3.22.

FIG.3.22.-Variation of phaae angle of interference vector due
to application of unit step input to a pair of coupled circuits.

Since 8 varies with time, the expression shows that the interference vector is not stationary with respect to a vector rotating
at the centre frequency of the passband. The relative rotation of
the vectors can produce a double peaked unipolar output in the
same way as described in the previous section, but due to the much
greater rate of relative velocity, the output from this cause usually
greatly exceeds that due to modulation or mistuning effects.

FIQ.3.23.-Relative rotation of interference vector, due to variation' of phase angle with time shown in FIG.3.22.

The position of the interference vector at successive instants is
shown in Fig. 3.23 and it will be seen that the angle between the
initial and final positions of the vector is n radians. The formation
of a "pop" and a "click" due to the interference vector rotation is
shown in Fig. 3.24. Due to the very rapid changes of phase angle,
the peak frequency shift tends to a very large value. Since the
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relative positions of the interference vector is 180" a t the beginning and end of the cycle, the ultimate ratio of "pops" to "clicks"
from this cause tends to unity. Even when allowance is made for
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FIG.3.24.-Production of (a) "pop" and ( b ) "click" due to rotation of
interference vector: 09 shows initial position of carrier vector, aseumed
unmodnlated.

this phenomenon, the signal to noise ratio of a frequency modulation system with a frequency deviation of 75 kc/s is a t worst better
by a factor of 10 db than a corresponding amplitude modulation
system. This is shown in Fig. 3.25 which shows comparative figures
for signal to noise ratios for an amplitude modulation and frequency
modulation system to impulsive interference, found by the BBC.
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Any further increase in interference amplitude beyond the
carrier amplitude tends only to alter the shape of the pulses
obtained with a "pop" output, the pulses beconling taller and
narrower. The actual magnitude x time area unclcr the pulse
envelopes tends to a constant value and, therefore, ;rs the noise

FIG.3.25.-Output signal to noise ratio for f.m.
and a.m. systems for varying levels of interference to wanted signal ratio.

output is computed by assuming the two pulses to be approximations to unit impulses, the noise output tends to a constant
value as the pulses tend more nearly to the ideal shape.
By contrast, the output from an amplitude n~odulationdetector
can increase indefinitely. It is a t the point where the rapid fall in
signal to noise ratio occurs that the difference between amplit,ude
modulation and frequency modulation is least marked. I n general,
however, even in this region, the performance of a frequency
modulation system is superior to that of an amplitude modulation
system. It is possible, if the interference signal is increased
sufficiently, to observe a second region where the signal to noise
ratio again falls rapidly. This happens when the vector phase
angle changes by 4n radians, i.e. the resultant vector encloses the
origin twice.
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However, this region is of minor
practical interest.

,Y 6

Fluctuation Noise
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It has earlier been indicated
that fluctuation noise originates
23
in the early stages of a receiver,
33
the two principal causes being
thermal agitation and Shot
Effect. Noise due t o the first
source, which normally pro84
duces the larger interference,
52
'3
voltages, arises as a result of
a 2
f $
the thermal agitation of the
g,:
electrons in the conductors
@ is
5C 5
forn~ing the receiver's input
circuit. The conductivity of
.-P
2
metals is dependent on the
$
.presence of free electrons, which
are continuously moving about
a
.-a
within the conductor a t a velocity which is dependent upon
.-a
its temperature. At any one
4
rd
m
instant there will ordinarily be
C
more electrons moving in one
4
direction than the other, with
B
the result that a voltage is
39
developed across the ends of
0
m
the conductor. This voltage will
a
,.
3
vary from instant to instant in
an irregular manner, in accordance with the predominant
I
d
electron motion. The resultant
2
energy is uniformly distributed
ii
4
over the entire frequency spectrum from zero up to frequencies far above those which have as yet been employed for radio
communication.
The voltage produced in any specified frequency band as the
result of thermal agitation tends to a constant mean square value

<3
!

d

s
Q)
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E2 when averaged over a long period, and this value is given by
the formula:
. . . . (3.33)
E2=4kTR(fi-f2),
where
f, and f, are the limits of the frequency band;
k=Boltzmann's constant=1.374~lW23 joules per degree
centigrade;
T =absolute temperature (273+ "C.);
R=resistance component of the impedance producing the
thermal agitation voltages. Account must be taken of
the increase in resistance due to skin effect. The resistance component is assumed to be constant over the
range f, to f,.
When this expression is applied to determine the noise transmitted through actual bandpass circuits,f, and f, are the frequency
limits of the equivalent perfect bandpaas network, i.e. one having
uniform transmission in the passband, and no mponse outside it.
The equivalent bandpasa circuit is assumed to give the same output aa the actual circuit a t its centre frequency, and have the same
area under its power-gainlfrequency characteristic.
-EQUIVALENT LANDPASS
RESPONSE
POWER
GAIN
(4 E2)

ACTUAL BANDPASS

fa

f2

FREOUENCI

PIG.3.27.-Equivalent ideal bandpassresponee to an actual
bandpass response, for determining magnitude of fluctuation noise.

As a general indication it may be stated that the thermal
agitation voltage developed in the grid circuit of the first stage
of a very high frequency broadcast receiver wiU be in the order of
1 microvolt.
The Shot Effect is due to the fact that the stream of electrons
flowing from cathode to anode of a valve is made up of a very
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large number of individual electrons, each of which results in a
minute voltage impulse. As the electrons arrive at the anode in
a random manner, slight irregularities in the plate current result.
The voltage fluctuations produced by Shot Effect are uniformly
distributed over the whole of the radio frequency spectrum. The
voltage produced in the anode circuit of the first amplifier stage
due to this cause is determined by the following equation:
E2=3.18x 10-lBIZ(f,- f2), . . . (3.33)
where
E2=the square of the effective voltage produced by components lying in the frequency band between f, and
f2;
I=the electron current;
Z=the resonant impedance of the anode circuit, which is
assumed to be constant over the frequency
range
-

f1-fi.

(The formula ignores any improvement due to cathode
space charge.)
By way of comparison it may be stated that the noise voltage
resulting from Shot Effect, if referred to the grid of the f i s t valve
in the receiver, will be the equivalent of an input voltage of
approximately 1 microvolt or less. This figure will, of course, be
dependent upon the valve gain, the cathode space charge, and the
impedance of the anode circuit.
The noise output due to fluctuation noise may be evaluated by
the methods applied to continuous wave interference, provided
that the magnitude of the interference is small compared with the
carrier amplitude. If this assumption is made, then the mean
square value of the noise e.m.f. (Ae)2 associated with a very
narrow band of frequencies df centred about a frequency f can be
treated as the mean square value of a continuous wave component of frequency f. The equivalent amplitude modulation
depth x has, therefore, a mean square value given by

($) ',

where e is the carrier amplitude. Since x is assumed very small,
the demodulated output will comprise a component a t frequency
f only, the magnitude of the harmonic componentsbeing negligible.
The total mean square value of the output due to all such components between frequencies f,- f, and f,+f, (where f, is the
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carrier frequency and
therefore

fc

is the highest audible frequency) is

but (Ae)2=Cdf, where C is a constant, the value of which depends
upon the source of the noise, so that

E?= Wf,.
For the frequency modulation case, with the same assumptions,
the mean square value of the equivalent modulation dept,h is, from
expression (3.12), given by

and the mean square value of the audible output, employing
(3.11), is given by

where H is the sensitivity of the discriminator, i.e. volts outjcycle
of frequency shift.
Here
(Ae)2=Cdf,
2 c HZfc3
E22= -.
e2
3

whence

The r.m.8. value of the noise for each case is, therefore, as follows:
a.m.

-

El= 1/2Cf,

E2= 1/2CH2f,3/3e2.
f.m.
Assuming equal amplitude a.m. and f.m, carriers, the signal to
noise ratio referred to 100 per cent modulation is given in the
amplitude modulation case by
-

(S/A7)a.m. =el v'2Cfm
and for frequency modulation by
(SIN) f.m. =

Hfd
1/2CH2f03/3e2
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The ratio of the signal to noise ratios is, therefore,

That is, the improvement for a frequency modulation system
over a corresponding amplitude modulation system is the same as
that in the case of impulsive interference. As also with impulsive
interference, the subjective annoyance due to fluctuation noise is
better than the above comparison of signal to noise ratio would
suggest; the linearly rising distribution of amplitude with frequency
for frequency modulation being apparently less objectionable than
the uniform distribution associated with amplitude modulation.
Fluctuation Noise Crest Factor

The crest factor may be defined as the ratio of the amplitude
of the highest peaks to the r.m.s. voltage. A number of experimental attempts have been made to ascertain whether a definite
value can be given for the crest factor of fluctuation noise.
The various values obtained by different workers have ranged
from 3.4 to 4.5. For convenience in making calculations and
plotting curves, a compromise value of 4 will be assumed throughout this book. From the theoretical standpoint it is, however,
inipossible to place any finite value on the crest factor of fluctuation noise.
The reasons for this require some further explanation. Considering Shot Effect as a typical example of fluctuation noise, the
basic noise unit is due to the arrival of one electron at the anode.
This may be considered to be an infinitesimal unit impulse. A unit
impulse is known to have a uniform distribution of energy over the
frequency spectrum. The component waves of a, single unit impulse
are all in phase a t the instant the impulse occurs. However, if two
unit impulses occur a t different times, the frequency components
will add together with various phases. When the impulses occur a t
random times and the number of impulses is increased to an
indefinitely large value, the relative phases of the various components will have no discernible relationship and may be said t o
be a t random.
If all these component waves could a t any time come into
phase, the voltage would rise to an indefinitely large value;
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however, the probability of this happening is infinitesimal.
Nevertheless, if any finite crest factor is chosen, the probability
that it will be exceeded at a given instant is a finite function.
This probability is another name for the fraction of the time that
the voltage will exceed the chosen value in a given period of time.
I t has been shown by Landon that it is possible to express this
probability in the form of the curve given in Fig. 3-28. To take
an example of the way in which this curve may be used, the
point a t which the crest factor =O and the probability factor =0.5

FIG.3.28.-The

fraction of time during which the fluctuation noise voltage will probably exceed any given crest
factor may be determined from the above curve.

indicates that the voltage is above the zero value for half the
time. I n other words, i t is positive for half the time and negative
for the other half. Again, the point a t which the crest factor =1
and the probability =0.16 indicates that the voltage exceeds the
r.m.s. value for 16 per cent of the time. To take one further
example, the point a t which the crest factor =4 and the probability
=0.000032 indimtea that the voltage is in excess of 4 times the
r.m.s. value for 3-2 seconds out of 100,000.
The curve is plotted for the amplitude modulation case in
which it is only necessary to consider voltage fluctuations in one
direction. When it is necessary to consider whether peaks of
either polarity or direction will exceed a certain value, the
probabilities given in the curve should be doubled.
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It may be shown mathematically that with the receiver bandwidths used in practical communication systems, the probability
of any noise peak substantially exceeding some four times the
r.m.s. level is very remote. The reason for this is the very low
probability that any noise peak or impulse will be of sufficiently
long duration to be amplified at its full relative amplitude. As the
receiver band-width is increased the amplitude a t which short
duration noise peaks will be reproduced will be increased slightly.
The variations in the experimental measurements mentioned a t the
beginning of this section were possibly due to observers setting a
limit to the crest factor without taking into account the receiver
band-width used.
Threshold of Improvement

As in the case of impulsive interfence, the improvement of a
frequency modulation system over an amplitude modulation
system with respect to fluctuation noise, also falls abruptly in the
region where the carrier and interference are of approximately
equal magnitudes. The question of the crest factor is of importance
in the matter, in that in order to determine the value a t which the
carrier and interference are of equal magnitude, we must take not the
r.m.s. value of the noise wave-form, but rather a value which takes
into account the peak interference amplitude. For this reason, it is
convenient to take the factor 4 as the fluctuation noise crest factor.
The threshold of improvement with respeot to fluctuation noise
coincides with the boundary below which reception is not possible.
This follows from the fact that once the signal amplitude is less
than that of the fluctuation noise, the modulation will be almost
entirely masked by the noise. In this, there is marked difference
between fluctuation and impulse noise; due to the discontinuous
nature of the latter, reception is possible despite the fact that the
peak noise magnitude exceeds that of the carrier.
As in the cases of impulsive and continuous wave interference,
the signal to fluctuation noise ratio deteriorates abruptly for a
frequency modulation system in the region of the threshold of
improvement. This is due to two facts: firstly, the greatly increasing magnitude of the phase deviation as the interference amplitude
approaches that of the carrier. Secondly, the production of "pops"
by the same mechanism a s discussed in the case of impulsive
interference.
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Chapter Four

INTERFERENCE SUPPRESSION
is as well to start this chapter by stating that frequency
Iinterference.
modulation does not, in the absolute sense of the word, suppress
Under favourable conditions its use %ll very greatly
T

reduce the audio disturbances resulting from an interfering signal.
The only satisfactory basis upon which to assess the improvements
arising from the use of frequency modulation is therefore that of
a comparison between the interfering audio disturbance reproduced by a frequency modulation receiver and that reproduced
by an amplitude modulation receiver, operating on the same waveband and subjected to the same interfering signal. When such
a comparison is made it is found that the improvement is not
constant but varies with different forms of interference. Further,
i t is found that there is always an increase in the improvement
figure as the deviation ratio of a frequency modulation system is
raised. However, regardless of the type of interference or the
deviation ratio employed, the improvement has a minimum value
a t a point known as the "threshold of improvement". Normally,
this point occurs when the interference peak amplitude equals
that of the wanted signal. Once the threshold of improvement has been reached, the difference between frequency modulation and amplitude modulation depends on the nature of the
interference. Due t o causes which will be discussed later, the
carrier level a t which the threshold of improvement occurs is
raised as the deviation ratio increases.
The foregoing remarks give a very general introduction t o the
more important of the factors involved in a study of the way in
which interference is suppressed in a frequency modulation system.
A careful examination of the conclusions which are reached in
this chapter will amply repay anyone who is concerned with
frequency modulation equipment. It will ensure that the impossible is not demanded from a frequency modulation receiver and
a t the same time permit a proper appreciation of the greatly
improved results which are possible.
I n the last chapter it was shown that the interference modulation
83
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produced t o a desired carrier by an unwanted signal is composed of two component parts, namely, an amplitude and an
angular modulation component. Kow a fioquency modulation
receiver incorporates a special stage-the limiter-the only function of which is that of suppressing all the amplitude variations

cB)

PHASE MODULATION REMAINS
AFTER UCNAL HAS BEEN LIMITED.

FIQ.4.1.-Diagram (A) shows the combined interference and carrier waves as applied
to the limiter valve'e grid. Diagram (B) shows that the amphtude changea are absent
in the output but the interference phase modulation component remains.
(Ry courlcsy of the Briliah Imtil?cte of Radio Engineers.)

of the incoming carrier. Should the received signal consist of a
carrier with perhaps superimposed impulsive interference or a
heterodyne from a second and unwanted station, then the limiter
will eliminate the amplitude component, leaving a wave-form of
constant level. This action has been illustrated pictorially in
Fig. 4.1, from which it is apparent that although the limiter
suppresses the amplitude modulatlon component it does not alter
the phase modulation component.
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The Noise Triangle

I n the presence of continuous wave interference, where the
wanted carrier amplitude exceeds considerably the interfering
signal amplitude, the resultant effect in both amplitude modulation
and frequency modulation is to produce an output at the difference
frequency of the two signals. For amplitude modulation the
amplitude of this output is independent of the frequency difference;
for frequency modulation the output is directly proportional
to it. When the interfering signal is appreciably smaller in
amplitude than the wanted signal the interference amplitude in
both is directly proportional to the amplitude of the interfering
signal. These statements may be expressed by the following
equations:
for a.m.

E

-eint.

A'--

9

ec

for f.m.
where E,=amplitude of the interfering signal demodulated output referred to 100 per cent modulation output;
f,= carrier frequency;
fi,,=interference frequency;
f ,=frequency deviation;
e,=peak carrier voltage;
ei,u=peak interfering signal voltage.
These relationships are shown graphically in Fig. 4.2. This diagram
illustrates what has frequently been termed the frequency
modulation noise triangle. It assumes that the carrier and the
interfering signal are held a t the same relative amplitude, only
their frequencies being varied. To illustrate the result of this form
of noise distribution, an example may be taken of an interfering
signal occurring 15 kc/s from the carrier; the resultant carrier
frequency modulation will be ten times as great as that which
would have occurred had the interfering signal been only 1,500
cycles from the carrier.
It is apparent from Fig. 4.2 that a frequency modulation
system, having a peak deviation of 15kc/s and passing a maximum
audio frequency of 15 kc/s (system b), will on the average result
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in half the noise which would have been reproduced by a comparable amplitude modulation system (system a),which would
reproduce the noise at its full amplitude over the whole audio
band. This direct comparison between amplitude and frequency
modulation systems is true only so long as the harmonic frequency
AHPLrmDE AECEIMR.
N L L NOISE REPFIOMlCED
OVER WHOLE BAND.

F I ~ 4.2.-This
.

diagram illustrates the frequency modulation "noise
triangle". The noise spectra for two different frequency modulation
deviations are compared with that of an equivalent amplitude modulation system.
(&/ c o u r t q ~of the Brilieh lnslihde of Radio Bnpiwcro.)

components produced are ignored, which implies that the ratio of
the interfering signal to the wanted signal is less than 1 to 3.
I n examining the position with deviation ratios other than
unity, it becomes necessary to consider the effect of interference
occurring a t a frequency separation greater than the highest audio
frequency. I n general, such components will not be audible when
either signal is unmodulated; the position when they are is discussed further below. If, however, a frequency modulation system
employing frequency deviation of 75 k/cs is employed, the noise
output increases with frequency separation as shown by the hypotenuse of triangle D. For this it will be apparent that a t worst,
the signa.1 to noise ratio in the frequency modulation system is
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better than that in an amplitude modulation system by a factor
of 5, or 14 db.
The above result cannot be applied a t random to the interference from a second station. The interfering station's frequency
may, for instance, be towards the edge of the frequency band over
which the carrier deviates. If it is assumed that the frequency
modulation system has a deviation ratio which is greater than
unity, then in the case of an amplitude modulation system, an
interfering signal occurring in a comparable position would result

Fxa. 4.3.-These oscillograms were obtained by tuning the receiver to a carrier and
then manually tuning an interfering carrier signal across the i f . channel. The first
photograph--obtained on an amplitude modulation receiver-shows that the hcterodpne heat has a constant amplitude over the audio frequency range; while in the case
of a frequency modulation receiver the amplitude increases as the heterodyne beat
frequency increases.
(By courlesy of Murray G . Crosby.)

in no interference whatsoever. I n the case of a frequency modulation system no interference will be audible so long as the carrier
is unmodulated, but upon modulation commencing the carrier
frequency will swing out until the heterodyne between itself and
the unwanted signal falls within the audio frequency range.
Under these conditions interference is produced, which in the case
of an amplitude modulation system is non-existent.
There can therefore be no question of any reduction (due to the
use of frequency modulation) in the level of interference resulting
from continuous wave signals separated by a difference of more
than the maximum audio frequency from the carrier's unmodulated frequency. It is very difficult t o place any definite value on
the increased interference resulting from this cause, owing t o the
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difficulty in assessing the proportion of time that the frequency
modulated carrier will be within audio frequency range of the
interfering signal. Naturally, the basic improvement figure given
above applies directly to any continuous wave interference arising
from a second and unwanted carrier having a frequency which is
within audio frequency range of the desired carrier.
Effect of Impulsive Interference

The improvement in the r.m.s. signal to noise ratio of a frequency
modulated system over an amplitude modulated system to impulsive interference was calculated in the laat chapter, and is given by
4 3 fdlf,,
where fd=frequency deviation;
f,=band-width of receiver audio frequency stages.

Since we are concerned only with these components of the noise
output which fall 'tvithin the audible region, f, should more
properly be taken as the highest audible frequency or the bandwidth of the receiver audio frequency stages, whichever is the less.
. Thus in a receiver designed for high quality broadcast reception,
there is no need to restrict the band-width of the audio frequency
stages of the receiver in order to realise the improvement in signal
to noise ratio. I n such a system the ratio fd/fc would normally be
equal to the deviation ratio, since fc is the assumed equal to the
highest audible frequency, and such a system would be designed
with this value of deviation ratio. Thus, for a system employing a
peak deviation frequency of 75 kc/s, and an audio frequency bandwidth of 15 kc/s, the improvement is 19 db.
This improvement, however, takes no account of the aural
improvement encountered due to the different character of the
noise in the two cases. I n amplitude modulation the distribution
of amplitude with frequency of the components of the audio
frequency output is uniform, whilst with frequency modulation the
distribution of amplitude is proportional to frequency. The audible
result is that ignition interference in an amplitude modulation
receiver has the characteristics of a "pop", whilst in a frequency
modulation receiver it has the characteristic of a "clidk". The
latter is much less disturbing to the listener, and consequently the
subjectively assessed signal to noise ratio is higher than the r.m.s.
improvement would indicate.
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The improvement is not constant, but deteriorates in the region
where the peak interference amplitude exceeds that of the carrier
at the output of the i.f. amplifier. When this occurs, the frequency
modulation output includes a proportion of "pops", and the signal
to noise ratio, both subjective and r.m.s., falls rapidly. However,
the fall is limited by the fact that when the output comprises 50 per
cent "pops", the signal to noise ratio does not deteriorate further,
but tends to a constant valne, as explained in the last chapter. Thus
at the threshold of improvement, the f.m.1a.m. signal to noise
improvement ratio is at minimum; above and below the threshold
the ratio increases. I t is of interest to note that, below the
improvement threshold, the f.m.1a.m. improvement ratio will
ultimately equal and then exceed the value i t attains above the
improvement threshold. Thus paradoxically, the f.m.1a.m. improvement ratio is greatest below the improvement threshold.
The importance of this fact should not, however, be over-rated,
since reception under such conditions would be very poor in either
system. Also, it is to be suspected that the signal level will be so
low as to be vanishingly small, and may well be swamped by the
receiver fluctuation noise.
In communication systems, where the highest value of signal to
noise ratio is desired, it is usual to restrict the audio frequency
range; an upper frequency limit of 3 kc/s is frequently adopted.
The reduction of the band-width of the audio frequency stages of
the receiver thus serves to increase the improvement factor for a
given frequency deviation. An alternative advantage is that, for a
given improvement factor, the frequency deviation employed may
be reduced. This has the effect of reducing the band-width required
for transmission, in itself a desirable effect. Further, the i.f. bandwidth may then be reduced, with a consequent lowering of the
input signal level at which the threshold of improvement occurs.
This point is discussed in more detail later.
Effect of Fluctuational Noise

The major d8erence between impulsive and fluctuational noise
is that whereas impulsive interference is discontinuous in time,
fluctuation noise is continuous. Thus it is possible for a frequency
modulated t.ransmission to be intelligible when the amplitude of
the impulsive interfering signal exceeds that of the carrier, whilst
it is not in the case of fluctuation noise.
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As shown in the last chapter, the voltage reduction in the noise
level output due t o the use of frequency modulation is given by
v':3

fd&l

where f,=frequency deviation;
f,=band-width of receiver audio frequency stages.
As with impulsive interference, the distribution of amplitude
with frequency means that the noise is less distorbing to the
listener in a frequency mod~~lation
system than an amplitude
modification system, and the signal to noise ratio assessed subjectively is higher than the expression above indicates. In order
to obtain the maximum improvement in a communication system,
where the highest modulation frequency is less than the highest
audible frequency, the band-width of the audio frequency stages
should be limited to the minimum.
Varying Carrier and Interference Amplitude

As discussed in the previous chapter, the improvement in signal
to noise ratio for all three types of interference, continuous wave,
impulsive and fluctuation noise, deteriorates as t,he interference
amplitude approaches that of the carrier. In all three cases, the
deterioration occurs abruptly. For continuous wave interference,
with two unmodulated carriers, t,he signal t,o noise ratio in a
frequency modulation systsemfalls to zero when the carriers are of
equal amplitude; this is not, however, the usual condition encountered in practice, since normally one or both carriers are modulated.
This condition is discussed in more det,ail in the next section.
Where impulsive interference is being considered, the signal t.o
noise ratio falls rapidly in the region where the peak magnitude
of the interference i.f. output just exceeds that of the wanted
carrier. Additionally, the improvement factor falls to a minimum
value in this region. It should be noted that the peak magnitude
of the interference is directly proportional to the receiver i.f. bandwidth, and thus in order to defer the fall in signal to noise ratio
to the lowest possible input signal level, the receiver i.f. bandwidth should be restricted t o the minimum possible. It is for this
reason that small frequency deviations are usually employed with
communication systems.
Where the interference comprises fluctuation noise, the signal
to noise ratio for both a frequency nlodulation system and an
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amplitude modulation system fall below unity when the interference amplitude at the i.f. amplifier output exceeds that of the
carrier, and under these conditions it may be assumed for the
present purpose that the signals in both systems become unintelligible. The input signal level at which the threshold occurs
is rather difficult to determine, since it is not possible to assign
any definite peak value to the noise signal, by virtue of its nature.
It would, however, appear reasonable to take a crest value for
fluctuation noise in the region of 4, and assuming this, the
threshold would appear to occur when the peak value of the
carrier exceeds the r.m.s. value of the noise by the factor of 4.
The position of the threshold of improvement in this case is
related to the r.m.s. value of the noise signal, and hence the level
a t which it occurs is proportional to the square root of the receiver
i.f. band-width and not directly to the receiver i.f. band-width as
in the case of impulsive interference.
The comparison between a.m. and f.m, systems is complicated
by the fact that the receiver band-widths required differ appreciably, and hence the r.m.s, value of the fluctuation noise will be
different for the two systems. Thus, in determining the carrier
level a t which the signal becomes unintelligible in the presence of
fluctuation noise, it is necessary to know the receiver band-width
for both amplitude modulation and frequency modulation systems.
I n general, by virtue of t,he smaller band-width necessary, a n
amplitude modulation system can, therefore, work in a region of
lower field strength than a comparable frequency modulation
system.
Suppression of the Weaker Signal

IYhere two signals are working on a common frequency, or are
separated by a relatively small frequency difference, the weaker
signal is smothered by the stronger. This effect, which is sometimes referred to as the capture effect, is merely a special example
of the signal t o noise ratio improvement resulting from the use of
frequency modulation.
The effect arises from the phenomenon referred to in the case of
continuous wave interference; the rapid fall in the signal to noise
ratio as the strength of the interfering signal becomes comparable
with that of the wanted signal. Here, however, we are concerned
with the convene condition, the rapid rise in signal to noise ratio
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which occurs when the wanted signal strength rises above that of
the interfering signal. The effect is that the interference is rapidly
smothered as the difference increases, the degree of supression
being far greater than might a t first be suspected from the relative
strengths of the two signals.
Where the frequency separation between the carriers exceeds
the highest audible frequency, there is no interference in the
absence of modulation of the signals. When, however, the unwanted signal is modulated, certain of its side bands will fall
within audible frequency separation of the wanted signal carrier,
and interference will occur; the magnitude of this interference can
be assessed by the methods employed in dealing with continuous
wave interference described previously. If the interfering signal is
considerably stronger than the wanted signal, it may happen that
one of the interfering signal side bands may be comparable in magnitude to the carrier of the wanted signal; in this case the degree
of interference will be large. Where the interfering signal side band
amplitudes are relatively small compared with the wanted signal
carrier, the degree of interference will be small. Consequently,
where interference is experienced from an adjacent modulated
carrier of relatively large amplitude, the interference has a sporadic nature, being sometimes very disturbing and at others only just
perceptible. Interference can also, of course, occur if the interfering signal is unrnodulated and is situated within the passband
of the receiver; in this case, the side bands of the wanted signal
adjacent to the interfering carrier beat with the interfering carrier
to produce an interference output. Interference here is, however,
generally less perceptible because the amplitudes of the side bands
concerned will in general be relatively small and hence also the
noise output.
Interference from a modulated carrier generally takes the form
of a rasping sound; this is because the side bands of the interfering signal do not in general straddle the frequency of the
wanted carrier symmetrically. Consequently the audible output
due to each inhrfering side band individually is not harmonically
related to the others.
Within the zone in which two frequency modulated stations
are operating on the same channel, and are being received a t
approximately the same strength, neither station will have any
programme value. A ratio of 3 : 1 between the stronger and
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weaker signal is sufficient to avoid intelligible break-through, and
interference takes the form of an unintelligible rasping sound. A
ratio of some 30 : 1 is required for complete elimination of this
interference.
The Threshold of Improvement

The threshold of improvement is reached when the carrier and
interference voltages attain the same amplitude. As the noise
amplitude is dependent on t,hereceiver band-width, it follows that
if equal carrier voltages are fed into two channels of different
width, the noise voltage will-if the carrier voltages are gradually
reduced--equal the carrier amplitude in the wider channel first.
As a result, in the case of a large deviation ratio system, a larger
carrier voltage is necessary to reach the threshold of improvement
than is necessary in the case of a small deviation ratio system. At
low carrier levels the signal to noise ratio may be above the
improvement threshold on a low deviation system and below it on
a high deviation system. Under these conditions the low deviation
ratio system will produce a better output signal to noise ratio than
a high deviation ratio system.
I n assessing the actual receiver band-width which is necessary
in order to pass the full intelligence at any particular deviation
ratio, it has already been shown that the receiver band-width
cannot simply be increased in proportion to the deviation ratio.
Fig. 2.14 indicated that as the deviation ratio is increased the
"relative" receiver passband necessary €0 accommodate the
significant frequency modulation side bands is reduced.
Prom this it follows that the receiver band-width, and with i t
the noise voltage, is greater than that of a comparable amplitude
modulation receiver by an amount equal to the deviation ratio
multiplied by one half of a factor which is derived from Fig. 2.14
and its associated text. In order to spare the reader the labour
of turning back to Chapter Two, the resultant increase in noise
voltage is plotted in Fig. 4.4.
As an example of the effect of this increased noise level the
case of a system having a deviation ratio of 4 will be examined.
It will be noted that in comparison with a system having a,
deviation ratio of unity, the impulsive noise peak amplitude has
6
been increased by - =2.5 times, while the carrier amplitude
2-4
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remains unchanged. The threshold of improvement will therefore
be reached when the carrier is some 2 - 5 times the amplitude at w-hich
equalitywould haveoccurred in the case of a deviation ratio of unity.
I n the case of impulsive noise the increase in carrier amplitude
a t which the threshold of improvement will occur is proportional
to the receiver band-width, and may be derived directly from

Fro. 4.4.-The increase in band-width above that
of a comparable amplitude modulation receiver,
which ia necessary to accommodate the frequency
modulationside bands at various deviation ratins.

Fig. 4.4. It should be noted that any comparison in amplitudes
must be that between the peak voltages reached respectively by
the carrier and the impulsive interference.
The amplitude of fluctuational noise is proportional to the
square root of the receiver band-width. The ratio of the levels at
which the threshold of improvement will occur may therefore be
obtained by taking the square root of the band-width increase
given in Fig. 4.4. Taking the example of a deviation ratio of 4,
the threshold of improvement will, in the case of fluctuational
noise, occur a t some 2/2.5=1.6 times the carrier amplitude a t
which i t would have occurred in the case of a deviation ratio of
unity. I n determining the actual magnitude of the carrier at the
threshold of improvement, it is necessary to allow for the "Crest
Factor" of the fluctuation noise voltage.
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It was shown in the last chapter that the peak to mean ratio
for fluctuational noise may be
taken as 4 : 1. In the case of a
sinusoidal signal such as that of
the carrier wave it is, however,
only 4 2 : 1; so that for equal
peak voltages the root-meansquare value of the carrier must
be greater than that of the
fluctuational noise by a ratio of
4 :$2 or some 2-8 : 1 (i.e. 9 db).
It therefore follows that the
threshold of improvement will
be reached when the mean
carrier voltage is 2.8 times
greater than the mean fluctuational noise-level.
The point a t which the
threshold of improvement occurs has a rather distinctive
sound to the ear. With impulsive interference the presence of
"pops" in the output is very
noticeable; with fluctuation
noise, the quality of the "hiss"
takes on a more intermittent
character, somewhat like that of
ignition interference. This latter
phenomenon is probably due to
the generation of "pops" in the
output by the same mechanism
as discussed in the case of
ignition interference.
These
aura phenomena provide a good
practical indication of the level
at which the threshold of improvement occurs.
Fig 4.5 shows oscillograms of the fluctuation noise output of
both frequency and amplitude modulation receivers, with the
signal to noise ratio adjusted to the sputter point. For
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high-fidelity entertainment the desired carrier peak amplitude
should exceed that of the peak fluctuation noise-level by at least.
13 db, and for speech of high intelligibility, by some 6 db.
The fact that the interference amplitude reaches that of the
carrier at a higher field strength-level, as the deriation ratio is
increased, results in a reduction to the effective service area of a
frequency modulation station of any given power output. As the
deviation ratio is increased the boundaries to the sen-ice area
tend to become very much more sharply defined; reception in this
region does not gradually become worse, it suddenly becomes
impossible. With the exception of the increased band-width
required for transmission, the increased carrier-level a t which the
threshold of improvement occurs is the only factor which tends to
place a limit on the maximum deviation ratio employed.

It has earlier been shown that the triangular noise distribution
of a frequency modulation system results in a progressive increase
in the amplitude a t which noise is reproduced, from the lower to
the higher audio frequencies. This noise distribution is not entirely
satisfactory, resulting as it does in the smothering of the upper
audio frequencies while the lower still possess a reasonable signal
to noise ratio. The position is aggravated as most programme
material results in the greatest modulation depths in the band
below 1,000 cycles, while above this band the average modulation
depth steadily decreases. It is, however, the presence of the
relatively small percentage of energy contained in the upper audio
frequency band which results in a high standard of reproduction
fidelity. The position is therefore somewhat unsatisfactory, the
noise being reproduced at the greatest amplitude in the region in
which the desired programme material has a minimum amplitude.
From the standpoint of high-fidelity reproduction, the importance of the means employed to produce an effectively constant
noise-level distribution over the audio band will at once be apparent. This result is achieved by the accentuating or emphasising,
before transmission, of the higher audio frequencies. At the
receiver the complementary de-emphasis or restoration to normal
is effected by a special filter. This filter normally takes the form
of a simple resistance and condenser network connected across the
discriminator output and directly preceding the audio amplifier.
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The de-emphasis filter attenuates the interference as well as the
higher audio frequency components, with the result that while
the programme material is merely restored to its original form, a
very considerable reduction is made in the level a t which the
interference is reproduced.
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Fro. 4.6.-Pre-emphasis and deamphaais filters.
(Bu wuru+p.of

B d h InslIIUe of Radio Engineers.)

I n America the Federal Communication Commission have
drawn up standards for the pre-emphasis of a frequency modulated transmission. They originally laid down that it should be
standard to pre-emphasise a sound transmission in accordance
with the impedance frequency characteristic of a series inductance
resistance network having a time constant of 100 micro-seconds.
Later this was revised t o 75 micro-seconds. The BBC favour a
still smaller amount of pre-emphasis; 50 micro-seconds. The
arrangements by which a 100 micro-second circuit can be employed both for the pre-emphasis of the audio signal before i t is
applied to the modulator, and for the de-emphasis of the received
signal, are shown in Fig. 4.6. The frequency characteristic of a
100-micro-second pre-emphasis filter is shown in Fig. 4.7, together
with those of a 75- and 60-micro-second filter. The figure also
shows the corresponding de-emphasis filter curves.
With the uniformly rising noise spectrum associated with a
frequency modulation system, the amplitude of the noise at any
given frequency f is given by am where o =2nf, and a is a constant.
The effect of a de-emphasis filter is to reduce this in magnitude

98

FREQUENCY MODULATION ENGINEERING

by a factor l / ( l + w ~ C ~ Rwhere
~ ) ~ R, is the series resistance of the
filter, and C the shunt capacitance. As CR is the time constant
of the filter, the factor may be written as l/(l+w2T2)t. The output
noise amplitude a t any frequency is thus given by aoj(l+02T2)'.
This result is shown graphically in Fig. 4.8, for three values of

Fra. 4.7-Pre-emphasis nnd de-emphasis filter responses, for time constants of
50, 75 and 100 micro-seconds.

T, 50, 75, and 100 micro-seconds. It will be seen that a t very
high frequencies the amplitude approaches the constant value
a/T. That is, the noise output spectrum is similar to that of an
amplitude modulation receiver.
The overall effect of de-emphasis may be found by comparing
the mean square values of comparative curves of Fig. 4.8. With
no de-emphasis the mean square value is proportional to

where wc is the upper limit of audibility, or the high-frequency
cut-off of the receiver a.f. amplifier.
With de-emphasis the mean square value is proportional to

The improvement due to de-emphasis is thus
oC3T3/3(o,T-tan -locT).
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This result is shown graphically in Fig. 4.9, with f,T = o C T / 2 nas
parameter. If an upper limit of audibility of 15 kc/s is assumed,
the improvement is thus some 15.5 db for T = 1 0 0 micro-seconds,
13 db for T =75 micro-seconds and 10 db for T - 5 0 micro-seconds.

FIG. 4.8-The

distribution of noise output with frequency, with
and a-ithout de-emphasis.

It should, however, be noted that the audible improvement would
probably be not so great as the figures would suggest. This because
the major part of the improvement is due to th6 very substantial
reduction of noise output a t the very high frequencies. The ear
is somewhat insensitive t o noise in this region, the aural perception of noise being largely governed by the magnitude of the noise
output below 5 kc, s.
Since the noise output decreases as T increases, it would appear
t o be advantageous to make T as large as possible. However, an
upper limit is set by the fact that, if too much pre-emphasis is
applied a t the transmitter, the upper audio-frequency components
may become so large as to cause over-modulation. The general
modulation level would then have to be reduced t o offset this
effect. The time constant chosen thus has to be a compromise
value.
The figures for the reduction in modulation level determined
by various workers do not agree too well. Tests by Crosby using
100 micro-seconds pre-emphasis suggested that an average reduction of 2-5 d b was required, although with certain types of
instruments, including guitar, harmonica and piano, it was found
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that a figure of 4.5 db was more appropriate. This ~ o u l d
suggest
the overall improvement for 100 micro-seconds pre-emphasis
should be about 13 db.

Fro. 4.9-The reduction in receiver noise output for f m . and a.m.
systems with audio frequency band-width ( jc)x time constant (T).

The results of listening tests carried out by the BBC using
various amounts of pre-emphasis and with different types of
programme do not agree too well with Crosby's findings. During
the BBC tests it was found that a 12 db reduction in audible
receiver noise and a 6.5 db reduction in ignition interference was
obtained when using 100 micro-second pre-emphasis. To avoid
transmitter distortion it was necessary to reduce modulation in
some cases by as much as 12 db and generally by 6.5 db. The
resulting gain in signal to noise ratio was therefore stated to be
only 5.5 db in the case of fluctuational noise and zero in the case
of ignition noise. The BBC, however, state that when using
50 micro-second pre-emphasis, the fluctuational noise was reduced
by 7-5 db, and the ignition noise by 4-5 db, while it was only
necessary to reduce the transmitter modulation by 3 db. The
resulting overall gain due to the use of 50 micro-second preemphasis is therefore stated to be 4.5 db for fluctuational
noise and 1.5 db for impulsive noise.
From Fig. 4.9 i t will be seen that the improvement due to
de-emphasis is very small for small values of f,T. It is for this
reason that pre-emphasis is not used in narrow band commercial
frequency modulation radio-telephone links. In such links the
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upper frequency limit is usually 3 kc/s. If a pre-emphasis time constant of 100 micro-seconds were used, the receiver noise reduction
would be some 4.5db. However, the highest audio-frequencies transmitted would be "boosted" by some 7 db. As a substantial part of
speech energy exist's in this upper frequency region, themoddation
level would have to be reduced considerably. The overall improvement would then be very small, and might even be negative.
Pre-emphasis and de-empha.sismay also be used in an amplitude
modulation system. The improvement effected may be calculated
as before by a comparison of mean square values. For no deemphasis, the receiver mean square noise output is proportional to
j r a ~ d o=a~w,.
j
\Irith de-emphasis this beco~nes
j r a 2 / ( l+ o . ' ~ ~ ) d w=a2 tan-lw,T/T.
The improvement is thus co,T/tan-'w,T. This is plotted in
Fig. 4.9 with f,T=w,T, 2x as parameter. It will be seen from the
curves of t.his figure that the improvement in an amplitude
modula.t.ion system is considerably less than that in a frequency
modulation one. Since the same considerations of reduction of
the transmitter modulation level with pre-emphasis apply t o both
cases, it will be apparent that the employment of pre-emphasis
with an amplitude modulation system will give only a small
improvement a t best.
Noise Reduction at the Transmitter

One of the most interesting features about a frequency modulated
transmitter is its high efficiency in comparison with its amplitude
modulated counterpart. With an amplitude modulated transmitter
the peak power output a t 100 per cent modulation rises to four
times the unmodulated carrier power. Should the peak power be
the output limiting factor, then the changeover to frequency
modulation will allow the carrier power to be increased by four
times or some 6 db. If, howerer, the limitation is on the maximum mean power output, then the permissible increase is only
twice, or some 3 db (assuming the most rigorous conditions-a
square wave modulation).
From these figures it follows that for any given size of output
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valve or power consumption a greater power output can always
be obtained by substituting frequency modulation in place of
amplitude modulation. This improved output is of r e w real
importance when it is borne in mind that at rery high frequencies
the output efficiency of large transmitting valves start.5 to fall
fairly rapidly due to the incidence of transit time.
The reason for the reduced energy content of a frequency
modulated carrier will be readily appreciated if it is noted that
with an amplitude modulated transmission the carrier amplitude
iu twice that of the side bands at 100 per cent modulation; while
in the case of a frequency modulated system the carrier amplitude
is almost always less than that of the side bands and can fall to
zero with certain deviation ratios.
Aural Noise Rejection

Quite apart from the various improvements which it is possible to
calculate with some accuracy, there is another which is somewhat
less tangible. Listening tests carried out by Crosby and confirmed
by the BBC have shown that more noise can be tolerated with the
triangular frequency modulation noise spectrum than with the rectangular noise spectrum of an amplitude modulation system. This
gain would seem to be a measure of the ability of the human ear to
unconsciously separate the desired intelligence from interference
which is distributedin two different ways. I t may in part be due to
the fact that the human ear does not give the same sensation of
loudnessfor noises of equal volume but having different frequencies.
I n the first instance-that
of amplitude modulation-the
noise is distributed evenly over the whole audio frequency band,
including that part which is conveying the desired intelligence
frequencies. I n the second form of noise distribution-that of
frequency modulation-the noise is concentrated towards the
upper end of the audio frequency range. Under these conditions
the desired intelligence is concentrated towards the lower end of
the audio frequency range, while the interfering signals are
concentrated at the upper end. In this way the ear is provided
with a natural means of discriminating against the noise and in
favour of the desired signal.
The additional noise which can be tolerated in this way is of
considerable importance, when an unpre-emphasised systemsuch as a radio telephone link-is under review.
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Examples of the Improvements due to Frequency Modulation

Taking as an example the case of a system with a n audio
frequency response up t o 15 kc/s, a deviation ratio of 5, the
improvement in signal to noise ratio over a comparable amplitude
modulation system is as follows:
Basic in~pulsiveand fluctuation noise reduction= d 3 x 5=8-5
times in voltage or 19 db.
Gain due to increased transmitter efficiency=3 db.
Total improvement= 22 db for impulsive and fluctuation
noise.
Additionally, this figure is improved by the gain due to the
employment of pre-emphasis.
The increase in band-width as ascertained from Fig. 4.4 shows
that the impulsive noise voltage reaches that of the carrier, when
the carrier is some 7.2 times or 17.2 d b above the level a t which
equality would have been reached in the case of a comparable
amplitude modulation system. However, in the case of fluctuational noise the threshold of improvement is reached when the
carrier amplitude is ~ ' 7 . 2or only some 2.7 times or 8.6 d b
greater.
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Chapter Five

FREQUENCY MODULATION PROPAGATION
question whether a particular frequency band is suitable
T
or not for the propagation of a given signal is determined by
a number of factors, of which the most important are:
HE

The distance over which the signal has to be transmitted.
The amount of distortion or interference which can be
tolerated.
The frequency band-width necessary to accommodate the
signal's side band spectrum.
If on a given band a frequency modulated transmission suffers
more severe distortion than an equivalent amplitude modulated
transmission, then the fact that the frequency modulated system
may show substantial reductions in the received noise-level will
probably be more than cancelled by its increa.sed susceptibility
to distortion. I n the last chapter the improvement in signal to
noise ratio was discussed at some length. I n this chapter it is
proposed to start by examining the increased susceptibility of a
frequency modulated signal to certain forms of distortion, and
in so doing to determine those bands which are best suited to the
transmission of this type of signal.
I?ractically all distortion which occurs during the propagation
of a radio signal has as its root cause the fact that there are
several possible paths which that signal may follow in its course
from the transmitter to the receiver. The received signal is
therefore almost always made up of a number of components
which have arrived by different routes. With the exception
of the wave which travels directly from the transmitter to the
receiver, all other wave components will have been reflected
by one medium or another. The frequency band on which the
signal is transmitted determines to a very large extent the medium
which is most liable to be responsible for these reflections. The
principal sources may be very broadly classified under three main
headings:
Reflections due to the ionised layers.
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Reflections from the boundary layer between two different
air masses.
Reflections from solid objects, such as mountains, buildings,
gas-holders, or aircraft in flight.
The very fact that one wave may have travelled directly from
the transmitter to the receiver, while another has followed an
indirect path, makes it clear that the two paths must have
different lengths. It is therefore apparent that the various component waves reaching the receiver will, although all having the
same frequency, vary in their phase relationships to each other.
I t can so happen that at one moment all the various component
waves will be adding together and that a t the next, as a result of
changed conditions in the reflecting medium, they will all be
tending to cancel each other out. The practical result of this
occurrence is normally termed fading.
Frequency Bands Employed for Frequency Modulation Transmissions

As stated earlier, conditions are most favourable for the employment of wide band frequency modulation a t those frequencies
where ionospheric reflections are of minor importance. There is
thus a low useful frequency limit, and this may generally be taken
to exist at about 30 Mcls, i.e. the lower limit of the very high
frequency band. Above 30 Mcls, the range of frequencies up to
30,000 Mc/s is divided into three groups for the purposes of
classification. These groups are as follows:
1. V.H.F. (very high frequency)
30-300 Mc/s.
2. U.H.F. (ultra high frequency)
300-3,000 Mcls.
3. S.H.F. (super high frequency) 3,000-30,000 Mcls.

The upper limit of 30,000 Mc/s is arbitrarily taken; a t the present
time frequencies beyond this limit are not actively employed for
communication.
Within each of these bands there are sub-divisions allocated by
International Agreement to various classes of service. A list of the
broadcast frequency bands are given below; these allocations were
determined a t the Altantic City Conference in 1947. For the purposes of these allocations, the world is divided into three regions,
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broadly as follows. Region 1, Europe, Sorth -Africa and Sear
East; Region 2, North and South America; Region 3, .bia and
Australasia.

Region 1

Region 2

Region 3

Mc/s

SIC,s

M c 's

41-68

44-50
m-72
76-108
171216
470-!NO

44-50

87.5-100
174-2 16
470-685
940-960

rj-72

87-10s
170-3H)
470-585
!MU-!W

Of the three major frequency bands, the v.11.f. band has bcen
developed rapidly, the period when i t is fully utilised appears to
be not far removed. I n the u.11.f. band, development is proceeding, particularly in the utilisation of the broadcast frequency
allocations. The s.h.f. band is being used particularly for short
distance radio links and radar applications. Frequency modulation is frequently used for broadcast-chain links in this band, since
the type of valve frequently employed for the generation of
oscillations in this band, the reflex klystron, lends itself to this
type of modulation.
I n a short survey of the type here attempted, it is impossible to
deal fully with the propagation characteristics in all three bands,
and we shall confine ourselves to an account of the more important
phenomena associated with the v.h.f. band and the lower
portions of the u.h.f. band.
Selective Fading

Not only is it necessary to consider the effect of variations in
the reflected path length, but account must also be taken of the
fact that a propagated radio signal is made up of a spect'rum of
component frequencies occupying a band of slightly differing
wavelengths. Assume for a moment that the lengths of the paths
followed by the various component waves are held constant, as
in fact they would be if there was a direct wave combining with
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a reflection from a static object such as a large building or a
gas-holder. I t is apparent that with two different path lengths
there will be a t least one signal wavelength a t which the number
of waves along the direct and reflected routes will be such that
they will arrive in phase with each other, so adding directly
together. At the same time it is equally apparent that there will
be an adjacent, signal wavelength a t which the two paths will,
when expressed in terms of wavelengths, be one-half wavelength
eit,her longer or shorter than they were before. Under these
conditions the direct and indirect signals will be received in such
a phase relationship that they will be tending to cancel one
another out.
When these two conditioils both occur within the band of
frequencies which are being used for a single transmission i t is
said that selective fading is t'aking place. Expressed in different
words, it may be stated that some of the signal's side bands are
being received at a far larger relative amplitude than others. As
a result the amplit,ude relationship of the various side bands is
distorted.
Selective fading is by far the most serious form of distortion
which is caused during the propagation of a wave. Variations
in signal st,rength due to straightforward fading may be readily
corrected a t the receiver by means of automatic volume control,
or, in the case of frequency modulation, by means of the limiter
stage. There is, however, no completely satisfactory answer t o
selective fading. This form of fading becomes most pronounced
when the difference, expressed in wavelengths between the direct
and reflected paths, is considerable. On the short waveband
where such large differences exist, it is almost entirely responsible
for the very low fidelity reproduction which is normally associated
with transmission on this band.
Ionospheric Reflections

On the short waveband between some 10 and 150 metres,
signals are reflected back to earth from the various layers of
ionised air which exist a t considerable height above the earth's
surface. Physics has provided a picture of the way in which these
layers are formed. The ionising agent is the ultra-violet wavelength light from the sun. This light is absorbed during the
production of the ionised air so that the nearer we approach the
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earth the feebler the effective ultra-violet radiations will become.
On the other hand, the nearer we approach the earth the more
molecules there are for a given volume of air, which in turn leads
to an increase in the number of ions. These two effects will work
against one another, so that it is reasonable to expect a maximum
effect a t one particular height. There will be little product.ion of
ions in the most rarefied air very remote from the earth, where
the radiation is strong, but where there are few molecules for i t
to encounter. There will also be a small production of ions near
the surface of the earth, where there are plenty of molecules, but
where there is very little effective ultra-violet radiation left. To
explain the effect fully i t is necessary to take inta account the
recombination of the ions and electrons, and the rotation of the
earth. When this is done, as it has been by Chapman, it is found
that there is a very satisfactory agreement between theoretical
calculations and the observations of the ionised layers.
The two principal layers in the ionosphere have been named
"E" and "F"; the latter, however, often separates into two parts,
which are termed the Fl and F, layers respectively. These names
were introduced by Appleton, who discovered the F layer. The
lower or E layer remains constant in height, a t about 100 km.,
although its density varies with the sun's altitude. Thus, it is
most dense a t midday in the summer, and has minimum density
during a winter's night. Similarly, the height of the F, layer
remains constant a t about 200 km., although it is not always
observable as a separate layer because it merges with the F, layer
a t various times. As far as can be judged, its density, like that
of the E layer, is directly correlated to the sun's altitude. As both
the E and Fl layers are absent during winter periods in the Polar
regions, it is assumed that both these layers are entirely due to
the sun's ultra-violet radiation.
The highest, or F, layer does not appear to be caused entirely
by ultra-violet radiation, as it is observable in the Polar regions
during the winter months. Although the complex behaviour of
this layer makes a theoretical explanation rather difficult, it is
possible to base a fairly satisfactory explanation on the general
physics of ionising radiations.
The path followed by a wave on leaving the transmitter is
determined by the extent to which the refractive index of the
upper atmosphere departs from unity, as a result of the ionised

FREQUENCY MODULATION PROPAGATION

1 09

layers. The refractive index of ionised air relative to un-ionised
air may be determined from the formula:

where N=the electron density or number of electrons per cubic
centimetre of the ionised layer;
f =the frequency of the signal being considered.
The actual bending effect produced by any given difference in
refractive index may be readily determined by the use of normal

FIG.5.1.--4s

the number of electrons increases with
height the wave will be bent so that it returns to earth.

optical formula. I t is apparent that a wave entering the zone of
ionised air (i.e. air having a higher refractive index) will be bent
away from the normal and towards the earth's surface, as shown
in Fig. 5.1. As the number of electrons increases with height
then the wave will travel in a curve, and if the bending effect
produced is sufficient it will be directed back to the earth. It is
impossible accurately to trace out the path of a wave as i t passes
through the ionosphere due to the wide variations in electron
density with the time of day and other factors.
As the wave enters the ionosphere at a steeper angle it is
apparent that it must be bent through a larger angle before it
can be returned to earth. No wave will be returned above a certain
angle, which is given by:
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It should be noted that if the frequency is low enough 0 may
be 90". This fact is used to determine the value of Y,,, experimentally. If a receiver is situated beside a transmitter, so that
8=90•‹, and the frequency is raised steadily, the highest frequency
f,,, received by reflection gives the value of N,,, from f2,,,=
8-1x l o 7N.,,
As the frequency is raised a value w i l l be eventually
reached from which no wave will be returned by the ionosphere,
however oblique the incident. A consideration of the geometry
involved will show that, because of the earth's curvature, even a
wave which leaves the transmitter tangentially to the earth's surface cannot enter the ionosphere a t less than a certain value of 0,
which is dependent upon the height of the lower edge of the
ionosphere. It will be seen that if a ray travels in a straight Line
it will make a continually increasing angle with the tangent of
the earth below. The smallest angle a t which a ray can enter the
E layer is about go, and with the F layer about 14".
To arrive a t some idea of the actual frequencies involved in
this type of reflection, let it be assumed that N,,,,(the maximum
electron density) is 4x lo5 free electrons per c.c.; then it follows
from equation (5.2) that the highest frequency which would be
returned for 0= 10" will be 33 Mcls, whilst for a vertical incident,
frequencies above 5.7 Mcls would penetrate the ionised layer and
escape into free space. It should be noted that these values are
only approximate due t o the simplified theory. The whole subject
has been treated in considerable detail by A. W. Ladner and
C. R. Stoner in S h r t Wave Wireless Communication.
Effect of Ionospheric Reflections

Having now obtained some idea of the nature of the reflections
produced by the ionised layers, it is possible to pass on t o the
consideration of the effect which these reflections will have on
frequency modulated signals. In order to do this it is proposed
t o take an actual example illustrating the distortion which results
from selective fading. At one particular frequency, say 15 Mcls
(20 metres), the signals arriving by two different paths may add
directly
If it is assumed that the one path is 30,000
- together.
30 000
metres longer than the other, then there will besome -=
1,500
20
wavelengths extra along the longer path. It will readily be seen
that the two signals will be exactly out of phase if there are only
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1,499-5 wavelengths extra along the longer path. This will occur
30 000
if the signal wavelength is altered t o A = 2 0 . 0 1 Mc/s; or only
1,499-5
10 kc/s away from the frequency a t which the two signals arrive
exactly in phase with each other. Although in actual practice
the position is considerably more complicated than this i t is not
unusual for there t o be maximum and minimum fading amplitudes
even closer than 10 kc/s.
Following on from the above example, it will readily be seen
that, if the carrier is frequency modulated with a deviation of
f50 kc/s, then during each cycle of modulation the phase relations
of the signals arriving by the two alternative paths will pass
through no fewer than five complete cycles of phase reversal. I n
this part,icular example the selectire fading will result in the fifth
harmonic of the audio signal being added t o the demodulated
intelligence. Other deviations would, of course, result in the
production of different harmonics. I n short, it will be seen that
selective fading will produce a type of distortion very dmilar t o
that produced when an amplitude modulated programme is
transmitted on the short waveband. As, however, the band
occupied by a frequency modulated channel is very considerably
greater than that necessary for a comparable amplitude modulated
transmission, the susceptibility of the frequency modulated signal
to selective fading will be proportionally greater.
It may therefore be stated that a high-fidelity frequencymodulated system is impractical on any band which employs the
ionosphere as part of its transmission medium. It should, however,
be noted that if a frequency modulation system employs such a
small frequency band for its transmission that it is not unduly
distorted by violent selective fading, then it may be operated on
the short wareband and will in fact show all the advantages
normally associated with frequency modulated transmission. In
Chapter Eleren i t is shown that there are a number of services
m-hich do in fact fall into this category, notably sub-carrier picture
telegraphy and high-speed telegraphy.
Vnder normal conditions, the reflections due t o ionised layers
cease between 30 and 40 JIc/s, and since most frequency modulation s p t e m s work a t frequencies above this limit, it may be
assumed that ionospheric reflection is not important in the
propagation of such transnlissions.

Fro. 5.2.-(a)

Mean nnnual 24-honr dietribution of Sporadic E at Slough, showing porrontngc of timc when freqncncy of mflection at
vertical incidence cxcceds B Mcls. (6) Moan L'4.hollr distributiou during poriotl 1948,48, 50.
(IIu rmrrlesy uf " H ' i r e k r s II'ofId".)
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As a corollary, it may be stated that ignoring the effect of
ionospheric reflection, the service area of such a transmitter is
determined, therefore, by the area in which the direct ray can be
received; outside this area, reception is not normally possible.
Thus two stations whose service areas do not overlap may share
a common frequency without mutual interference normally
occurring. Due, however, to the appearance of occasional regions
of abnormally high electron density in the E layer, reflections a t
frequencies higher than those normally affected may result.
These regions of high electron density in the E layer are generally
of small area, and are of a random and intermittent character; for
this reason the phenomenon is termed "Sporadic E". T. W.
Bennington, in a survey of the subject, states that reflection a t
oblique incidence occurs frequently on frequencies exceeding
30 Mcls, and on remote occasions reflections may occur a t frequencies approaching 100 Mc/s. The maximum range of interference from this type of reflection is normally limited to 1,400
miles, i.e. one hop, since more than one reflection requires the
simultaneous existence of particular Sporadic E patches a t widely
distributed geographical points, a remote possibility.
Bennington cites three distinct types of Sporadic E. The first,
occurring in high latitudes, is clearly associated with ionospheric
and magnetic disturbances, and with auroral activity; its occurrence and intensity has a maximum around midnight and minimum
around noon. The second, and most important type, occurs in
middle latitudes, and is not related t o ionospheric or magnetic
disturbances; its maximum occurs around noon, and its minimum
a t night. Additionally, it exhibits marked seasonal variations,
being maximum at mid-summer and minimum during the winter.
The first two types are not rigidly confined to the areas specified,
and that normally associated with one region is frequently encountered within the other. The third type is observed only in
lower latitudes; little information is available about its occurrence.
The da.ily and seasonal variations of the type of Sporadic E
encountered in middle latitudes is shown in Figs. 5.2 and 5.3.
These figures are based on measurements made by the Slough
Station of the Department of Scientific and Industrial Research,
and show the percentage of time reflections a t vertical incidence
for frequencies greater than 6 Mc/s occurred in the period 1948-50.
With vertical reflections a t 5 ;\lc/s, it is to be expected that the
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maximum frequency a t which reflection would occur would be in
the region of 26 Mcls. This would occur with a horizontally
propagated wave, and consequently interference could be
expected a t a range of 1,400 miles. At shorter distances, the

MAMJJASONDJFMAMJJAS

FMAMJ

Fra. 5.3.-(a) Monthly distribution of Sporadic E at Slough, showing percentage of
time when frequency of reflection at vertical incidence ex&
6 Jlcls. (6) Mean
monthly distribution for years 1448,49,50.
( B y earrtt8y of "R-irclcsi IVorld".)

maximum frequency on which interference would be expected is
correspondingly reduced. Bennington has analysed the results to
show the mean percentage of time when Sporadic E would sustain
propagation over a range of 1,400 miles during daytime in the
summer months May-August. This is shown graphically in
Fig. 5.4; it will be seen that for frequencies above 100 Mc/s the
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percentage of time is vanishingly small. This graph shows the
limiting case, since for smaller distances the percentages are
correspondingly smaller.
Interference may also be experienced at frequencies up to about
50 Mc/s due to reflections by the F, layer. Such occasions are
infrequent, and are generally associated with periods of maximum
sun-spot activity. Reflection occurs in the main with signals

FIG.
5 . P h l e a n percentage of time when Sporadic E would sustain propagation over 1,400 miles during daytime in summer months (May-August
inclusive); 0600-2200 G.M.T.
( B y court+%y oj"Wirek88 World".)

transmitted at low angles to the earth's surface, and under these
conditions transmission over a very long distance may be obtained.
As an example, during 1947 and 1948 television signals on 45 Mc/s
radiated in the United Kingdom were received in South Africa.
A peculiar feature of this type of propagation is that reflection may
only occur in a limited portion of the v.h.f. band. I n the example
cited above, for instance, the 45 Mc/s vision signal was sometimes
received when the 41.5 Mc/s sound signal was not. The phenomenon is, however, sufficiently rare in occurrence for propagation
by this means to be ignored for practical purposes.
Boundary Layer Reflections

Having already noted that radio signals are reflected on passing
into ionised air having a higher refractive index, it will naturally
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be expected that if, due to any further factors, other levels of the
atmosphere also have different refractive indices, then t.hey also
will reflect radio waves. I n practice these further refracting layers
actually occur, but it is not until the v.h.f. band is reached that
their effect begins to assume noticeable proportions. As in the
case of such optical illusions as the mirage, these different refractive indices occur between air masses having different densities,
temperatures, and water contents. Once the refractive index of the
various air masses has been established at the frequency of the
signal under consideration, the critical angle and t,he actual angle
through which a wave will be bent can be readily calculated by
the normal optical formula.
A very considerable amount of work has been done in order
to determine the properties of the lower atmosphere. I n one of
several papers by C. R. Englund, A. B. Crawford, and W. W.
Mumford, the results are published of a two years' study of
reflections occurring a t the boundaries between different air
masses. Their measurements were made over a 70-mile sea-water
path a t wavelengths within the range of 1.6 to 5-0 metres. On this
particular band the bending effect of several typical h'orth
American air masses was expressed as a factor which modified
the actual radius of the earth-as far as radio transmissions are
concerned. I n expressing the bending effect in this way much
complex calculation can be omitted and the desired information
obtained directly. The table below is reprinted from the paper
referred to above.

Effective earth radius
Air maas type
Summer

Tropical Gulf .
Polar Continental
Superior .

.

1.53 X R
1-31X R
1.25 x R

1

Winter

1.43 x R
1-28x R
1-25 x R

R= h e actual earth's radius.

The boundaries between these different air masses provide
differences in the refractive indices which are adequate to produce
a substantial bending effect on the radiation trajectory. I n a
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typical caae reflections might be caused at a height of 4 to 5 km.
at the boundary between a Superior air maas above a wedge of
Transitional Polar to Tropical Atlantic air; while at a height of,
say, 3.5 km., further reflections may occur a t the boundary
between the last-mentioned air mass and a Transitional Polar
Continental air mass.

1.0 km
2.0 km
3.0 k m

1

100
50
30

1
I

NOTE.-.El= Superior.

20
10
10

40

20

1

Tg=Tropical Gulf.

35

25
15
10

30
35
25

Pc= Polar Continental.

The above table shows the difference in dieleotric constant
(times lo6) produced at the boundary between the various airmass types indicated above. I t should be noted that the refractive
index is the square root of the dielectric constant. This table is
also reproduced from the paper referred to earlier.
As might be expected, the shorter wavelengths in general
exhibit the worst fading, considered either as a higher rate of
fading, a greater amplitude of signal variation, or both. The
whole nature and severity of the fading changes enormously from
day to day. No sunrise and sunset variations are noticeable, but
there is a seasonal falling-off in the average signal strength in the
winter. No connection has been established between the visible
weather phenomena and the fading experienced. Cloud bottoms
which are merely the adiabat'ic dew-point level do not apparently
cause signal reflection.
During their measurements Englund, Crawford, and Mumford
noted changes in t.he received signal strength of up to 40 db;
these changes were always slower than those due to the ionised
layem on the short waveband. Even under turbulent atmospheric
conditions (high wind and convective instability) fading did not
exceed a rate of some five cycles per second. Most of the reflections
occur at boundaries lying between 5-5 km and 1 to 1-5 km. The
majority of the boundaries occur at the lower heights, as would
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be expected from Table 5, which indicates that the largest
differences in dielectric constant occur in this region.*
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FIQ.5.5.-Recordings

of the extreme boundary layer fading conditions
observed on 4.7 metres over a 70-mile sea-water path, by Bell System
Engineers. The first diagram shows the slowest rate of fading. the
second a rapid rate of fading, and the third extreme fading amplitudes.

In the same paper it is also deduced that for this type of fading
the difference between the direct and reflected paths was normally
between 8 and 550 metres over the 70-mile sea-water path. These

* When the magnetic permeability of a medium is unity the dielectric constant at
the frequency being considered is the square of the refractive index. See also the
section on horizontal and vertical polarisation.
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figures make it possible to assess the severity of any selective
fading which may occur due to this cause. Taking the maximum
difference in path length (550 metres) and assuming a carrier
frequency of 200 Mc/s (1.5 Metres) and a peak-to-peak deviation
of 150 kc/s, then a t the lower deviation limit (199.925 Mcls) there
550
1-501

will be a difference in path length of -=366.4 wavelengths.
At the maximum peak deviation frequency (200.075 Mc/s) there
550
1.499

will be a difference in path length of -=366.9 wavelengths.

It will be seen that the difference between the reflected and
direct path lengths at, the upper and lower deviation limits will
therefore be approximately one-half wavelength. Under these
conditions it is possible for the direct and reflected signals to be
in phase a t one extreme frequency limit and 180" out of phase a t
the other. As, however, this is an extreme case, both on the length
of path and differences in direct and reflected path lengths, it is
safe to draw t,he deduction that the difference in path length will
in practice only produce sporadic distortion to a high-fidelity
frequency-modulation broadcast service on a carrier frequency of
some 200 Mc/s. Below this frequency fading resulting from this
cause may be ignored.
Reflections from Solid Objects

The third type of selective fading is likely to become troublesome a t rather lower frequencies. It results from reflections due
to such objects as buildings, mountains, gas-holders, and aircraft
in flight. It has already been shown that the factors which determine the amount of distortion resulting from selective fading are,
firstly, the difference expressed in wavelengths between the direct
and the reflected paths, and, secondly, of course, the strength of
the reflected signal. It is very difficult to lay down any definite
figures for the distortion which will result. However, particularly
in the case of gas-holders, relatively powerful signals can be
returned from distances of some miles. By employing reasoning
similar to that adopted earlier it can be shown that even before
the carrier frequency is raised as high as 200 Mcls, serious distortion can be caused. I n practice it is usually possible to completely
eliminate this type of distortion by moving the receiving aerial a
few feet in eit.her direction.
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I n addition to the distortion which may be caused by selective
fading, it is possible for the signals reflected from aircraft to
produce detrimental results due to the shortening or lengthening
of the path taken by the reflected wave. Because of the Doppler
Effect, the reflected signal frequency will be increased by an
amount determined by the rate at which the transmissiol~path
is being shortened; conversely the reflected signal frequency will
be lowered when the reflection path is being increased. The result
at the receiver is a heterodyne beat note due to the frequency
P K t W . MUD.
TRANSMITTER

e

-

RECEIVER

Fro. 5.6.-Reflections from moving objects are received at an altered frequency. The
resultant heterodyne beat note between the direct wave and the reflected wave will
in many cases be below the limit of audibility.

difference existing between the reflected and the direct wares.
Taking the example illustrated in Fig. 5.6, the reflected path is
being shortened a t a rate which is twice the speed of the approaching aircraft. Assuming that it is travelling at a speed of 300 miles
per hour (or some 134 metres per second), the length of the
reflected signal's path will be shortened by some 268 metres per
second. If the carrier wavelength is taken as 1.5 metres (200 Mcls)
the reflected signal frequency will be raised by some 180 c/s.
The difference frequency between the reflected and direct signals
will therefore result in a 180-c/s heterodyne beat note. It
should, however, be noted that the example taken is extreme,
and that in the majority of cases the path length will not alter
so rapidly and therefore the heterodyne frequency will be lower
-in most cases a "flufEng" noise accompanied by distortion will
be heard. It is this same effect which causes a television picture
to "flutter" when an aircraft passes overhead.
I n summing up the position, it may be stated that low frequency
heterodynes, accompanied, of course, by severe selective fading,
may be expected as a result of aircraft reflections under conditions

EASTERN STANDARD TIME (AM!

Fro. 5.7.-Records, taken by Bell System Engineers on 4-7 metres and in two polarieations, of high-speed fading attributable to radio reflections
from a moving aircraft.

122

FREQUENCY MODULATION ENGINEERING

of low ground field strength with high field strengths above the
ground. These conditions are liable to occur in va.lleys or on loalying ground near aerodromes or other points over which aircraft
pass a t relatively low altitudes.
Transmitter Service Range

The service area of a transmitter operating in the frequency
bands where reflections from the ionosphere do not normally
occur, can be divided into two regions, within t,he horizon and
beyond the horizon. By horizon, we shall mean the bounda,ry of
that portion of the earth's surface (assumed perfectly spherical)
within which the direct line between transmitting and receiving
aerials does not intersect the earth's surface. Within the horizon,
the field a t the receiver can be considered as the r e s u h n t of two
components, the direct ray and t,he ray reflected from the earth's
surface. Beyond the horizon, the field consists of a single component, the direct ray, and is due to diffraction effects.
I n determining the position of the horizon, allowance must be
made for the effect of refraction. Under normal conditions the
refractive index of the atmosphere falls with increasing height. A
wave transmitted from the earth's surface is, therefore, travelling
into a medium the refractive index of which is decreasing; as a
consequence, the wave is refracted towards the earth's surface.
This effect is closely associated with that of boundary layer
reflections, discussed earlier; boundary layer reflections require,
however, the presence of air masses having distinct refractive
indices one above the other. As explained in t'he sect'ion on
boundary layer reflections, i t is usual to allow for the effect of
refraction by assuming the radius of the earth to be larger than
its actual value; and a value of 1-33 x the actual radius is usually
taken as a mean value, as representat,ive of the atnlospheric conditions most likely to be encountered. The table on page 116
indicates the order of deviation from this value which may be
expected in practice.
A correction factor must, therefore, be applied in conlputing the
distance to the horizon as defined above. The normal distance to
the horizon, as measured by considerations of optical range, is
given by:
D =3-55( Z/h Z/a,)kilometres
=1.22 ( d h
.\/a) miles,

+
+
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where h is the height of the transmitting aerial and a is the height
of the receiving aerial, and h and a are both measured in metres or
feet. Allowing for the standard corrections for refraction, the
expression becomes:

D = 4- 13 [ t'h
= 1 -42 [

+ l/a] kilometres
+ ,/a] miles.

The phenomenon of diffraction occurs whenever electro-magnetic
wares are propagated in the neighbourhood of an obstacle; in the
case of detekining field strength beyond the horizon, the obstacle
is the earth itself. The effect is that a certain portion of the
radiated energy enters that region which is "shadowed" by the
obstacle. In general, the strength of the field received by diffraction tends to fall ultimately exponent,ially with distance from the
transmitter. There is, however, no abrupt transition in field
strength a t the horizon for the range of frequencies employed in
radio communication.
For the region within the horizon, n good approximation to the
median field strength at any point is given by the following
expression due to H. H. Be\-erage:

where E =the field strength in r.m.s. volts per metre;
W=effectire power radiated in watts=power into the
aerial times the acrid gain over a half-wave dipole
(see page I 9 1) ;
a=tlie receiving aerial height in metres;
h =the transmitting aerial height in metres;
D= the distance from transmitter to receiver in metres;
i.=signal \vavelength in metres.
This expression may be extended to give the approximate field
strength beyond the horizon, by mult,iplying the field strength
obtained in expression (5.3) by a factor (D, ID)",
where D, is the
distance to the horizon. The value of n varies with frequency as
shown in Fig. 5.8.
The median field strength is that exceeded a t 50 per cent of the
receiving sites at a given distance from the transmitter; as the
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transmission frequency is raised, so does the median field strength
fall below the value given by the expression above. Additionally,
the range of variation of field strength in the neighbourhood of a
given receiving site is also found to increase as frequency is raised.
J. A. Saxton, in discussing the departure of the median field
strength from the predicted value, states that,.to a first degree of

F I ~5.8.-Variation
.
of the factor "n" when considering
v.h.f. propagation beyond the horizon.

approximation, the departure in decibels would appear to be constant for all distances up to 50 miles. At frequencies in the region
of 50 Mc/s there is close agreement between predicted and actual
values; at 200 Mcls, the difference is in the region of 10 db
increasing to 15 db at 500 Mc/s and 20 db at 1,000 illc/s.
I n order to assess the limitations of the expression (5.3) above,
when used to compute the field strength within the horizon,
it is necessary to set out the assumptions made; these are as
follows:
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1. The transmissions are above the ionospheric reflection
limit, i.e. above 30-40 Mcls.

2. The received signal consists of two components, a direct
component and one received by reflection from the
earth's surface; it is assumed that the aerial radiates
equally well in the direction of both rays.
3. The surface of the earth is taken as flat.
4. The path length of the direct ray is shorter than that of
the reflected ray by less than one-sixth of a wavelength.
5. The coefficient of reflection a t the earth'a aurface is unity,
and the phase change produced on reflection is 180".
6. I n the ca.se of vertical polarisation, the aerials are assumed
to be at least two wavelengths above the earth's surface.

Fro. 5.9.-Patha of reflected and direct rays
from transmitter to receiver.

There is no need to comment on the first msumption. The
second assumption is the basis on which the calculation rests.
Fig. 5.9 shows the paths of the direct and reflected rays, and from
the geometry of the diagram, the path length of the direct ray

4, is
whilst the path length of the reflected ray is
the path length difference is thus
The expressions under the square root signs can be expanded by
the Binomial t.heoreln if D>hf a, which is normally true. This
leads to
dl-d2=2cth/D.
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The corresponding phase difference 8 between the two components (adding z radians for the phase change at. reflection) is
thus
2ah P z
8=z+ radians.

D T

Fxa. 5.10.-Vector diagram of received direct and
reflected components.

The vector diagram from the two con~ponentsa t the receiving
aerial is therefore as shown in Fig. 3.10; the resultant of the two
components is therefore
--

E2= d(E,+E,

-

- --

.-

cos O ) ~ + E sin2
? 0

We have assumed that the coefficient of reflection is unity; hence
En= ER, whence
- --E 2 = E D d 2 ( l + c o s 8).
- -

Since

d=z+

2ah 21c

- -,
D I

cos O = -cos

4ah P i c

Thus

=2E1, sin

ah 272
(B

.

. . . .

ah
this is approsi~natelyequal to
ID'
2ah 27d
E,=E,-.
D A
As shown later, EDis given by
At small values of

ED= 7'0
(see pages 156 and lag),

D

(6.6)
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whence

In practice, the approximation is satisfactory for phase differences
up to n / 3 radians; this corresponds to a path length difference
of 116.
If, however, the condition is not fulfilled, expression ( 5 . 5 ) must
be employed instead. It is instructive to consider what happens
if the receiving aerial height only is altered. As the aerial is
raised, the field strength as predicted by expression (5.3) is found;

FIG.5.1 1.-Variation of field strength with aerial height due to
reflected ray. The approximate expression (5.3) is valid over
the range dl-d,<t/6, i.e. ah/,?D<0.085.

when, however, the path difference exceeds one-sixth wavelength,
the signal strength increases more slowly than predicted until the
path difference is equal to A/2; the signal strength is then equal to
twice the free space value. With further increase of height, the
signal strength again decreases, and falls to zero when the path
length difference is equal to I,. If the aerial is still further raised,
the cycle is repeated. This is illustrated by Fig. 5.11. A similar
variation of field strength with distance is also experienced;
Fig. 5.12 shows this.
Beverage's expression may be modified for use when the signal
frequency is given in Mcls, h in feet, D in miles and E in microvolts per metre. The expression then becomes
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With these units, the requirement that the path length difference
should be less than 116 can be stated as

D

X

l

ah

FIG.6.12.-Variation of field strength with distance due to reflected ray.
The approximate expression (5.3) is valid for d,-d,< j,/6, i.e. /D;ah> i?.

The condition that the earth is considered flat can be modified
to take account of the earth's curvature by taking the heights of
the transmitting and receiving aerials as less than their actual
value. As shown by Fig. 5.13, this assumes reflection a t a plane

F I ~6.13.-Thie
.
diagram illustrates the geometry involved in spherical earth
calculations of field strength.

surface ABC; the length of the aerial computing field strength
must then be taken as h'(AT) and af(CR).
From a knowledge of the distances BD and DE, the necessary
reductions of aerial heights (by AD and CE) can be calculated.
These reductions are given with sufficient accuracy by

and
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where AD and CE are in feet, and BD, BE are in miles. This
relationship automatically allows for the refraction in the earth's
atmosphere referred to earlier.
Passing on to consider the fifth assumption which postulated
that the coefficient of reflection was 100 per cent and the phase
change on reflection waa 180". For horizontal polarisation these
conditions will generally be satisfied when reflection is due to
either the surface of earth or to water and the carrier frequency is
above some 60 JIc/s. For vertical polarisation these requirements
d be satisfied for reflections from either the earth or fresh water
at angles of reflection below approximately 0.5". However, more
comprehensive formulae must be employed for cases where a
vertically polarised wave is reflected from salt water, or where
the angle of reflection exceeds about 0.6".
The properties of the earth which produce these varying phase
changes and coefficients of reflection are expressed as a dielectric
constant E and an ohmic resistance. For the earth this ohmic
resistance is conveniently expressed in terms of resistivity per
centimetre cube. The reciprocal of the restivity is the specific
conductivity a, which is expressed in mhos per centimetre cube.
I t should be noted that the specific conductivity is expressed in
electro-magnetic units in this chapter. These em-cgs system units
should not be confused with the es-cgs system units which give
values 8x 1Om times larger.
I$

+

Typical figures for the dieledric constant and resistivity
of ground
Specific
conductivity

Type of ground

u
em-cgs units

.Sea aster

River water
.
Dry soil .
Farm soil-fertile
.
Sandy soil close to the sea
Moist ground
.
Inland soil

I

i

II4x10-"
45 x 10-IS
i
10-l6
5 to 15 ~ 1 0 - " '
10-l5
I
30 x lo-'"
10-l3

,

.

Dielectric
constant
E
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Measurements made by Barfield and Smith-Rose ha\-e shown
that there are large variations in the conductivity of the ground
with moisture content. Thus, for one sample of loam o was
9~ 10-15 em-cgs units when the moisture content was about 1 per
cent, and 1 . 3 10-l3
~
em-cgs units when it was 25 per cent. For
the same sample E varied from 3 for 1 per cent moisture content
t o 37 for a 25 per cent moisture content. I n addition to these
variations the reflection constants changed slightly with frequency, in general the dielectric constant decreased and the
specific conductivity increased.
McPetrie and Saxton hare shown that, on the r.h.f. band,
reflection takes place very near the surface. On one site they
found that a t a frequency of 60 Mc/s grass-covered ground gave
a = 3 x 10-l1 em-cgs units and ~ = 1 8 ; whereas when the 9-inch
layer of grass-covered surface soil was remored and the gravel
subsoil dug out to a depth of 7 feet, so as to leave a new surface of
pure gravel without the slightest sign of humus or decayed
vegetation; a = 3 10-l4
~
em-cgs units and ~ = 5 .
Horizontal and Vertical Polarisation

It is impossible t o consider the question of earth reflections
without bringing in the differences between horizontal and vertical
polarisation. It is apparent that so long as we consider a direct
wave alone, there will in fact be no difference between the two
polarisations. I n practice, however, the received signal will always
be made up, a t least in part, of a reflected wave component. I n
so far as it is made up of such a component it may be expected
that any differences existing between the reflection of horizontally
and vertically polarised waves will in turn result in proportional
differences in the received field strengths.
It has already been noted that the magnitude of the reflection
coefficient is dependent upon t,he dielectric constant, the conductivity of the reflecting surface, the incident made by the wave
with this surface, and also, what is most important, on whether
the wave is vertically or horizontally polarised. Provided that
the receiver lies within optical range of t,he transmitter, i.e. providing that both transmitter and receiver lie above the tangent
plane through the point of reflection (see Fig. 5.13), then the
resultant field strength will be determined by the vectorial
combination of these two components.
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The first component,, that arriving over the direct path, will be

where Eo=the field strength due to the direct path wave, in
r.m.s. microvolts per metre;
P= transmitting aerial power in kilowatts (half-wave
dipole aerial);
D=direct distance in miles between the transmitter and
the receiver.
Equation (5.6) will also give the strength of the reflected component, if in place of D the total length of the reflected path is
substituted, and the resultant field strength is multiplied by the
coefficient of reflection.
To combine vectorially the direct and reflected components it
is also necessary t,o know the phase angle existing between them.
This phase angle is made up of two parts, one due to the difference
in the path lengths and the other due to the phase change produced upon reflection. While the phase angle introduced by the
difference in path length may be calculated by straightforward
geometric procedure, that produced upon reflection is rather more
difficult to ascertain. This second phase angle is included in the
reflection coefficient, a complex relationship which expresses the
reduction suffered by the original wave amplitude, as well as
the phase shift imparted to it during reflection.
The reflection coefficient= Keja,
where

K=the reduction in amplitude upon reflection;
a=the phase shift produced upon reflection.

The reflection coefficient defines the extent to which the
amplitude of this wave is altered, by means of the term K, while
the phase relation in which t.he reflected wave component (a j
component of variable angle) should be added to direct wave
component, is indicat.ed by the term a in the index ja.
I t has been shown by H. 0. Peterson that the value of the
reflection coefficient ca'n be evaluated from the following two
formulae:

132

FREQUENCY MODULATION ENGINEERING

for vertical polarisation, and
.

Khe3'h =

sin$-d~~-l+sin~$
sin $+ d&,-1 sin2

+

+

. . .

(5.8)

for horizontal polarisation,
where +the angle of incident with the reflecting medium;
E,= the effective dielectric constant of the reflecting medium.
The value of 6, is given by

where f =the signal frequency in megacycles;
o=the earth's conductivity in em-cgs units;
&=the dielectric constant of the reflecting medium.
To illustrate the extent to which these various factors influence
the strength of the reflected wave, a numerical example published
by M. Katzin will be given. For simplicity he takes the case of a
pure dielectric reflecting medium (whichwill, in fact, be approached
by dry soil) with a horizontal polarisation; such a wave is always
reversed in phase by 180" on reflection by a pure dielectric, while
the magnkude of the reflected wave will fall from 100 per cent
(K= 1) of its original value with grazing reflection incidence, to
a value a t perpendicular incidence which is dependent on the
dielectric constant. For small angles between the wave and the
reflecting surface, the reflected wave will suffer practically no
attenuation on reflection, so that K, in the coefficient of reflection,
differs inappreciably from unity.
For vertical polarisation, the position is somewhat different.
Here, for grazing angles of incidence with the reflecting medium,
the reflected wave is reversed in phase without any appreciable
reduction in amplitude (a= 180•‹,K =1). However, with increasing angles of incidence the reflected wave's amplitude decreases
rapidly and finally becomes zero (K=O), a t the angle of incidence
whose co-tangent is equal to the square root of the dielectric
constant of the reflecting medium. This angle is known as the
Brewster angle. Above this angle there is no change in the phase
of the wave on reflection (a=OO), and the amplitude of the
reflected wave increases steadily to a value, at a perpendicular
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angle of incidence, which is the same as that for a horizontally
polarised wave. Fig. 5.14 shows the reflection coefficient of both
vertical and horizontal polarisations for ground with zero conductivity and a dielectric constant of 9. In this case the angle a t
which no reflection takes place for vertical polarisation is some
18.5'.

Fro. 5.14.-Reflection coefficient of ground having &=9, u=0.

When the conductivity of the reflecting medium is not negligible
the relations are more involved. The phase shift on reflection is
in general other than zero or 180". As in the case of a perfect
dielectric, the reflected wave is reversed in phase withoutreduction
in amplitude so long as the angle of incidence is zero, but the
amplitude decreases rapidly as the angle of incidence is increased.
However, instead of passing through zero it reaches a finite
minimum value after which it increases in amplitude again. At
the same time the phase shift on reflection, considered as a lag,
decreases from 180" at zero incident angle to zero at vertical
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incidence, passing through 90" at the angle for which the amplitude
of the reflected wave is a minimum. For a given ground dielectric
constant, increasing conductivity lowers the angle of incidence
a t which the amplitude of the reflected ware is a minimum.
Fig. 5.15 shows the reflection coefficients for sea-water at a
frequency of 50 Mcls.

0"
20"
40"
60'
80" go;,
ANGLE TO GROUND- HORIZONTAL POLARIZA

-

FIG.5.15.-Reflection coefficient of sea-water at 50 Mc,h
&=SO, a=4 x lo-" em-cgs units.

It has already been noted that the difference in the reflection
coefficient with horizont,aland vertical polarisation is very largely
responsible for the difference in behaviour of these two polarisations when propagated over mediums of good conductivity, such
as sea-water. In vew of this it is of interest to refer back to the
two curves given in Fig. 5.7. I t will be noted that these curves
were obtained over a 70-mile sea-water path and that the field
strength of the vertically polarised signal is very considerably
greater than that due to the horizontally polarised signal.
Investigations by Trevor and Carter have shown that such
variations are to be expected from theoretical considerations.
They have shown that in the case of sea-water at frequencies
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above some 200 to 300 Mcls, the dielectric "earth" current predominates over the conductivity current, and that the sea-water
"ground" behaves as a pure dielectric. With vertical polarisation
as the frequency is lowered the phase shift produced upon reflection departs from 180" and, the difference in path length being

ho. 5.16.-Theoretical field strength vs. wavelength over
--water at a distance of 1 km. for a dipole 8 metres high
and radiating 1 watt; vertical and horizontal polarisation.
Receiring aerial height is zero feet.

only a fiaction of a wavelength, the reflected wave does not arrive
with an absolutely opposing phase relationship to the direct wave.
I t will be seen that this will result in an increased field strength
for the vertically polarised signal. With horizontal polarisation,
on the other hand, there is no appreciable change in the phase
of the reflected wave with frequency; at the same time the
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magnitude of the reflection coefficient approaches unity more
closely as the frequency is lowered, so resulting in reduced field
strengths. The limiting ratio to the difference in field strength
due to a change from vertical to horizontal polarisation is equal
to the dielectric constant of water, which in this case is 80.
Measurements confirming Differences between Horizontal
and Vertical Polarisation

Having now outlined the theory underlying the differences
between horizontal and vertical polarisation, it is proposed to see
how far this theory is confirmed by practical results. Measurements with this object in view have been made by Katzin, George,
and others. The results published by both these investigations
agree fairly closely. Measurements were made by George over
the bands from 81 to 86 Mc/s and 140 to 145 Mc/s at twenty-one
locations in the New York area. He used both horizonta.1 and
vertical polarisations, and made measurements to establish the
strength of the direct and indirect waves in each case.
The table following summarises the results obtained in the
mass plot referred to in the preceding paragraph. It compares the
maximum and minimum ratios measured over the two 5-megacycle bands; this variable frequency method of determining the
strength of the direct and indirect signals being the inverse of

Geometric means of the ratios of mazimum Jield strength to minimum
field strength obtained during measurements made at 21 locations

/

1
Horizontal polarisation
Vertical polarisation

.

,

.

81 t~ 86
Mcja

1

1-86

j

2.97

I

i

1-20 to 145

1

Mc/s

1
1

2-12
3-38

1

that employed in the study of propagation distortion at the
beginning of this chapter. It will be seen that the indirect interfering signals were from 10 to 20 per cent stronger at the higher
frequencies and that they were strongest with vertical polarisation
on both frequencies. Another interesting point emerging from
George's study is that, on the average, horizontal polarisation
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produces a field strength about 2 db higher than that resulting
from vertical polarisation. This was found on both the frequency
bands on which he made measurements.
At first sight it would appear that the larger variations in the
field strength which occurred in the case of a vertically polarised
signal (i.e. due to a stronger indirect ray), do not agree too well
with the theoretical conclusions outlined earlier. However, there
is a very reasonable explanation. It has been shown that the
reflection coefficient for horizontal polarisation (i.e. the electric
field parallel to the reflecting surface) is always greater than that
for vertical polarisation (i.e. the electric field perpendicular to the
reflecting surface), except for the limiting cases of grazing and
perpendicular incidence. In urban areas we are concerned with
reflecting surfaces which are predominantly vertical, instead of
the horizontal ground surfaces, to which Fig. 5.14 applies. I t
follows, therefore, that the effective polarisations are interchanged,,
so that transmission from a vertical aerial corresponds to a
horizontal polarisation with respect to vertical buildings and vice
versa. I t may, therefore, be expected that vertical aerials will
result in reflected ray components of greater amplitude, on the
average, than would horizontal ones. The very great number
and complex nature of these reflections, however, tend on the
average to neutralise one another, so that horizontal polarisation
with the smaller number of reflections will actually result in a
slightly greater field strength.
I t should be noted that, in addition to consideration of the
field strength, the difference between the motor-car ignition noise
pick-up on a horizontal and vertical receiving aerial is of considerable importance. This is discussed in the next section.
Interference Pick-up on Vertical and Horizontal Dipoles Aerials

At t,heend of the iast chapter it was shown that, on the average,
horizontal polarisation may be expected to give a slightly greater
field strength in urban areas, and that the amount of selective
fading-again in urban areas-will in general be less than that
experienced with vertical polarisation. Important though these
points are, it is doubtful whet.her they would in themselves justify
the strong preference which exists for horizontal polarisation.
By far the most serious form of interference experienced on the
r.h.f. band is that generated by the ignition systems of passing
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motor-cars. The field strength of the interfering signals radiated
by motor-car ignition systems over the frequency band between
40 and 450 Mc/s has been studied in detail by R-.W. George of the
Radio Corporation of America. He made his measurements on a
receiving aerial situated 35 feet above the ground and 100 feet
away from a dual-carriageway arterial road. He measured the
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FIG.6.17.-Motor-car ignition radiation picked rip nn a receiving clipole, firstly in the
vertical and then in the horizontal position.
(Bycourtew of tk I. R.E.)

peak ignition field strength of each car as it passed the nearest
point to the receiving aerial, on a specially designed peak voltage
indicator. I n order to ensure known aerial constants a half-wave
dipole receiving aerial was used, the complete receiving equipment
being recalibrated for each frequency on which measurements
were made.
Fig. 5.17 summarises the results of these measurements. The
curves show the motor-car ignition radiation which was picked
up on the receiving dipole, firstly in the vertical and then in
the horizontal position. The field strength is expressed in peak
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microvolta developed within a receiver band-width of 10 kcla.
The percentage given against each curve is the proportion of the
total number of vehiclea which produced leas than the field
strength indicated. These measurements show clearly that there
is a small difference in the initial level of the horizontally and
vertically polarised components of motor-car ignition interference.

Summary of BBC Measurements on the
Range of Ignition Interference
Field Strength
45 JIc/a
.Half-warelength
dipole 30 feet

100

Extinction Distance

A.M.
j

Horizontal
poleriaation

..
1I

1.m
5.000

.,,

SOTE-Field strength on 90 Mc/s for same degree of interference ie approximately
one-third that at 45 JIc/a.

In passing, it should be noted that if these curves are used as
a basis for any calculations of the ignition interference field
strength under different conditions, it is most important that
allowance be made for any difference in the receiver band-width.
It will be remembered that it was shown in Chapter Three that the
peak amplitude of impulsive noise was directly proportional to
the receirer band-width.
Measurements which have been recorded by H. L. Kirke of the
BBC Engineering Division are of a more practical nature than
those carried out by R. If'. George. The BBC measurements were
made in order to determine any difference in the range of ignition
interference. The relative distances a t which the ignition noise is

140

FREQUENCY MODULATION ENGINEERING

extinguished were measured. The results are of considerable
importance and are summarised in the above table.
The figures given are for substantially complete inaudibility of
interference in a condition of low ambient acoustic noise. They
may be taken as typical for a fairly well-designed recei~era t
45 Mcls. Further interference teats made by the BBC on 90 J k / s
indicate that the field strength required for the same degree of
interference. as on 45 Mcls is only about one-third. It was also
found that horizontal polarisation was preferable on 90 Mc!s, the
improvement being about the same as on 45 Mc/s (e.g. some
10 db).
Circular Polarisation

In addition to the measurements referred to above, George made
various measurements on waves propagated with a circular polarisation. Ria measurements, which were taken at three locations,
are summarised in Table 8. These measurements show that
circular polarisation is slightly less desirable than horizontal and
possibly somewhat more desirable than vertical.
Circular polarisatwn-comparisom of measuremnts made. on the
band 81 to 86 illc,'~
Location
-- .

Comparison

. .-.-

1

2

1-02

0.94

--

i

- -- -

-

3

Vert. max./min. ratio
Horiz. max./min. ratio
Cir. max./min. ratio
Horiz. max./min. ratio

1.11

Avg. vert. mV/m.
Avg. horiz. mV/m.
Avg. circ. mV/m.
Avg. horiz. mV/m.
Received Power

Assuming that a half-wave dipole is used at the transmitter
and that the receiving half-wave dipole has a radiation resistance
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of 75 o h s and is matched into the load circuit, then the watts
developed in that load circuit will be

where Wr=watt8 absorbed in receiver load circuit;
P=transmitting aerial power in kilowatts (half-wave
dipole aerial);
h=height of tmnsrnitting aerial above surrounding
country;
a=height of rewiring aerial above surrounding country;
D=&tance in miles between transmitter and receiver.
When aerials other than half-wave dipoles are wed a t either
or both the receirer and transmitter, then the above received
power should be multiplied by the power gain of the two aerials.
The attenuation of a radio transmission circuit may be expressed
in terms of the ratio of power transmitted to power absorbed a t
the receiver. By developing the above formula the following
relationship is obtained:

The above power ratio may, of course, be converted into
decibels if so required. The attenuation should be divided by
the power gain of the transmitting and receiving aerials. It should
be noted that the above formulae only apply within optical range
of the transmitter.
The F.C.C. Field Strength Charts

Rvith a view to standardising calculations of the field strength
which may be expected from ultra-short-wave broadcasting
stations, the United States Federal Chmmu~cationsCommission's
Engineering Department hare published a series of curves from
which the service area of such stations may be determined. The
first of these curves, which is reproduced as Fig. 5.18, deals with
the propagation of a 46-Jk!s signal over land having a compromise but representative conductivity and dielectric constant.
This curve, which is calculated from theoretical considerations,
assumes a receiving aerial height of 30 feet. The chart reproduced
as Fig. 5.18 may be used in order to determine the anticipated

Fro. 5.18.-The F.C.C. field strength chart for determining the signal range of high frequency broadcasting stations. The
chart applies to 40 Mc/s propa~ationover land with a conductivity of a = 5 x lo-'' em-ogs units and a dieleotrio constant
of c= 15. The receiving aerial height is 30 feet.
(UUcouri8~of the Fulem.4 C m m u n i r a t i m Cmmirrion, W7arhin&n.)
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distances to the 1,000, 50, and 5 microvolts per metre contom
at the carrier frequency of 46 Mcls. These distances are determined by the height of the transmitting aerial above the surrounding country, as well as the transmitting aerial's power and
field gain. To determine the anticipated distance to, say, the
5-microvolt per metre contour, it is only necessary to follow the
horizontal line corresponding to the transmitting aerial height
over to the 45" line for 5 microvolts per metre and corresponding
to the effective aerial power; thence one proceeds vertically
downward to'the curved line corresponding to the aerial's height,
and then again horizontally to the left to read off the distance in
miles to the 5 microvolts per metre contour.
The term I3 a t the base of the chart is defined as the Effective
Signal Radiated, and is expressed mathematically as

where h=the height of the transmitting aerial above the
surrounding country;
G=the transmitting aerial field gain;
P=the aerial power in kilowatts;
F=the required field strength in microvolts per metre.
By working out the value of the Effective Signal Radiated, the
F.C.C. chart can be used to determine the distance to any desired
contour. Once having evaluated the Effective Signal Radiated,
it is only necessary to run vertically upwards to the transmitting
aerial height curve, and then over to read off the distance in miles
on the left-hand scale to the selected field strength contour.
As an example of the way in which the chart is used, let it be
assumed that the receiving aerial is a half-wave dipole 30 feet
above the ground, that the transmitting aerial height is 760 feet,
and that it is desired to determine the distance in miles to the
50-microvolt contour for a station in the 46-Mc/s band. Suppose
that t.he aerial power is 500 watts, and the aerial array is such
that there is a field gain of 2. As the field gain is the square root
of the power gain, it follows that the true aerial power of 500 watts
must now be multiplied by 22 in order to obtain the effective
aerial power. This results in 4 x 500=2,000, which means that
the effective power is 2 kilowatts.
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I n using the chart it is, firstly, necessary to find the intersection
between the horizontal line passing through the i5O-fwt ordinate
and the 2-kilowatt 45" line associated with the 50-microrolt group.
The distance to the 50-microrolt contour is found by proceeding

FIG.5.19.-The F.C.C. chart showing the variation with frequency of the range
of rc v.h.f./u.h.f. broadcastingstation. Thechart assumes a half-wave dipole transmitting aerial at a height of 1.000 feet and a similar receiving aerial at 30 feet.
Ground oharacteristica as for Fig. 5.18. The dotted contour is for vertical and
the solid line for horizontal polarisation.
( B y courica~~
of the PedProl Communicalions Con~mirrion,Rarhington.)

vertically downwards to the intersection with the 750-foot curve.
This curve, although not drawn, lies half-way between the 500-foot
and the 1,000-foot curves. The height of this intersection point,
when read off on the vertical scale, gives the distance to the
50-microvolt contour as 54.5 miles. If the above procedure is
reversed, Fig. 5.18 may be used to find the power required for a
given aerial height, in order to cover a crertain distance within
a 50-microvolt contour.

'TONBRIDGE

TH FORLANO

0

5

1
0

YIO. 5.20.-The Beld strength contours for the BBC's Wrotham P.M. transmitter.
Site height 726 feet above son-lcvol. M~istheight 406 feet E.R.P. 120 kW. Horizontal polarisation.
( B y coutbsy of the Brilwh Umdcuuling Coryomlion.)
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The curves given in Fig. 5.18 are only strictly correct at one
particular frequency-namely, 46 Mcls. As ~tis, however, necessary to assess the field strength a t widely differing frequencies, the
F.C.C. publish another curve which is reproduced as Fig. 5.19.
This curve shows the way in which the field strength may be
expected to vary as the frequency of the transmission is varied.
I t mill be noted that this chart deals only with one specific casea dipole transmitting aerial at 1,000 feet above the surrounding
country and a receiving dipole at 30 feet. In conclusion it may be
stated that field strengt,h tests carried out by the BBC show
substantial agreement with the F.C.C. curve; although it is
recommended that a value of one-half the idealised field strength
should be used.
Conclusions

As this chapter has covered a very wide field, it is proposed to
summarise the more important conclusions which may be d r a m
from it. Firstly, although the use of the v.h.f. band is essential
for all high-fidelity frequency-modulation broadcasts, the short
waveband or any other band on which the ionised layers form part
of the transmission path, may be used provided that the frequency
spectrum occupied by the signal in question is small-preferably
less than 2 or 3 kc/s. In cases where this is possible the full gain
due to the use of frequency modulation can be realised.
I n the case of high-fidelity frequency-modulation broadcasting,
reflections from static objects such as buildings and gas-holders
start to become troublesome at round about some 150 to 200 Mcls,
although in the case of a frequency-modulated radio telephone
system the frequency would have to be raised considerably higher
before any noticeable distortion occurred. It therefore follows
that the method of polarisation which gives a minimum of
reflected signals should be employed. In urban areas it has been
shown that horizontal polarisation not only gives a slightly
increased field strength, but also results in a smaller amount of
selective fading. For radio telephone and other services requiring
a comparatively limited frequency band for their transmission,
no very great benefit would result from the use of horizontal in
place of vertical polarisation. There would be a marked improvement (i.e. a reduction in distortion) on a high-fidelity frequencymodulation transmission.
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Chapter Six

AERIALS
electric field produces a magnetic field in just the
A
same way as an electric current flowing in a conductor sets
up a magnetic field. If the current in the conductor is termed
VARYING

conduction current, then the current flowing "through" the
dielectric of a perfect condenser (excluding any current due to

VERTICAL

HORIZONTAL

TRANSMISSION
LINE

F I ~ 6.1.-Diagram
.
(a)shows the general form taken by a centre-fed
dipole aerial. Diagrams ( b ) m d (c) show contours of equal field strength
when a short aerial of this type is firstly vertical and secondly horizontal.

leakage) may be termed the capacity or displacement current.
As far as the resultant magnetic effect is concerned there is no
distinguishable difference between that produced by a displacement current and that produced by a conduction current. In the
case of displacement current, it should be borne in mind that as
the current path lies through a perfect dielectric, then there can
be no 12Rloss equivalent to that which occurs when' current flows
through a conductor of finite conductivity.
If i t is now wsurned that an alternating current is fed into the
centre of a conductor, as shown in Fig. 6.1 (a),i t will be apparent
that conduction current flows into the two rods, and that this
current can only find its return path by flowing through the
capacity existing between them. In other words, the conduction
148
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current flowing in the rods results in a displacement current in
the space outside them. If the frequency of the applied current
is the same as that a t which the inductive reactance equals the
reactance of the total incremental capacity existing between the
two rods, then the circulating current, as in any other resonant
circuit, will be very large.
Once a varying electric field and its complementary magnetic
field have been produced in free space, they will be mutually
self-supporting and, there being no finite boundary to limit the
space in which they "flow", a self-supporting electro-magnetic
wave-motion is set up. This wave-motion, which travels with the
velocity of light, has magnetic and electrostatic fields at right
angles to each other, and also a t right angles to the direction of
travel. The total energy content of the electro-magnetic waves
set up in this way is termed the radiation loss of the aerial. It
will be noted that basically it is possible to consider a radio aerial
as a device for producing the largest possible displacement current
for a given power input.
Before proceeding to a more detailed study of aerials, it is useful
to state some of the basic expressions employed in dealing with
electro-magnetic radiation. It is usual to express field strengths
in terms of the r.m.s. value of the electric intensity component E.
This is usually given in volts/metre or microvolts/metre. The
r.m.s. value of the magnetic intensity component is however
sometimes quoted; this is usually given in ampere-turnslmetre or
microampere-turns/metre. I n a plane polarised plane wave the
electric and magnetic vectors are mutually perpendicular and are
related by the following expression:
Since the dimensions of EIH are ohms, the factor 120n (=377 approximately) is frequently termed the "impedance of free space".
The power associated with such a wave, over a unit area parallel
to the plane of the wave vectors, is given by

P= E x H watts/sq. metre
--E2

12072

watts/sq. metre.

By means of this expression, it is possible to calculate the power
radiated from an aerial. On the surface of a sphere of very great
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radius R, centred on the aerial, the wave may be assumed plane;
the direction of the electric and magnetic vectors may be taken to
lie in the tangent plane at every point. Then the total power
radiated by the aerial is given by

where J, is the angle made by the radius vector at any point P
with an axis arbitrarily taken through the centre of the sphere,
and ER is the electric intensity at the point P.
Field Strength Diagrams of Short Aerials
In the v.h.f. band it is frequently possible to use the simple
aerial arrangement illustrated in Fig. 6.1 (a). Normally such an
aerial has a total length equal to a half wavelength of the radiated
signal. This type of aerial, which is termed a half-wave dipole,
is normally used as the reference or standard against which the
performance of other more complex types is measured. This being
so, it provides a suitable point a t which to start a general investigation of the behaviour of short-wave aerials.
Ignoring the effect of the earth, the theoretical field strength
produced at a point Q situated at a substantial distance from an
aerial which is short in comparison with the wavelength being
radiated is given by

E = - 60n'z sin 8 r.m.s. voltslmetre,
Ad

. .

(6.2)

where &the angle which the line connecting the point Q with
the aerial makes with the axis of the aerial;
d=the distance in metres to the point Q (it should be
noted that d must be large compared with the wavelength);
I=r.m.s. current (amps) in the aerial element (assumed
constant throughout the element);
Llength of aerial element in metres;
A=signal wavelength in metres.
This expression may be written using the signal frequency f in
megacycles as
E=0-62811fsin Old.
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The power radiated by such an aerial can be evaluated by means
of expression (6.1) above, giving

=.

W,=0~oo881212f

If this field strength distribution is expressed as a polar field
strength diagram it will be of the form shown in Fig. 6.1 (b).
For clarity it will be assumed from now on that the aerial is
mounted vertically when this field distribution is under consideration; and waves radiated from an aerial in this position will
be referred to as vertically polarised.
The field strength distribution in the plane along which the
axis of the aerial lies will vary in accordance with equation (6.2),
from which it will be seen that there is a sinusoidal variation
from a maximum field strength in the plane perpendicular to the
conductor (i.e. the field strength value obtained when the aerial
is vertical), to zero along a line corresponding to the axis of the
aerial. As this change is sinusoidal, it follows that the polar
diagram for a short aerial lying in a horizontal position will be
as shown in Fig. 6.1 (c).
Field Strengths produced by Longer Aerials

So far the formulae given are only applicable to short aerials.
As soon as the length of the aerial is increased it becomes necessary
to take into account its actual length in determining the total
field strength it produces a t any point. In doing this it is necessary
to consider the individual contributions which are made by each
element of length ds of the aerial. When this is done it is found that
a t certain angles the signals radiated by the different elementary
sections cancel each other out. By totalling up the effect of the
signals radiated from all the incremental segments of the aerial,
it ie possible to calculate the field strength produced a t any
given point.
Aerial Current Distribution

I n order to calculate the polar diagram of an aerial, it isnecessary
to make certain assumptions about the distribution of current
along the length of the aerial. I t is generally assumed, by analogy
with transmission line theory, that the current distribution takes
the form of a standing wave, the current being zero a t the free
ends of the aerial. This assumption cannot be entirely accurate,
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since if the current distribution conformed to a true standing wave
pattern, there could be no energy radiated by the aerial. However, the assumption yielda results which are generally very close
to those found by experiment, and hence is widely used.
Two types of standing wave pattern are possible; the first is a
symmetrical distribution of current about the mid point of the

FEED

POINT

\

FEED POINT

-

Cb)

{

-INDUCTIVE

(*I

LOADING

0

b

EARTH

4
Cf)

FIG.6.2.--Current distribution in various types of aerial
(a) Symmetrical current distribution
Ib) Ammmetrical current distribution
(cj u h p o l e aerial and image in ground plane
(d) and (e) Marconi-Franklin aerial, overall length one wavelength
(j)bfarconi-Franklin aerial, overall length two wavelengths
(g) Symmetrical current distribution in aerial of overall length two
wavelengths
(h)hymmetrical current distribution in aerial of overall length two
wavelengths

aerial; the second is asymmetrical with respect of the centre.
Examples of both types are shown in Fig. 6.2 for .an aerial one
wavelength long. If the aerial is centre fed, as shown in Fig. 6.2 (a),
the current distribution is symmetrical; if fed a t a point R/4from
one end, an asymmetrical distribution results. Symmetrical distribution is encountered wherever an aerial is centre fed, and also
if an aerial is end fed over a ground plane (Fig. 6.2 ( c ) ) . I n this case,
the current in the aerial and in its image formed in the ground
plane have a symmetrical distribution with respect to earth.
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Asymmetrical current distribution is generally encountered when
the aerial is fed off centre; however, this is not necessarily so, as
shown by the two variants of the Marconi-Franklin aerial shown
in Fig. 6.2 (d) and (e); in these examples the overall length of the
aerial is one wavelength, and the current distribution is symmetrical, although the aerial may be fed off centre. I n example
( c ) , the 114 "foldedJ' section is non radiating, and in example (d)
the inductive loading element can be made sufficiently small to be
effectively non radiating.
A Marconi&-anklinaerial which is greater than one wavelength
long has a current distribution which falls in neither category; the
distribution of such an aerial of overall length 21 is shown in
Fig. 6.2 (f); for comparison the symmetrical distribution is shown
in Fig. 6.2 ( 9 ) and the asymmetrical in Fig. 6.2 (h). It is not proposed to deal with the Marconi-Franklin aerial in detail, but
attention has been drawn to it to illustrate the fact that the
classification is not rigid. The method of determination of the
field strength diagram for a Marconi-Franklin aerial will be
apparent from a study of the succeeding sections.
It will be appreciated that when the aerial is precisely an odd
number of half wavelengths long, the current distribution is t h e
same in both the symmetrical and asymmetrical cases. When the
aerial is an even number of half wavelengths long, the difference
is most marked; particular care is needed when dealing with a
symmetrical distribution aerial if a parasitic element is employed,
since the current in the latter will tend to an asymmetrical
distribution.
Dipole with Symmetrical Current Distribution

If it is assumed that the instantaneous value of the current i in
each element of length ds of the aerial varies sinusoidally with
time (i= 42 I cos ot, where I is the r.m.s. value of the current in
ds), and that I varies along the length of the aerial sinusoidallyalso,

I = I m , , sin

(8-s),

. . . .

(6.3)

where I ,,, =the maximum r.m.s. c u ~ ~ ein
n tthe aerial;
.?=the overall length of the aerial;
s=the distance from the centre of the aerial to the
element ds.
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This assumption is sufficientlyaccurate, and pro\-ides a working
basis on which the field strength at any point P can be computed.
The aerial is assumed centre fed; the calculation applies equally
well to the field due to en end fed aerial of length 112 above a
perfectly conducting surface. In this case, of course, the calculation yields only the field in the hemisphere above the plane; of
necessity, the field strength at any point below the plane is zero.

F I ~6.3-Path
.
length differences for radiation field components
due to different points along aerial, and corresponding phase
relationships.

With this latter type of aerial, an image of the real aerial is
assumed to exist, by virtue of the presence of the conducting
plane.
At the point P, the components of the resultant field E,
due to each element ds can be considered equal in magnitude,
provided that the distance d from the aerial to the point P
is large; the r.m.s. magnitude of each such component is
given by

The components are, however, not in phase, due to the variation
of path length with the position of element ds. If the component
E,, due to the element a t the centre of the aerial (s=o) is taken as
the reference vector, the component E, due to any other element
2n
differs in phase by an angle -s cos 8. This is shown in Fig. 6.3,

1

for two elements A and B distance s from the centre on opposite
sides of the centre.
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The resultant of these two latter components is

2E, cos

(Ts

cos 8)

and is in phase with the reference vector E,.
The resultant field due to all elements is given by
112

ER=j

s
0

i

c

3cosn

(n

)

day

l=Ima,

but

120n

E,= -I,,, sin 8

M

d

sin 8

where
2n 1

F(8) =

sin 8

. .

This function shows the variation in magnitude of the radiation
field with 8. From expression (6.1), the total power radiated is
given by
211

w,=601

sin 8

dB.

This expression applies only for a true centre fed aerial; where the
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aerial is end fed over a perfectly conducting surface, the power
radiated is halved. The expression may be written as

where

R= 60

sin 0

do.

(6.6)

The factor R is termed the loop radiation resistance, since it
represents the equivalent resistance, which, existing at the point
where the aerial current is maximum, would absorb the same
power as is dissipated in the radiation field.
From expressions (6.4) and (6.6)

The expression for the loop radiation resistance may be found
from the expression below:

The functions S,(x)and Si(z) are as follows:

Ci(x)=

J,

-

cO:u

au.

The table on page 157 indicates the values of Si(x),
and Sl(x).

If a more complete table is required, reference should be made to
Radio Engineers' Handbook, by F . E. Terman.

AERIALS
TAB^ 9

Ra. 6.4 ( A ) .

FIG.6.4.-Calculated polar diagrams for dipoles having symmetrical cuirent distribution
in free space. Theouter line in ( A ) shows the field strength distribution for a very short

.- 1.
1.

CWG
8)
F(e)=
sine
Diagrams (B) and (0)show the distribution for a fill1 wavelength aerial
cos - cos
The
[a(e)=c08 (" cOse)fl and a 14 wavelength aerial
2 sin 8
F(O)= sin
oxie of the aerial is assumed vertical.

wrial (F(O)=sinO), and the inner that for a half-wave aerial

[

[

"

e

(E"ran "UUm High Frequency Teehiqued". E d i h f by J. Q. Emiwrd.)
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The following special cases are of particular interest, and the
values of F(8) and R are tabulated:

F(@
1. A very short aerial length sin 8
008

2. A half-wave aerial
3. A full wave aerial

(; cos e )
sin 8

cos (ncos 8)-1
sin 8
cos

4. One and a half wave aerial

R
1-26

($ coe

73
199

8)

sin 8

105

The polar diagrams for aerials of overall length 112, 1and 3112
are shown in Fig. 6.4, together with that of a very short aerial.
Dipole with Asymmetrical Current Distribution

The polar diagram and radiation resistance of a dipole aerial
with this type of current distribution differ appreciably from those
of a, dipole with symmetrical current distribution, when the
overall length of the aerial is in the region of an integral number
of wavelengths. Where the aerial is an odd number of half wavelengths long, the polar diagram and radiation resistance are the
same, as would be expected, since the current distributions are
identical.
It is only possible to deal here with dipoles of overall lengths
which are an integral number of half wavelengths; at other lengths
the current distribution departs radically from the sinusoidal
pattern postulated, and the discussion of such aerials is beyond
the scope of this book. With the limitation, then, that the overall
A

length of the aerial is m-, where m is integral, the polar diagram
2
function F(8) can be evaluated by a method similar to that
employed with symmetrical current distribution; P ( 8 ) is given by

F(8)=

1
[ I +cos2 (nm cos 8)-2

sin 8

cos (nm cos 8) cos nmIt. (6.8)

,
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The radiation resistance is given by

R= 30 [S,(2itm)].

. . . . .

(6.9)

For the particular case of m=2, i.e. the overall aerial length is one
wavelength, the values of F ( 8 ) and R are given by
1

F ( 8 )= -[ 1 - cos (2z cos 8 ) ]
sin 8

- 2 sin2(71. COY 8 )
sin 8

9

The polar diagram function P ( 8 ) is shown in Fig. 6 . 5 , from
which it will be seen that it differs appreciably from the corresponding diagram (Fig. 6.4 (B)) for the symmetrical current
distribution aerial.

FIG. 0.5.-Calculated

polar diagram for an aerial of one wavelength, having
sin' (ncos 81.
asymmetrical current distribution F(+2
sin 8
(From "UUra High Frcqtuncy T6cItn&UU". Ed&d by J . 0. Brained.)

Unipole Aerials

The unipole aerial, an example of which is shown in Fig. 6.39, is
basically similar to a dipole having symmetrical current distribution, except that one element of the dipole is replaced by an image
existing in an earth plane a t the foot of the unipole. This type of
aerial has the advantage that it is easily fed by a concentric feeder,
the outer of the feeder being attached to the ground plane. The
ground plane may comprise a circular conducting disc, the
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diameter of which is not important provided that it exceeds ill2
in radius. More usually, the ground plane consists of two ill2
elements a t right angles.
The radiation resistance and input impedance of a unipole is
half that of the corresponding symmetrical current dipole.
Accuracy of Assumption of Current Distribution in Aerials

The foregoing expressions for the polar diagrams and radiation
resistance of an aerial postulated a current distribution of the
form of a sihusoidal standing wave pattern. As pointed out
earlier, this assumption cannot be completely accurate, since with
such a distribution, no energy could be radiated. Stratton has
examined the case of an aerial carrying a travelling current wave,
and has found that the radiation resistance tends to a higher
value than predicted on the basis of a standing wave pattern. It
is therefore to be expected in practice that the radiation resistance
will be slightly higher than the values predicted previously.
I t should also be noted that the assumption of a standing wave
current pattern becomes more in error as the aerial length is
increased, and for very long aerials the results are seriously in
error. For aerials of the order of less than two wavelengths long,
however, the assumption of a standing wave of current leads to
results which are close to those found in practice.
The Receiving Aerial

Whilst this chapter is almost entirely devoted to the discussion
of the properties of aerials for transmission, the properties of a
given aerial in respect of input impedance and polar diagram are
identical whether the aerial is used for transmission or reception.
To complete the information, however, it is necessary to know the
output voltage obtained from an aerial when in a region of known
field strength. The aerial open-circuit r.m.s. voltage is given by

where E is the r.m.s. field strength, G is the power gain of the aerial
referred to a half-wave dipole, and il is the signal wavelength.
Whilst it is true that this output falls linearly with 1,it must be
remembered that field strength tends to rise with decreasing l
(see expression 5.3). The net result is that, under ideal constant
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power transmission conditions, the open-circuit voltage of a
resonant half-wave dipole is independent of signal frequency.
The Input Impedance of Dipole Aerials

In order to efficiently feed power into a dipole for transmission
purposes or to draw power from it (as is desired in the case of
reception), it is necessary to have a fairly precise knowledge of the
aqrial's input impedance and the various factors upon which it is
GAP AS SMALL

VOLTAGE
ANTI-NODE

TRANSMISSION
LINE

TRANSMISSION
*IN€

i\CURRENT
ANTI-NODE

Fra. 6.6.-The three conventional methods of matching a half-ware
dipole into the transmission line. Diagram (a)shows tho split centrefed arrangement, ( b ) the feeder tapped into the dipole at a point
having the same impedance aa the feeder, and (c) shows the use of
a quarter-wavelength matching section in order to feed the aerial at
a voltage anti-ntnle.

dependent. Fig. 6.6 shows the three conventional methods of
matching the transmission line into a half-wave dipole aerial.
For reasons of convenience the first of these methods is used
almost exclusively.
A good approximation to the input impedance of a centre fed
aerial can be found by treating the aerial, considered a section of
transmission line, as matching the radiation resistance to the
feeder. The radiation resistance is considered to be situated at the
point where I,,, exists. The characteristic impedance of the transmission line to which the aerial is assumed equivalent is given by

where 1 is the overall length of the aerial, and a is its radius
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measured in the same units. The value of Z,for a range of values
of l/a is plotted in Fig. 6.8.
Since the point where I ,,, exists is A14 from the end of the aerial,
the equivalent diagram for determining the input impedance is m
shown in Fig. 6.7. This equivalent current can also be employed

Rc. 6.7.-Equivalent dipgram for a centre fed aerial,
for determining the value of the input impedance.

when the overall aerial length is less than A/2; in this case, the
length of t.he section of transmission line is given by1/2-212.

lo'

q.
Rc. 6.8.-"Characteristic

Impedance" of aerial 2,=120

It is shown in standard works covering transmission line theory
that the input impedance t o a transmission line of characteristio
impedance Z,,length L, terminated by a load impedance Z, is
giren by
Z,+jZ, tan 2-z L

Zls=Zo.

I
Z,+jZ, tan

2A L

.

. . . (6.11)
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A case of particular interest is that of the half-ware dipole, with
1=1/2. With this particular ralue of 2, L=O, and hence the
input impedance would appear to be equal t o the radiation
resistance. The input impedance of such an aerial contains,
however, a reactive component. This is due to the fact that, more
accurately, the radiation resistance should be replaced by an
impedance having both resistive and reactive components. For a
very thin 112 dipole, the value of this impedance tends to
73.2+j42.5 ohms. Both of these components and also Z, r a r y
slowly with 1 in the region of 1.12, and in order to determine at what
overall length the dipole input impedance is purely resistire, t.he
impedance ZL=73.2+j4%6, may be inserted in expression (6.1 1 )
and the value of L found for which the reactive component goes
to zero. Since Zo is in general much greater than Z,, and L is
very small, expression (6.11) can be simplified for this purpose to
Z,,=Z,+jZ,

tan

27

L

The input impedance is thus purely resistive when

42.52
i.e. when L = -ZnZ, '
The overall length of a resonant dipole in the region of 112 overall
length is therefore shorter by an amount 2L than 112. That is, the
deoreme in overall length dl, necessary for resonance is

and the decrease in overall length per cent is thus 2,700/Z0. The
input resistance a t resonance will be somewhat lower than the
value of 73.2 ohms due t o the decrease of aerial length. It will be
seen from the values of 2, in Fig. 6.8, that for practical aerials,
the overall length for resonance is less than 112 by a factor of from
2 t o 6 per cent.
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The foregoing can also be applied to compute the change in
input reactance for small changes in working frequency and
2,700
overall length for a resonant dipole. A change of length of 27
.
per cent produces a change of reactance of 42.5 ohms; therefore,
in this region, the reactance increases (decreases) at the rate of
0.0162, ohms for a one per cent increase (decrease) in frequency
or overall length.
Obviously, therefore, for wide-band operation, where i t is desired to minimise the reactive component throughout the working
range of frequencies, it is advantageous to employ elements of
large diameter to ensure low values of 2,. The desired result can
be obtained with a large continuous conductor surface, or by means
of a cage of parallel spaced wires. This latter open type of construction reduces both wind resistance and weight.
For an aerial 10 feet long, diameter 4 inch, and resonant in the
region of 49.5 McIs, it is of interest to note the rate of change of
the resistive and reactive components with frequency. From
Fig. 6.8, 2,=620 ohms, and, therefore, the change of input
reactance for a one per cent change in frequency is about 10 ohms.
By comparison, the figure for the corresponding charge in reaistance is about 2.5 ohms. For this particular aerial, the physical
length of which is shorter by about 44 per cent than 2/2 for resonance, the resistive component at resonance will be in the order
of 65-70 ohms. The variation of the resistive and reactive
components of the input impedance of this aerial with frequency
are shown in Fig. 6.9, together with the variation of the magnitude
of the input impedance.
If expression (6.11)is applied to determine the input impedance
of a dipole of orerall length one wavelength, the input resistance
a t resonance is giren by

This value is commonly in the region of 1-10 kilohms; if the
current distribution were truly sinusoidal, it would, of course, be
infinite. In this espression for the input impedance, the aerial
would appear to be resonant when the overall length is precisely
one warelength; resonance, however, actually occurs a t a length
slightly shorter than this. R. 3. Smith states that, to a first
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degree of approximation, the aerial should be shorter than one
40i

wavelength by an amount -.
2 0

FREQUENCY (MC/S)

FIG.6.9.-The upper diagram shows the effective input resistance R
and the reactance component X of a centre-fed dipole 10 feet long
and 1 inch diameter. The lower diagram shows the variation of the
input impedance of the same aerial over the frequency range.
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Folded Dipole

Where it is desired that an aerial shall have a low reactive component of the input impedance over a wide band of frequencies,
the folded dipole is frequently employed. This type of aerial is
shown in Fig. 6.10 and differs only from the normal dipole in that
a second element is present, close to the
first, and joined to i t a t the ends.
IVEN
With equal diameter elements the input
resistance a t resonance is equal to four
times that of n, normal dipole. This is due
to the fact that the current in the second
I
I
element will be equal in amplitude and
I
I
I
I
in phase with that of the current in the
I
-.I CURRENT
DlSTRlBUTlON
first; thus, as far as the radiation field is
I
concerned, the aerial behaves as a single
dipole fed with a current equal to twice ~ ~ & ~ ~ ~ ; ; F , " ~ e d C ~ ~ I t " ,
the actual input current. For the same distribution (overall length
radiated power, therefore, the input
112).
resistance of a folded dipole must be four times that of a single
dipole. This fact is frequently useful where an aerial employing a
number of parasitic elements is used; these latter have the effect
of lowering the input resistance of the aerial, so that the resulting
value with a normal dipole may be inconveniently small.
I n the region near resonance, the folded dipole exhibits very little
change of reactance with frequency or length. The reason for this
form is that the two folded sections of the aerial behave as short
circuited i . / P sections of transmission line; the reactance slope of
these elements is opposite to that of the reactance slope of a normal
dipole.
By judicious choice of element spacing, and/or the diameters
of the elements, cancellation of the reactive component of the
input impedance can be achieved over a band of frequencies of
some =10 per cent about the resonant frequency. The input
impedance of this type of aerial is considered in more detail later;
the wide band characteristics of a number of types of aerial are
shown in Fig. 6.1 1.
Advantage can be taken of the configuration of the folded dipole
to support the aerial a t the centre of the undriven element; since
this point is at zero potential, it can be earthed. A very robust
mechanical construction can thereby be achieved.

'
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FOLDED

PER CENT FREQUENCY D E V I A T I O N

Fro. 6.11.-The selectivity of various types of dipole as measured by P. S.
Carter. The valuea given are those for the reflection coefficient obtained
between the aerial and a two-wire transmission h e .

Aerial Radiators and Parasitic Elements

When an undriven aerial element is introduced in the neighbourhood of a driven element, a number of changes occur.
The input impedance of the driven element, and the shape of
the polar diagram can be calculated with the aid of the table of
mutual impedances given on page 1TO.
If i, is the current a t the centre of the driven element, and i, the
current a t the centre of the parasitic element, then
and
where Zll is the centre point impedance of the driven element
alone;
Zl,=Z2, is the mutual impedance between the dipoles (see
table for values);
Z,, is the centre point impedance of the parasitic element;
% is the driving-point voltage of the clriren element.
and
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From expression (6.15),

and hence

whence

where Z,, is the centre point impedance of the driven element in
the presence of the parasitic element.
As an example of the use of these expressiona, we may take the
case of element spacing=O-l2l, where Zl, is purely resistive and
equal to 65 ohms approximately. If the parasitic element has 8
centre point impedance of 73+j68 ohms (the optimum value for
a reflector a t this spacing, as shown later), then assuming the
driven element to be resonant, and its input impedance equal to
73 ohms,

In order to determine the polar diagram of the aerial, the phaae
angle r/ of the current in the parasitic element must be found. This
can be done by applying expression (6.15). In the case considered
above,

approximately, therefore the magnitude of i, is equal to 0.65i1,
and the phase angle between the currents is 137". Thus at a point
remote from the aerial system the field strength comprises two
components, of relative magnitudes E and 0-65E, having a phase
angle between them of 137" plus the phase angle difference due to
path length difference. At a point in line with the elements, the
phase angle difference due to path length difference is
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Tabk of Mutual Impedu nces
Parallel 112 dipoles; distance between dipoles b
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With the driven element nearer, the total phase difference is
94O, and the magnitude of the resultant field strength is thus
increased by a factor of approximately 1/1+(0.65)~=1.18
approximately. At a point in line with the elements, but with
the parasitic element nearer, the phase difference is 180•‹,
i.e. the components are in opposition, and the field strength is
multiplied by a factor 1-0.65=0.35 approximately. The front-toback ratio of such an aerial is therefore about 3.4 or 10.6 db. I n
order to obtain the requisite centre impedance of the parasitic
element of 73+j68 ohms, the element must be longer than the
resonant length; the actual length can be calculated by the
methods described earlier. I n order to obtain a substantially
resistive centre impedance a t the driven element, this may be
made slightly longer than its resonant length so that the reactance
component will cancel the reactance component due to the
presence of the parasitic element (+j20-3 ohms).
If the calculation is repeated for a parasitic element, cut to a
length shorter than its resonant length, the parasitic element will
be found to act as a director.
Distribution curves covering a large number of practical cases
have been published by G. H. Brown (Proc. I.R.E. for January
1937). Fig. 6.12 shows a series of curves for a quarter-wave dipole
and parasitic element, both the phase angle of the current in the
parasitic element and the spacing being varied.
The presence of the parasitic element causes the input impedance of the aerial to vary more rapidly with frequency;
additionally, the impedance changes much more rapidly on one
side of the resonant frequency than the other. The region of
rapid impedance change is above or below the resonant frequency
according to whether the parasitic element is a director or
reflector. This is shown in Fig. 6.13, where the voltage delivered
to a load, matched a t the resonant frequency, is plotted against
frequency.

Slot Aerials
The basic type of slot aerial comprises a slot cut in an infinite
sheet of conducting materia.1, the feed points being situated on
opposite sides of the slot, as shown in Fig. 6.14 (a).The characteristics of the aerial are closely related t o those of the corresponding strip dipole aerial which would close the slot. The electric and

Spacing
Between
Antennas
Driven

i

Phase Angle o f Total Self-Impedance o f the Parasitic Element

-45"

-22.5"

0

22.5"

45O

Porariti

0.1X

0.25 A

0.5X

I'IQ.
6.13.-The horizontal p a t t c r n ~of two verticnl qunrter-wnro aerials, ono tlrivon nntl tho 0 t h psrnnitic.
Tho distanco between aerials is indicntod on the loft,, the pliaso nuglo of the wdf-itnpodnncn of tho
parasitic aerial a t the top. Noto thnt for tho tnncil case (pliaae anglo a t zero), rnnxiniiln~rclintitm in in
the direction of tho parmitic aorial, which is thon callotl a tlircctor. For II phme nnylo of - 1 22W' tho
converse is truo nntl the pnrssitic acrid is cnlletl a reflortor.
(l+mi ( I . 11. Uruwn, l'rw. 1.1(.1;., Jnn. 1937.)

AERIALS

173

magnetic components associated with the two aerials are interchanged; whereas, with the dipole the electric field component is
parallel to the axis of the dipole, with the slot aerial it is perpendicular to the axis of the slot. The vertical slot aerial therefore has
the very valuable property of producing a horizontally polarised
160
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Frc. 6.13.-The selectirity chamteristics of a simple dipole when
loaded with a matched transmission line-as measured by Holmes
and Turner. A reflector increases the slope of the selectivity
characteristic on the low frequency side of resonance and the
director similarly steepens the high frequency side.

radiation field. The shapes of the polar diagrams of the slot aerial
and its corresponding dipole aerial are precisely similar.
That the radiation field from such an aerial is horizontally
polarised may be seen from the fact that the currents in the conducting sheet in the neighbourhood of one side of the slot are
ever~whereflowing in the opposite direction to the currents at the
other side of the slot, and hence the vertically polmised components due to these currents tend to cancel. At the ends of the
slots, however, where the currents are at maximum, the currents
flow in the same direction. Thus the major contribution to the
radiation field is by the currents flowing in a direction perpendicular to the length of the slot, and hence the electric intensity is
everywhere at right angles to the slot axis.
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The distribution of current and voltage along a slot aerial are
again similar to those existing on the corresponding dipole, except
that the standing current. and 1-oltage wayes are interchanged.
Thus, whereas the half-wave dipole has a relatkely low centre

Fro, 6.14.-(a)

Slot aerial cut in infinite conducting sheet.
( 6 ) Current and voltage distribution a t edges of slot
aerial. Instantaneous direction of current flow s h o r n by
arrows.

point impedance, the half-wave slot aerial has a high impedance.
Similarly, the slot aerial of overall length one wavelength has a
low centre point impedance, whereas that of the corresponding
dipole impedance is high.
It can be shown that the input impedance of a slot aerial Z ,
and its complementary dipole aerial Z , are related by the
expression
ZsZD=$ (377)*. . . . . . (6.16)
I n this expression, the term 377 is the "impedance of free space"
referred t o earlier.
It should be noted that the dipole aerial related by this
expression to the slot aerial is a "strip" dipole. The "characteristic
impedance" of this type of dipole is given by the expression

where w is the width of the strip and 1 is its overall length, as
before. 'The factor 4 is introduced because the strip dipole behaves
as a cylindrical dipole having a radius equal to one quarter of the
width of the strip.
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As suggested by expression (6.16), the slope of the reactancefrequency curve of a slot aerial is opposite in sign to that of a
dipole aerial. The reactive component of the input impedance of
a slot aerial precisely one half wavelength long is capacitive; as
the length of the slot is decreased, the reactive component
decreases to zero, and thus, for resonance, the slot is somewhat lese
than 112 long. At resonance the input resistance can be determined from the input impedance at resonance of the corresponding
dipole. If a value of 73 ohms is assumed for the latter, the
theoretical input impedance of the slot aerial is in the region
of 485 ohms. In practice, the value found is somewhat lower
than this, being in the region of 350-400 ohms. As with a
dipole, the reactive component of the input impedance over a
range of frequencies can be minimised by increasing the slot
width.
With a slot cut in a finite sheet, the polar diagram departs from
the circular pattern in the plane perpendicular to the axis of the
slot, due to diffraction effects. Provided that the sides of the sheet
are greater than 51, the polar diagram does not depart appreciably
from that obtained with an infinite sheet, except near the plane of
the sheet. With sheets of dimensions smaller than this, the polar
diagram tends to a figure-of-eight pattern in the plane at right
angles to the slot axis, accompanied by a narrowing of the
pattern in the plane of the axis.
Boxed Slot Aerial

For practical reasons, it is frequently inconvenient to employ
the basic type of slot aerial described above, and alternative types
of slot aerials ha\-e been evolved. It is often desired to suppress
radiation from one side of a, slot aerial, and to
achieve this one side of a slot aerial may be
enclosed or "boxed". The enclosure is frequently
of skeleton form comprising bars perpendicular
to the axis of t,he slot, spaced at intervals of
1/10 or less, as shown in Fig. 6.15. The effect of
enclosing a slot. aerial in this fashion is to double
the resisti~ecomponent of the input impedance,
and also to provide an additional reactive component to the input impedance. The enclosure ~
~
ser-i-es effectively to load the slot reactively
,,,I,,,,,,
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throughout its length, and generally necessitates an alteration of
slot length to maintain resonance.
Slotted Cylindrical Aerial

I n this type of aerial, the slot is cut in a cylinder, the axis of the
slot being parallel to that of the cylinder itself. In this type of
aerial, the slot is "boxed" by the cylinder itself. The polar
diagram in the plane a t right angles to the slot axis is heart shaped,
the direction of maximum radiation being along the radial containing the slot itself. As the diameter of the cylinder is reduced
the polar diagram becomes more nearly circular, and for cyliuders
of diameters between A / 10 and 1218, the radiation pattern is very
nearly uniform. The cylinder provides reactive loading of the

Cylinder diameter in wavdcnqth

Fro. 6.16.-Length

of slot in cylinder for
resonance for varying value8 of cylinder
diameter and two values of dot width.
( B y courtury of "Ektronicu".)

slot, and with small cylinders, of diameter of the order of 0.12 to
0.151, the length of the slot must be increased appreciably in
order to maintain resonance.
Jordan and Miller have given data relating slot length to wavelength for nominal "half wavelength" slots cut in cylinders for a
range of cylinder diameters. These data are given graphically, and
reproduced in Fig. 6.16, for two values of slot width. Jordan and
Miller state that with this type of aerial the extremes of the working band of frequencies (determined by a standing wave ratio of
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two to one on the feeder) is between four and eight per cent of the
working frequency.
Folded Slot Aerial

This type of aerial is complementary to the folded dipole
diecussed earlier. It comprises a slot aerial with a conductor
placed centrally in the slot; the aerial is fed between one side of
the slot and the central conductor. The input resistance is reduced
by a quarter, to a theoretical value of 120 ohms. By appropriate
choice of the dimensions of the central conductor, the reactive
component of the input impedance can be made substantially zero
over a wide band.
An Equivalent Circuit for the Folded Dipole and Folded Slot
Aerials

A very elegant approach to the determination of the input
impedance of these types of aerials has been developed by G. D.
Monteath. The folded dipole and folded slot are regarded as three

TRANS RATIO
=:I

FIG.
6.17.-Equivalent circuite for folded unipole and folded slot aerials.

terminal networks, M shown in Fig. 6.17, and the three impedances
Z, Z,, and 2, are defined as shown in the figure. Employing these
impedances, the equivalent circuit of Fig. 6.17 (6) can be constructed, where the auto-transformer is assumed to have infinitely
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high inductance and perfect coupling. The ratio k may be considered either as the ratio in which the potential difference
between terminals 1 and 3 is divided by terminal 2 when this is
free, or the ratio in which the current divides between terminals
1 and 3 when these are joined together. This equivalent diagram
is only valid provided that the aerial satisfies one of the three
conditions following:
1. The aerial is symmetrical about terminal 2 ( k = 1).
2.2, is a pure reactance.
3.2, is a pure reactance.

Thus for the unipole Z, is purely reactive, and where terminals
2 and 3 are connected together, as is usual,

2, is the input impedance of the aerial treated as a simple
unipole; Z, is the input impedance of the two aerial elements
treated as a short circuit terminated t.ransmission line, and is
given by
Pz
Z,=jZo tan
I,
I.

where Z , is the characteristic impedance of the transmission line
so formed, and I is its length. Zo can be found from expression
(6.10).

k can be determined from electrostatic considerations provided
that the elements are not too closely spaced. This has been considered by W. Van Roberts, who considers the capacitance of each
element of the aerial; the result is given in the form

where Z,=characteristic impedance of the feeder formed by two
elements equal in diameter to the diameter of the
driven element, and spaced at a distance equal t o
that between the actual aerial elements;
and Z,=characteristic impedance of the feeder formed by two
elements equal in diameter to the diameter of the
undriven element, also spaced a t a distance equal to
that between the actual aerial elements.
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Where the elements are of the same diameter, obviously Z1=Z,,
and k=1. I n this case the input resistance of the aerial at
resonance is quadrupled. By a suitable choice of diameters, the
input resistance at resonance can be varied over a wide range.
I n the case of the folded slot, Monteath has shown that the input
resistance a t resonance can be varied appreciably by the position
of the conductor in the slot. If the conductor is assumed to be
very thin, and displaced by a distance x from the centre of the
slot in the direction of the undriven terminal (3), k is given by

where D is the slot width.
The input impedance, Z,,when the aerial is fed between one
side (terminal 1) and the central conductor (terminal 2) is given by

where Za is the normal input impedance.
Z, is the input impedance of the two R/4open circuit terminated
sections of feeder formed by the central conductor and the slot,
and is given by
2n 2
Z b = $ j Zo tan - -,
i2 2
where 1 is the o ~ e r a llength
l
of the central conductor. Zo is given
when the central conductor is narrow by

where If' is the width of the central conductor, and D is the slot
width.
JIonteath states that, in general, the cancellation of the reactive
component of the input impedance of a slot aerial over a band
requires impractically high ralues for 2,. In order to reduce the
reactire component,, one half of the central conductor may be
omitted, thus doubling the reactance slope of 2,. The reactance
slope may be still further increased by terminating the central
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conductor in a length of co-axial transmission line, i / 4 long with
a short circuit termination, as shown in Fig. 6.18. This co-axial
line provides a reactive for the transmission line formed by the
central conductor and the slot, and it can be shown that if the
characteristic impedance of the co-axial line is Zl, Zb is given by
237 I!
Zb=jZo(l+Zo/Z,) tan - - .
A 2
As an example of the use of this method of reactive compernation, Monteath quotes a case in which the reactive component of Z, changed by 80 ohms for a 5 per cent change in
frequency. With a 112 central conductor in the slot, Zo would
have to be 2,000 ohms for exact compensation, calling for a
central conductor diameter of 10-l3 inches in a 10-inch slot. By

FIG.6.18.-Two methods of improving
reactance compensation in slot aerials.
(a) half of central conductor o m i t h l .
( b ) j.14 section of co-axial line (short
circuit termination) added.

employing the arrangement of Fig. 6.18 (b), reactance compensation was achieved by employing a central conductor of 0-5inch
diameter terminated by a co-axial line of characteristic impedance
62 ohms (2,). The characteristic impedance of the central conductor and slot section (Z,,) was 220 ohms.
Transmission Lines

I n order to convey power from a transmitter to t,he aerial or,
conversely, from the aerial to the receiver, it is necessary to
employ a transmission line. I t has been already shown that an
aerial has a definite characteristic impedance. If the full power
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in the transmission line is to be transferred t o the aerial, then its
input impedance must be matched to that of the transmission
line; in other words, the line must have the same characteristic
impedance as the aerial's input impedance.
The characteristic impedance of a transmission line is defined
as Z,= V"7, where L is the inductance and C the capacity per
unit length (expressed respectively in henries and farads). The
impedance 2, is equal to that value of pure resistance which if
placed across. the end of the transn~issionline would absorb all
the power being brought up by the waves travelling along it,
without setting up any reflections. I n other words, the whole of
the power would be converted into heat. As the characteristic
impedance is a pure resistance value, it follows that the line is
aperiodic. The relatively small attenuation produced only varies
with frequency as a result of the increasing losses occurring as
the frequency is raised.
The characteristic impedance of a co-axial transmission line
having an air dielectric with inner and outer radii of d and D
respect.ively is
D
Z,= 138 log,, - ohms.
. . . (6.18)
d
@or parallel wire transmission lines consisting of wires having
a radius d and separated by a distance D:

D

Z,= 276 log,, - ohms.
d
It should be noted that owing to the slow way in which
D
D
changes, even when the ratio - is greatly changed, the
log,,
d
characteristic impedance of lines cannot be varied over very wide
limits. Practical values lie between some 30 and 600 ohms. The
effect of introducing a dielectric other than air, and having a
constant K ,is to reduce the characteristic impedance by a factor

I
and to decrease the wavelength and velocity of propagation
v.'h'
by a factor of-.

1

h'
For any given diameter of outer conductor, lines having a
\
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characteristic impedance of 30 ohms d l give a maxinium powercarrying ability.
The high frequency resistance R of a concentric line is

where D=inner diameter of outer conductor in cm.:
d=outer diameter of inner conductor in cni.;
p=specific resistance, in em-cgs units (some 1.700 for
copper);
p= magnetic permeability
F=frequency in cycles per second.
With theaid of this forrnulaand equation (6.18) (and making the
approximation a =

, the forrnula for the attenuation in

decibels per centinietre length for an air-spaced co-axial cable can
be developed as follows:

where a is the attenuation constant.
The attenuation due to resistance losses is a minimum when
a t which value Z,=i&8 ohms. I t is of interest to note
d
that in the 40 to 50 mc/s band the attenuation of orclinary twisted
lamp-flex is some 3 to 10 d b per 100 feet, and that it has a
characteristic impedance of between 80 and 140 ohn~s.The way
in which the attenuation of rarious types of transmission line
varies with frequency is illustrated in Fig. 6.19.
?=3-6

Transmission Line Termination Losses

If a line is not terminated in a pure resistance of ralue R=Z,,
then the relationship between the current and roltage d l be
d i f f e r e n t b o t h in magnitude and in phase-from the relationships in the line, with the result that all the power will not be
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FIG.6.19.-The way in which the attenuation and power-handling capacity of anumber
of different cables ~ a r i e with
s
frequency ia shown above.
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Coaxial
Coaxial
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9
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Lead
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Lead
TIC
Braid
None

Sheath
:onducto~ inner
diameter diameter
0.385"
0.75"
0.133"
0.820"
0.170"
0.106"

absorbed by the terminating impedance. The net power transferred will be the difference between the power brought up by
the incident wave and the power taken away by the reflected
wave.
I t is frequently desirable to have a knowledge of the loss which
results from the incorrect termination or mismatching of a transmission line. I t has already been pointed out that all the electrical
oscillations in a line are built up from the propagated waves which
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are travelling along it. Thus, any sinusoidal wave travelling along
a line may be represented by

$)+. sin

V = m sin 2 1 z ( ~ - /.

( l x ( P - f)-+)
1.

..

(6.12)

where m and n= the amplitudes of the forward and reflected
waves respectively;
the arbitrary phase difference bet ween the two
waves;
x=the distance from the source of origin, measured
along the line;
f =frequency;
t=time.

+=

The corresponding current i is given by

From these two equations it is possible to calculate the effect
of terminating the line with an impedance 2 , which may be either
reactive or resistive. The point a t which the line is terminated
may conveniently be taken as the origin, at which point x=O.
Under these conditions equations ( 6 . 2 2 ) and ( 6 . 2 3 ) may be
rewritten as follows:
V =m sin 2nft+n sin (2nft++),
. . (6.24)
Z,i =m sin 2nft-n sin ( 2 z f t + + ) .
. . (6.25)
At this point the current i is flowing through the terminating
impedance Z and the voltage I' is developed across it. Thus, the
current V flowing in the impedance must also equal the current
in the line a t the point under consideration (i-e. x=0) both in
magnitude and in phase. This condition can only be,satisfied by
n

a given ratio of -, and a given value for
1
' 11

+, which will now be

the phme change on reflection.
These equations may conveniently be solved graphically by the
vector construction set out in Fig. 6.20. Referring to this diagram,
if two vectors OE and OD are constructed from the point 0 , the
vector OE represents a voltage acting on the impedance Z to
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produce a current i lagging by the angle 8, and the vector OD
represents Zoi. Thus, if the terminating resistance Z and the line
impedance Z, are known it is always possible to construct the
vectors 0 E and OD. Having done so, join DE and bisect it a t A.
Kext const'rwt a circle with Dl3 as its diameter and with its

FIG.6.20.-This diagram illustrates the vector construction for
cletern~iningthe termination conditions at t.he end of a transmission line.

centre at A. Then draw a line joining 0 8 , and continue it on to
cut the circle at C.
With t,he aid of the diagram thus constructed all the main
properties of a terminated line can be deduced. The vector
0-4 =m, and vector AC=n, while the angle EAC=+.
If, as an example, it is assumed that the terminating impedance
Z is a pure resistance having a value R, then 8=0 and C$ (the
phase change produced upon reflection) is either 0 or n radians.
Under these conditions Zoi=OB and I'=OC, also

m-n
m+n

If now R=Zo, then -=

1, from which it follows that n=O

and that there is no reflected wave, all the energy being absorbed
by the resistance R. I t should be noted that if R>Z, the phase
change on reflection is zero, and if R<Z, the phase change is
;
I radians.
Let it now be assumed that instead of the terminating resistance
R equalling the line impedance Z,, that it is half the value.
Suppose that the characteristic impedance of the line is 80 ohms
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and that of the terminating resistance is only 40 ohms. \\'hat
proportion of the original line energy is absorbed by the resistance!

Let the original energy=-

m*

22,

nt

watts, and the reflected energy= -

2zo

n=.

watta. The fraction absorbed will therefore be 1 -"& howe~er,

:.

80- 2 , from which it folloas that =
;
(The negam+n R 40
?n
tive sign indicates a phase change of ;r radians on reflection.)
The fraction of energy absorbed in the terminating impedance is
m-n-4-

1

therefore 1- - or 88 per cent.
9
The reflected energy may be dissipated as heat in the line if i t
is a long one; it may be reabsorbed in the generator, or it may be
again reflected so as to form part of the original or incident ware.
It should be noted that as the terminating resistance is less than
the line impedance there will be a phase change of sr radians on
reflection.
The case of a terminating impedance Z, which is a pure inductance, will next be considered. Under these conditions t$= 90'
thus 0 lies on the circle drawn on ED as a diameter, and OB= BC
or m=n. The reflected wave has under these conditions the same
amplitude as the original wave. .-Is a pure inductance has no
means of dissipating energy, it is, of course, to be espected that
all the energy brought up to the terminating impedance Z d
l
under these conditions be reflected back again. The phase change
4 will be dependent upon the ratio of OE to OL) and will lie
between 0 and n. If Z should be a pure capacity, 4 will lie between
0 and -n.
Input Impedance of loaded Transmission Line
The input impedance of a loss free transmission line of charac-

teristic impedance Zo when terminated a t its far end by an
impedance ZL is given by
2x
Z,+jZo tan - 1
ii

z,, =zo

2.2

Zo+jZ, tan

where I is the length of the line.

/. I
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A number of special cases are of practical interest. Firstly, if
the line is short circuited a t its far end,
Z,, ,,=jZ,

t,an

2z

i.e. the line behaves as a pure reactance, the magnitude of the
reactance depending upon the length of the line. Correspondingly,
if the line is open circuit a t its far end,
Z,,

= -jZ,

2n
cot -1,
il

i.e. the input impedance is again purely reactive, but of opposite
sign to the input reactance to the short circuited line. Sections of
transmission line terminated in one of these two ways are frequently employed to provide reactance compensation in matching
circuits. Additionally, a t frequencies above 100 Mcls, sections of
t.ransmission line are frequently used as rewtive components in
preference t o the equivalent "lumped" component; high Q valuw
can be achieved by this means.
The third special ca.se occurs when the line is 214 long; there the
input impedance is given by

Owing to this impedance transforming property, 114 sections are
widely employed in aerial matching networks.
Where this type of transformation is required and wide band
matching is needed, it is common to enlploy two 114 sections in
series; if the characteristic impedance of the section nearest the
load is Z,,, and that of the section nearest the input Z,,, the input
impedance is given by

02
This expression determines the ratio of 2given ZIN and 2,.

20,

If

now z,
-- is made equal t o 5,combination of the two 114
Y
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2,

sections acts as a aide band matching network.
If a single section is used, a reactive component due t o the line
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appears a t the input a t those frequencies a t which the line is not
A/4long; when a double 1.14 transformer is employed, the characteristic impedances chosen being in accordance with the expressions above, the reactive components due to the two sections tend
t o cancel.
Balance to Unbalance Networks (Baluns)

It is frequently required to feed a dipole aerial from a concentric
feeder, the outer of which is eart'hed. Some form of balance to
unbalance matching network is therefore required at the aerial.

(c:

FIG. 6.21.-Three

typea of Balun: (11) Bridge circuit, ( b ) 1.12 section

(c)

Pawsey Stub.

This may take one of many forms, some of which are shown in
Fig. 6.21. I n example (a),if the aerial input impedance is resistive
and equal to r, the input impedance presentedto the line is

and hence by choice of suitable values of L and C , t,he network
can also be ;sed for impedance matching.
I n example (b), the 112 section of transmission line produces a
change of phaae of 180"; the signals from the two halves of the
dipole aerial are thus fed in phase to the feeder. I n addition, the
arrangement transforms the aerial impedance down in the ratio
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4: 1; this apangement is thus eminently suitable for matching a
folded dipole to a 70-ohm cable. Example (c) is the well-known
"Pawsey Stub". Here the two outer sections of the concentric
feeders form a short-circuit terminated 114 stub. The stub thus
does not appreciably load the circuit, and enables the element of
t,he dipole attached to the outer conductor of the main feeder to
be driven without appreciable radiation occurring from the feeder
itself; additionally, the stub provides reactance compensation, the
reactance slope of the stub being opposite to that of a simple
dipole. This arrangement is thus especially suitable for wide band
aerials.
Where a folded slot aerial is to be fed, difficulties may be encountered since the load is not t.ruly balanced, and neither is one
side at earth potential. For feeding the
slotted cylinder type of aerial, the arrangement shorn in Fig. 6.22 may be employed.
Here a co-axial feeder is used, and the
outer is connected to the neutral point
opposite the slot.. The feeder then runs in
close proximity to t.he outer wall inside the Fro. 6.2sxethodof coupcylinder, and the inner conductor is connec- ling CO-axialfeeder to folded
slot aerial.
ted to the conductor lying in the slot. Over
part of this section of feeder, the outer conductor is omitted; in
this section the inner conductor forms one conductor of a transmission line with its image in the surface of the cylinder. By this
means the generator is "floated".

u

Multi-element Transmitting Aerials

At the transmitter it is possible to obtain increased effective
aerial power, and with it increased coverage by the use of multielement aerials. Such aerials consist essentially of from two to
ten or more separate aerial elements arranged in some fixed configuration and all fed with power effectively in parallel.
It should be noticed that the total power radiated is not
increased by the use of a multi-element aerial, as it is obvious
that this power can only be as great as the transmitter's powerless transmission line losses. Rather the gain achieved is a gain
in the effective or useful power. I t is obtained by reducing the
power radiated in t,he upward direction and increasing the power
radiated in the horizontal direction-i.e. along the earth's surface.
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The manner in which this extra coverage is obtained is illustrated in Fig, 6.23. Diagram (A) shows the radiat.ion pat,tern in
the vertical plane, from a single horizont,al half-wave aerial. As
the arrows indicate, power is radiated equally at all angles to the
horizontal. Of this power only that radiated horizontally or at
very small angles to the horizontal serves any useful purpose; all
the rest travels out into space and is lost. Diagram (B) illustrates

Fxo. 6.23.-The

way in which extra coverage h obtained with multi-element
transmitting aerials is illustrated above.

the vertical radiation pattern obtained from an aerial consisting
of two elements stacked vertically. In this case there is no
radiation directly upward, and that at high angles has been greatly
reduced, while the radiation at low angles and along the horizon
has been greatly increased. Thus, the effective or useful power
is much greater even though t,he tot,al power radiated is the
same.
Diagram (C) shows the vertical radiation patkern for a sixelement aerial. The pattern has been still further squashed down
and the radiation along the horizontal still further increased. As
more elements are added beyond six, the horizontal radiation
continues to increase. However, the amount of increase per added
layer decreases, so that the diminishing return hardly justifies
going beyond ten layers, and in many instances six layers is
considered the best practical choice.
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Field and Power Gain

I n comparing the advantages of multi-element aerials, the terms
"field gain" and "power gain" are used. The field gain is defined
as the ratio of the field intensities which results a t a point one
mile from the aerial when a vertical half-wave dipole is replaced
by a multi-element aerial. Thus:
Field intensity with multi-element aerial
Field gain =
Field intensity with vertical half-wave aerial'

It is of i n t e r e s t b note that a half-wave vertical aerial fed with a
power of 1 kW.will produce asignal of approximately 137 millivolts
per metre a t one mile. Hence, the field gain of any particular aerial
can be expressed as the ratio of the signal it produces per kilowatt
a t a distance of one mile, to the 137 millivolts per meter level.
The power gain is defined as t,he ratio of the powers that would
be required to give the same field intensity at a point one mile
distant. Thus:
Power gain=

Power required with a vertical half-wave aerial
Power required with a multi-element aerial

From this it follows that:
Power gain= (Field Gain)2.
Practical Frequency Modulation Transmission Aerials

Both vertically and horizontally polarised propagation has been
used for the transmission of frequency modulation broadcasts.
Howe\-er, for broadcasting purposes, horizontal polarisation
appears to be standard. This means that the aerial elements
must lie in a horizontal position. The practical transmission aerials
of this type so far devised fall into five general categories:
(a) the original Brown turnstile and the improved "co-axial"
versions;
( 6 ) modifications such as the De Mars, the three-quarter
wave-spaced and the folded turnstiles;
(c) variations of the circular or ring aerial;
(d) ~ariationsof the Xlford square loop aerial:
(e) pylon aerials.

1 92

FREQUENCY MODULATION ENGINEERING

The first aerial designed specifically to provide directivit,~in
the vertical plane (as contrasted with the communications type
of aerial which is designed for directivity in the horizontal plane)
was the original "turnstile" aerial. This aerial was developed by

FIQ. 0.24.-The

original turnstile aerial a* developed by
O . H. Brown.

G. H. Brown and first described in 1936. As will be apparent from
Pig. 6.24, it has derived its name from its striking similarity to
the moving element of a turnstile gate. In its original form, the
quarter-wave radiator rods were attached directly to the supporting pole. Four such rods arranged a t 90" spacing around t,he
mast made up each "layer" or "bay", the complete aerial being
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composed of from two to ten such layers, depending upon the gain
required and the supporting structure.
Each pair of oppositely placed rods forms a half-wave dipole
aerial. Since the centre of the dipole is a t zero voltage with
respect to ground, the rods can be fastened directly to the grounded
pole a t this point. Power is fed to the dipoles by the open transmission line visible in Fig. 6.24, the various connections being
spaced the proper distance from the pole to provide correct impedance matching. The horizontal field of a single bay is shown
in Fig. 6.25, the first diagram of which shows the radiation patterns
when the currents in the two dipoles are equal and their phase is
varied. The second diagram shows the polar diagrams with a
fixed 90"-phase difference and varying currents in the two arms.
It will be noted that the combined field, as shown by the solid
line, is very nearly a circle. I n practice the field strength diagram
will not be truly circular, as this would only occur if the field
distribution function F(8) for the individual dipoles was sin 8.
This would, of course, apply in the case of doublets of no finite
length, under which conditions the combined field distribution
function
and the field strength would be uniform in all directions. The
amount by which the actual field strength distribution will depart
from this ideal can be judged from a comparison of the two profiles
in Fig. 6.25.
In order to achieve the uniform distribution of field strength
noted in Fig. 6.25, it follows that all the dipoles in one plane must
be fed with equal amounts of power 90" out of phase. If the layers
are spaced a half-wavelength apart, this can be done conveniently
by means of the t,ransmission line already mentioned. This line is
crossed over bebween each layer, thereby counterbalancing the
phase shift that occurs along the line between layers. Two such
lines, one for each set of dipoles, run up the mast, twisting around
it as they go and, in the case of the original Brown turnstile, being
set off from it on stand-off insulators. At the base of the tower the
two lines are fed wit.h oppositely phased currents.
The early field experience with the original turnstile aerials
brought to light one or two minor drawbacks. One of these was
that the feeder line matching w m extremely critical and required
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adjustment in the field. The second, that the open w i r e transmission lines invited the formation of ice which tended to increase
the wind resistance of the aerial and generally to detune the

--VARYING PHASE ANGLE BETWEEN
CURRENT I N TWO DIPOLES.

VARYINC CURRENT BETWEEN
T W O DIPOLES-CONSTANT 90'
PHASE DlFFERENCE

FIG.6.25.-The horizontal radiation patterns for a turnstile aerial. Firstly, the patterns
obtained when the currents in the two arms are equal and their phase is varied. and
secondly, the polar diagram8 with a fixed 90" phase difference and varying currenta
in the two arms.
( B y courlesr of the Brilirh lmtifufeof Radio Enginccn.)

radiating system. To overcome these difficult,ies a modification
of the original turnstile was developed, in which co-axial transmission lines replaced the open wire lines.
A close-up photograph of a later design is shown in Fig. 6.26.
The arrangement of the radiators and lines in this version of
the turnstile has several advantages. Firstly, the aerial can be
completely "pre-tuned" during fabrication. Secondly, as the
phasing is accomplished a t the radiators, there arc no phasing
adjustments to be made at the bottom of the tower. All line
impedances are exactly matched, and there are no standing waves
on the lines. Thirdly, as the aerial's frequency range is much
wider than that required for wide-band frequency modulation, t,he
whole system is not critical in any respect.
There are a number of other modifications of the turnstile, the
best known being the De Mars aerial. The essential difference
between this and the Brown turnstile lies in the use of a separate
co-axial transmission line to each radiator. Thus, for a six-bay
aerial there are 24 feed lines, which run all the way down the
tower to a "phasing room" at the base. The advantages claimed
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for this system are that it enables the phasing to be done a t a
sheltered and convenient point, and that a more accurate matching is obta.ined. However, on the disadvanta.ge side there is the
cost a,nd work of installing the greater number of lines and the
extra wind resistance and ice hazard which they form.

FIG.O.26.4lose-up of an R.C.4.
t~imstileaerial.

Another variation of the turnstile which had a short vogue
employed a between-layer spacing of three-quarters of a wavelength, instead of the normal half-wavelength spacing. A threequarter-wa~espacing gives a slightly greater gain than the halfware spacing, and therefore an aerial of this type has a higher gain
per lager.
I t should, however, be noted that the gain per layer is not the
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Gain of trirnstile aerial
Number of
layers

i
i

Power gain
db

Field-atremlr
gain
111,

h t a n m betseen top
and b ~ t t o r nh e r s
in warelengths

only indication of worth. Actually, extra layers add little to the
cost or weight of the whole aerial assembly; the orerall height of
the supporting pole is a more important factor, as it is the weight
of this pole and the means of mounting it. that determine what can
and what cannot be used on any given structure. In t,his respect,
the three-quarter-wave spacing offers no advantage, as the gain
per unit length of pole is the same.
Circular or Ring Aerials

The circular or ring aerial is essentially a folded dipole aerial
which has been bent around into a circle. In Fig. 6.31 (A) the
folded dipole is shown in its simplest form. It consists of two
half-wave radiators, one of which is broken at the centre, where
it is fed from a balanced transmission line. The instantaneous
currents in both units are in the same direction, and therefore the
current distribution does not differ greatly from that of an ordinary
half-wave dipole (which is approxinlately sinusoidal). ,Aa the
voltage to ground a t the centre is zero, the unbroken radiator can
be attached directly to the supporting pole at this point.
I n order to approach a more uniform field strength distribution
than that of an ordinary dipole aerial, the folded dipole may be
bent around into a circle, as shown in Fig. 6.31 (B). This, however,
will not in itself give a circular pattern as the current distribution

FIG. 6.27.--Curves showing the relationship of height, power and
distance to the jo microvolt per metre contour line for a two.bay
R.C.A. turnstile.

FIG.6.23.--Curves showing the relationship of height, power and ditanee
to the 50 microrolt per metre contour line for n six-hay R.C.A. turnstile.

Fro. 6.29.-The co-axial cables coming down the aerial tower from the 10-bay
De Mars turnstile at the 50 kW. Yankee Network F.31. station at Paxton.
(Br r o u r i w o j "F.M. and Tclrriaion".)

Pro. 620.-The mntching and phasing room at the Paxton station.
( B y covrfcfp of "F.M. and Ttlerioion".)
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IS not uniform around the radiator. To improve this situation a
pair of metal plates are fastened a t the folded points, as shown
in Fig. 6.31 (C). These plates have the effect of adding end capacity
to the radiators and change the current distribution to something
like that shown in Fig. 6.31 (D). The current being now approximately uniform around the loop, the signal radiated approaches
a circular pattern to the same degree.
X circular aerial presents a neat appearance and has a higher
gain per layer than a turnstile. However, in order t o keep down
the mutual impedance, the layers must be placed a full wavelength apart. Thus, the gain for a given height of mast is less than
that more than one
that obtained with a turnstile-provided
larer is used. For example, a three-bay circular aerial is two
warelengths high and has a power gain of 2.6, whereas a five-bay
turnstile ha-iing the same height has a power gain of 3.5.

Gain of Circular Aerial
Sum ber of
lacera

Power gain
db

db

in wavelengths

As noted earlier, it is the height which is the important parameter since it is the weight and upsetting moment of the supporting pole which determine the practicality of any given design.
The off-centre mounting of the rings is also a disadvantage in that
i t makes for mechanical diss>?nmetry. Thus, while the loops are of
the same approximate weight as the turnstile elements, the fact
that t t q - are off-centre requires a stronger supporting pole.
SquaraLoop Aerials

The broadcasting aerials discussed up to this point have all
been mounted on supporting masts of the flag-pole variety.
\\-here such a pole can be mounted on an existing structure, or

7
1(1

CONCENTRIC
180' OUT OF LINES
PHASE FED^.

(

!

. -SUPPORTING POLE

(A)FOLDED DIPOLE

(B) FOLDED DIPOLE

BENT

AROUND INTO A CIRCLE

c+
.-

r

#------

-

(C) PLA'TES ADDED AT
FOLDED ENDS

--

\

(D) EFFECT OF ADDING PLATES
FIQ.6.31.-The evolution of the circular aerial.
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where the ground height is in itself sufficient, one of these standard
types would normally be used. In some cases it is, however, not
possible to mount a flag-pole on the building chosen--either
because the building structure will not support it, or because of

FIG.6.32.--.\ rlosc.up vie\\. nf (mr lray of the General Electric Co., 17.S..4.,
virr~~liir
aerial, with itw designer. 11. \V. Scheldorf.

the configuration of the building itself. Similar difficulties sometimes arise when it is desired to mount a n f.m. aerial on an existing a.m. tower. The majority of such towers were not built for,
and will not support, the heavy pole used with multi-element
turnstiles or ring aerials. I n such cases, several variations of what
for want of a better name may be called a square-loop aerial have
been used with success.
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The square-loop aerial consists of four dipole radiators arranged
in the form of a square which may or may not be closed at the
corners. In the case of a large building tower, the dipoles may
project from the four sides. They may be in the form of folded
dipoles or of simple dipoles fed at the centre, according to how
impedance matching is to be obtained.
A type of square-loop aerial which can be conveniently mounted
around s standard amplitude modulation broadcast tower has

Fxa. 6.33.-Each layer of the square-loop aerial consists of
four half-wave radiators arranged in a square. Correct phasing is provided by the use of quarter-wave stubs which also
form the radiator supports.
( B y ro~irleoyof "Blectronirs".)

been described both by A. Alford and 0. H. Brown. While various
configurations are possible-including a three-sided t y p e t h e
most usual arrangement is that developed by R.C.B. and shown
in Fig. 6.33. The radiators are half-wavelength sections supported
at their ends by lengths of tubing which run diametrically across
the square and are attached near the centre to the framework of
the broadcasting tower. These supports have shorting bars placed
a t points a quarter wavelength in from the corners. The current
distribution is shown by the dotted line. Since the points at which

AERIALS

the shorting bars are located represent voltage nodes, the supports can be a t ground
potential.
The gain per layer of the square-loop
aerial is greater than that of either the
turnstile or the ring aerial. The reason will
be evident when it is noted that each layer
ha.s effectively twice as many radiators as
the turnstile. Moreover, as the vertical
radiation is 'very low, the layers can be
mounted a t half-ware intervals. Comparative gains of the various types of aerial
discussed are shown in Fig. 6.35.
Slotted Cylinder Aerials (Pylon Aerials)

This type of aerial employs one or more
slots cut in a cylinder of diameter of t'he
order of 2/10. As explained earlier, a vertical slot aerial has a horizontally polarised
radiation field, and is thus particularly useful for f.m. applications, since it has a
relatively low wind resistance, and the
feeders may be accommodated inside the
cylinder itself. The slots may be filled with
a low loss material, and hence this type
of aerial is relatively little troubled by
weat her conditions, since the feeders and
feed points are totally enclosed.
Due to the reactive loading effects on
the cylinder itself, the slots are generally
considerably larger than i,/?for resonance,
the actnal increase in length being determined by the slot width and cylinder
radius, as shown in Fig. 6.16. The feed Fro. 6.34.-The six-layer
point impedance of a single slot a t half square-loop aerial at the
station at Baton
wave resonance is in the region 300-1,000 f.m.Rouge,
Louisiana.
ohms; n-ith n multi-element aerial of this
type the slots may be fed in parallel, to reduce the magnitude
of the load presented to the main feeder to reasonable proportions.
Jordan and Miller have described the characteristics of a,
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HEIGHT I N HALF WAVELENGTHS

FIO.6.35.-Comparati\.e gains of the vsri0u.s t y p of
horizontally polarised multi-layer transmission aerial.

four-slot aerial of this type, which may be considered typical. The slots are spaced at one
wavelength intervals, in a cylinder of diameter
118. Each slot, for resonance, is 3214 long,
and the slot width is 1/60. The vertical and
horizontal radiation patterns of this aerial are
shown in Fig. 6.37, from which it will be seen
that the radiation is substantially omni-directional in the horizontal plane. The aerial gain
over a half-wave dipole is 5 db.
Whilst the radiation pattern in the horizontal plane becomes more nearly omni-directional as the cylinder diameter is decreased, a
lower practical limit of cylinder diameter is set.
by the need to increase slot length to maintain
resonance; with cylinder diameters in the
region of 1/10, the increase in length becomes
inconveniently large, and a figure of 118 would
appear to represent a good compromise value.
Vertically Polarised Transmission Aerials

All the aerials so far discussed have radiated

n o . 6.36.--Constmction of slotted cylinder
aerial.
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horizontally polarised signals. However, for some special purposes it may be desirable to radiate vertically polarised signals.
Fig. 6.38 shows a group of three aerials which can be employed for
this purpose.
The first has already been discussed earlier in this chapter, and
it is not therefore proposed to say anything further a t this point.

FIG.6.37.-(A) Vertical and (B)horizontal radiation patterns of the aerial of
Fig.6.36.
(Bar coartw# of "Elcrironirr".)

The second aerial, like the first, is suitable for flag-pole mounting.
The outer conductor of the concentric transmission line isextended
and folded back on itself in the form of a cylinder of relatively
large diameter and a quarter of a wavelength long. The outer
cylinder, together with the extension of the centralconductor, then
function as a half-wavelength radiator which, when a t resonance,
has the same input impedance as a centre-fed, half-wave dipole.
The third aerial is due to G . H. Brown and J. Epstein. This
aerial is excited from a concentric transmission line which is
connected directly to the end of a vertical quarter-wave radiator
element. The lower end of this quarter-wave radiator element is
continued into a screened section which permits a rigid mounting
to be obtained without any detrimental effects on the electrical
characteristics of the radiator itself-the impedance a t the connection point is practically infinite. As the radiation resistance
of a quater-wave aerial is some 37 ohms, a co-axial cable of this
impedance must be used to feed the aerial. Normally, this low
impedance will make it necessary to use a polythene or other solid
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dielectric cable. As an alternative, howe~-er,a quarter-nave
section of line may be used as a matching section between the
transmission line and the aerial's 35-ohm input impedance. The
more normal practice is, however, to use a cable of some 50 ohms
impedance and eliminate the matching sect.ion by shortening the
aerial and the matching section, so making the aerial impedance

:-

CO-AXIAL
LINE

';

?:.>:ATOR

ATRANSMISSION

"

FIG. 6.38.-Three

FIG.6.39.-A

aerials which can be used fur the transmision of
vertically polarised signals.

vertically polarised four rod "ground plane"
aerial with reflector.
(BU courlew of R.C.A.)

equal to that of the transmission line. The four horizontal rods
are used t o provide the "ground plane" necessary to ensure t.he
provision of a strong image of the aerial-so producing the overall
effect of a vertical half-wave dipole.
Fig. 6.39 shows an R.C.A. aerial of this type. This aerial
consists of a vertical half-wave dipole and a four-rod "ground

AERIALS

207

plane", which gives a field gain of some 2.8 db. Such a light
aerial is not suitable for handling an output of more than some
3 kW. Where a certain amount of directivity is required a reflector
can be added, as is shown in the illustration. This particular
reflector gives a field gain of 1.3 db in the forward direction and
a reduction of some 1 . 7 db on the back side.
Tilted Wire Aerials

The tilted wire family of aerials, in general, have high gain and
directivity combined with very little selectivity. However, to be
of much value they must be several wavelengths long. Consequently they hare not been very widely used up to the present
date. The correct angle of tilt or slope is such that the length of
wire is one-half wavelength greater than its projection along the
direction of propagation. Thus, the longer the wire the smaller
the angle it should make with the direction of wave propagation
in space.
Two sloping wires may be combined to form a balanced V-aerial
lying in the plane of polarisation, and two V-aerials may be joined
to form a diamond or rhombic pattern. With the far ends of these
tilted-wire aerials open, they receive signals from the back nearly
as well as from the front. This is because the energy from one
direction travels out to the open ends and is reflected back to the
receiver. Resistive termination may be applied to the open ends
if reception from the back direction is undesired.
I n Britain E.M.I. have designed aerials which increase the
phase velocity along the tilted wire by the insertion of capacities
at regular intervals along it. This permits a greater angle of tilt
and consequently exposes the wire to a longer wave-front.
Slotted Cylinder Aerial with Multiple Slots

At Tery high frequencies, the requirement of the Pylon aerial
that the cylinder diameter shall be of the order of 1/10, may lead
to an inconveniently small value from the point of view of
mechanical stability. To overcome t.his, the cylinder diameter
may be increased, and more than one slot used. An example of
this t-pe of aerial is that employed by the BBC for its v.h.f.
transmissions.
The aerial comprises eight stacks, each stack having four slots
cut in a cylinder slightly greater than I./:! in diameter. The overall

Fla. 6.40.--Cut-away view of RBC' Multi-slot cylindrical aerial.
(Byrourledy n/ "Ainlr8r World".)
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height of the aerial is eight wavelengths, and its gain over a halfware dipole is 9 db. The slots are operated at half-wave resonance;
aa each slot is boxed, the actual length for resonance is approximately 3114. The aekal is designed for wide-band working, and
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RG.6.41.- -Distribution feeder system for the aerial of Fig. 6.40, shown opened out into
flat plane for clarity. Radial feeders are all of equal length with point impedances
shorn as plain figures and characteristic irnpedancea in "boxes".
(Ry rotidcay of "ll'i&ir World".)

each slot is "folded" and has reactance co~npensationof the type
illustrated in Fig. 6.22.
The construction of each stack is shown in Fig. 6.40; as will be
seen, the "boxing" of each slot is in skeleton form, comprising
conductors spaced at approximately A / 10 intenah. Additionally,
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a vertical conducting strip is situated in contact with the box bars
behind each slot, t o minimise fields in the enclosure a t the centre
of the cylinder. The outer of the coaxial feeder t o each slot is
terminated a t the box bar opposite the centre of the slot, and the
inner conductor is continued parallel to the cylinder surface to
the central conductor of the slot, in the t?-pe of Balun circuit
described previously. At the edge of each slot, capacitance
coupling t o the feeder is prorided, to give a pre-set degree of
reactance compensation.
The 32 slots are fed by successive bifurcation. At each point of
division double 114 matching networks are employed, to p r o ~ d e
the necessary impedance matching. X schematic diagram of the
feeder arrangement is shown in Fig. 6.4 1.
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Chapter Seven

FREQUENCY MODULATION TRANSMITERS
of the most interesting differences between a frequency
modulation transmitter and its amplitude modulated counter0
part is its higher efficiency. When employing amplitude modulaNE

tion the peak power output at 100 per cent modulation rises to
four times the unmodulated carrier power. I t therefore follows
that if the peak power output is the limiting factor, by changing
to frequency modulation the carrier power may be increased by
four times or some 6 db. However, if the limitation is the maximum r.m.s. power output, then the permissible increase is only
twice or some 3 db (assuming the most rigorous conditions-a
square-wave modulating signal). From these figures it will be
apparent that for any given size of power output valve or specified
power consumption, a greater signal output can always be
obtained by substituting frequency modulation for amplitude
modulation. This higher efficiency is due to the reduction in the
carrier component's energy content which occurs when it is
modulated in frequency-as opposed to the constant power
content of the carrier component of an amplitude modulated
signal.
I n this chapter the general principles of frequency modulated
transmitters will be considered, while the detail changes which
have to be made for the various different uses to which frequency
modulation is put will be considered in Chapter Eleven. It will,
however, be necessary to outline the general requirements of
typical frequency modulation systems in order t o obtain a general
quantitative background against which to discuss the various
circuits involved. As the largest use to which frequency modulation has yet been put is that of high-fidelity broadcasting, and,
further, as definite requirements in this connection have been laid
down by a t least one country, it is proposed to start by reviewing
these requirements. I n America the Federal Communication
Commission believe that frequency modulation is capable of
providing higher fidelity transmissions than those of the normal
medium-wave broadcasting stations; accordingly, they have
21"
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specified standards which are far more rigorous. The more important of these requirements have been summarised in the table
following.

TABLE1 1
Frequency modulation broadcast transmitter performance standards
Characteristic

F.C.C.
overall
requirements

Audio
Frequency

+ 2 d b of 1 kc/s

Freq. Mod.
noise-level

Transmitter
measurements

Studio
equipment
audio
measurements

Relay circuit
requirements
-

f l d b of 1
Better than
Better than
level
* I db of
& 1 d b of
kc/s level
50 c/s to 1.5 kc/s
1 kc/s level
1 kc/s level
30 c/s to 15 kc/s
30 c/s to 16 kc/s 30 c/s to 15 kc/s System must be
compensated
overall
60 d b below
100 per cent
mod. 50 c/s to
15 krjs

Better than 70
db below
100 per cent
mod. 30 c/s to
16 kc/s

per cent

per cent

Distortion
to 15 kc/s

Better than 65
d b below
level of 1 rnv.
input to preamplifier

Should be
better than
65 db

Less than 0.5
per cent
30 c/s to 15
kc/s

Less than 1.5
per cent
30 c/s to 15
kc/s

It will be evident from column three that in order t o comply
with these requirements a very high standard of performance
must be maintained a t the transmitter. At first sight it might
appear that such high standards are unnecessary; however, it is
on record that observers have commented on distortion as low
as 2 per cent, and have frequently objected t o noise-levels of
60 db below 100 per cent. modulation. These standards may,
therefore, as their name implies, be accepted as Standards of Good
Engineering Practice for high-fidelity broadcast stations.
One of the earliest decisions to be made when starting the
design of a frequency modulated transmitter is the frequency
deviation or swing which is to correspond to 100 per cent modulation. I n the case of a high-fidelity broadcast station, a swing of
1 7 5 kc/s is normally employed with a maximum audio frequency
of 15 kc/s-i.e. a deviation ratio of 5: 1. I n the case of radiotelephone links i t is usual practice to employ a deviation of
1 1 5 kc/s and a maximum audio frequency of 3 kc/s-again a,
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deviation ratio of 5 :1. Although deviation ratios as low as 1 : 1
have been employed for telephony transmissions having a
maximum audio frequency of 3 kc/s, the considerations a t the
end of Chapter Two show that the use of such low deviation ratios
results in little if any improvement in noise-level over amplitude
modulation. I n such cases the reduction in noise-level does not
therefore provide a valid technical reason for the use of frequency
modulation. I n the case of frequency modulated telegraph
transmitters a frequency shift of 850 cycles is frequently adopted,
the band-width occupied by the signal's side bands being some
1,100 cycles. Even with high-speed Morse this gives a deviation
ratio of between 3: 1 and 4 : 1, while for manual signals the ratio
is often as high as 10 : 1 or 20 : 1.
Regardless of the purpose for which the frequency modulated
signal is being employed, it is of prime importance that the carrier
frequency should be as stable as is possible. I n the case of frequency modulated broadcast stations the Federal Communication
Commission specify that the carrier's mean must be held on its
allotted frequency t o with +2 kc/s (i.e. to within one part in
40,000, a t the carrier frequencies normally employed). The
majority of frequency modulated transmitters are arranged so
that the power output stage is supplied with its drive from a
chain of frequency multiplying stages, which are in turn driven
from the frequency modulator-the controlling and by far the
most important stage in the transmitter. Although a wide variety
of circuits have been employed for the frequency modulation of
the carrier, the common aim of all these circuits is always the
achievement of the highest possible mean frequency stability,
coupled with minimum distortion. The frequency modulator
circuits most widely employed up t o the present fall largely into
three groups-the
variable reactance valve, the modulation
circuit due to E. H. Armstrong, and the "Phasitron" (see
selected references a t end of chapter). Although there have been
many alternative circuits developed from time to time they have
not been widely used in practice.
The Reactance Valve Modulator

The operation of the variable reactance valve type of frequency
modulator can be followed with the aid of Fig. 7.1. The master
oscillator circuit has connected across it a resistance R and a
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capacitor C . The value of these components is so arranged that
the resistance is high in comparison with the capacitor's impedance. Under these conditions the voltage across the capacitor
lags almost 90" behind that across the tuned circuit. This lagging
voltage is applied to the grid of V,. As the anode current drawn
by a valve is in phase with its grid voltage, it follows that the
MASTER
OSCILLATOR
CIRCUIT

A Ewe.
E m 9 0SC.CIRCUIT
VDLTS.
Eg * CRID VOLTACE
1,
A N O M CURRENT.
-VALVE.

Fro. 7.1.-The basic circuit of the variable reactance valve modulator.
( B y courtesy of the British Institute of Radio Eflginmn.)

current flowing through V.', lags almost 90" behind that across
the tuned circuit. As the valve fulfils all the necessary conditions,
it may therefore be regarded as an inductance shunted across the
tuned circuit. The value of this "inductance" will, of course, be
varied by altering the valve anode current. It therefore follows
that the application of an aucho signal to the valve's grid will in

MODULATED
OSCILLATOR
CIRCUIT

zS=THE OVERALL IMPEDANCE
PRESENTED BY THE VALVE
ACROSS POINTS 1 AND 2.

FIG. 7.2.-The general example which
illustrates the controlling impedances in
a reactance modulator circuit.

effect cause alterations to the "inductance" shunted across the
tuned circuit. The oscillator will therefore be modulated in
frequency as a result of signals applied t o the grid of the reactance
valve.
If now, instead of the particular example illustrated in Fig. 7.1,
the general example given in Fig. 7.2 is considered, it will be
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found that the reactance Z3 presented by the valve across points
1 and 2 is as follows:

Expressing this in terms of the phase shifting impedances:

where Ea=the r.m.8. voltage developed on the valve anode;
Ia=the r.m.s. anode current in amps;
E,=the r.m.s. voltage applied to the grid;
gm=the valve's mutual conductance in amps per volt
a t the operating point.
The valve reactance Z3 can be further resolved into a resistance
R, in parallel with a reactance X3 which may be either inductive
(L,) or capacitive (C,). The table below gives values of these
components in terms of those used to produce the phase-shifted
voltage applied to the valve's grid.

TABLE
12

The equivalent impedance presented

by a reactance valve expressed
in t e r n of the phase shifting network 2, and 2,.

2,;equivalent parallel resistive and
reactive components
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As the voltage applied to the valve grid is limited by the length
of its grid base this determines the minimum ratio of the reactances
Z, and Z,, the phase-shifting components. With the aid of
the above table and a knowledge of the valve's mutual conductance a t the bias value being used, it is possible to calculate the impedance it presents across the tuned circuit under all
conditions,
I n order to produce a variable reactance, i t is apparent from the
table that the mutual inductance of the valve must be variable.
This may be'achieved in one of two ways; if the modulation signal
is applied to the same grid as the r.f. input, the valve must be
biased to a point of the i,-v,
characteristic where appreciable
curvature exists, so that the mutual conductance varies with modulation signal amplitude. Alternatively, the modulation may be
applied t o an outer grid of a multi-grid valve; in this case the
modulation signal controls the proportion of the electron stream
through the valve reaching the anode, and hence the effective
mutual conductance from the inner grid to which the r.f. signal is
applied.
I n all four cases set out in the table, it is of interest to note that
X,, the reactive element in parallel with the main tuned circuit, is
inversely proportional t o g,. This type of modulator should
therefore more correctly be termed a susceptance modulator,
since it is jB,= I OX, which varies linearly with g,.
Reactance Modulator Sensitivity

For simplicity it will be assumed in this section that the variable
reactance valve has the modulation and r.f. signals applied to its
control grid, and that the mutual conductance characteristic
varies linearly from cut-off t o zero bias. It will also be assumed
that the phase shift network alwayssupplies the grid with a voltage
which has been shifted by a full 90•‹,and therefore that the
in-phase component of the power drawn by the reactance valve
may be neglected. Under these conditions it is possible to calculate
with sufficient accuracy for all practical purposes the sensitivity
and band-width coverage of a reactance valve modulator.
Firstly, as has been shown by Winlund, the maximum modulator sensitij-ity, expressed in terms of radio-frequency deviation
to audio input voltage, occurs when the peak audio and radio
frequency voltage swings applied to the modulator grid are equal.
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That is to say when
ea =e r - g v v ,

. . . . .

(7.4)

where

ea=peak audio voltage applied to modulator grid;
e,=peak radio frequency voltage applied to modulator
grid;
V,= modulator bias voltage at the operating point.
The peak radio frequency current drawn by the reactance valve
when there is no modulation is
m=erg m .

. . . . .

(7.5)

The peak oscillator tank capacity current is

where

eo=the peak oscillator tank voltage;
Cf=ocillator tank fixed capacity;
w =2nJ
X,=reactance of each of the two oscillator tank circuit
components.
The fraction of the tank current flowing through the modulator
without modulation (i.e. zero percentage modulation) is, then,

or peak e,)
At full deviation (i.e. at 100 per cent m~dulat~ion
e, becomes 50 per cent greater, or,

The change--expressed as a fraction of the total current flowing
round the oscillator tank circuit, from zero to full modulationwill be the difference between equations (7.8) and (7.7). The
resultant fractional frequency deviation will be one-half of this
(due to the fact that the frequency changes as the square root of
the capacitance change), providing that these deviations are only a
relatively small percentage off the oscillator frequency. Thus,
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The maximum band-width urn, over which the modulator is
capable of swinging the oscillator frequency is, then,

In the above formula k,-the
"modulation constant"-is
in or less, depending upon the percentage of the modulator
valve's grid voltage to anode current (9,) characteristic which is
linear and therefore usable for the sum of the peak audio modulation voltage, the peak radio frequency voltage and the directcurrent bias change necessary to make allowance for the extreme
automatic frequency control correction. In a practical valve the
truly linear part of the mutual conductance characteristic may
well be but a fraction of the total. Under these conditions the
modulator sensitivity in cycles per volt is, then,

This derivation is only applicable to single vdve class A
modulators and for the assumptions specified. For push-pull
Class A modulators, the value given in equation (7.11) for w , must
be multiplied by two, while that for S, in equation (7.12) must also
be doubled.
Distortion in Reactance Modulators

If it is assumed that the capacitance of a tuned circuit remains
constant and the inductance element only is varied, then it follows
from the formula for the resonant frequency of a tuned circuit

(f=&)

2z dLC

that the frequency will vary as the square root of

the change in inductance. From this it follows that even if the
inductance change is strictly proportional to the modulating signal
amplitude, the resultant frequency variations will not be so. It
is therefore ampparent
that a variable reactance valve must produce
some distortion in frequency modulating an oscillator.
In a circuit embodying a reactance valve the inductive reactance
so formed does not behave as in a normal tuned circuit; instead,
a reactance is produced in which the current is substantially
independent of the frequency variations. This abnormal condition
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has been examined by Winlund, in order to determine the distortion which results from the use of a reactance valve as a frequency
modulator. The table below shows the conclusions reached.

TABLE
13
Distortion due to reactance valve modulukx-s
Fractional band-width
(per cent)

Distortion
(per cent)

Distort ion
Fractional band-width

NOTE-Fractional band-width= Peak to p a k frequency swing expressed as a
percentage of the centre-operating frequency.

A study of the above table reveals the somewhat surprising
result that the distortion is an approximately fixed percentage
of the fractional band-width, i.e. some 14 per cent. Assume as an
example rt swing of plus and minus 75 kc/s on a mean frequency
of 50 Mc/s. The fractional band-width is therefore some 0.3 per
cent, from which it follows that the distortion due t o reactance
curvature is 0.04 per cent. If this swing is obtained by multiplying
up from a lower centre frequency, the fractional band-width,
and therefore the distortion, remain the same. As the distortion
is well below that required for even a high-fidelity transmission, it
follows that it is permissible to work with a lower reactance
modulator frequency and, if so desired, use a heterodyne frequency
changer t o obtain the final carrier frequency. If this circuit
arrangement is employed care must, however, be taken not to
exceed-in the modulated oscillat,or alone-the tot,al distortion
which can be permitted.
Even if a fairly difficult case is taken the result is still not too
unsatisfactory. Take, for example, the transmission of frequency
modulated signals over either power or telephone lines. If a
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carrier of 30 kc/s and a deviation of f6 kc/s is assumed, the
distortion arising from the use of a reactance modulator will
be some 6 per cent. I t should, of course, be borne in mind that this
figure assumes a ruler-straight reactance valve characteristic. In
practice the valve characteristic curvature will add to the distortion figure. The distortion produced by variable reactance valves
is usually far too great to permit their use for the direct production of ext)remelylarge fractional band-widths, such as those
encountered in sub-carrier frequency modulation transmission.
Push-Pull Reactance Modulators
If a simple oscillator is frequency modulated by means of a

reactance valve, the question of frequency stability immediately
crops up. As the reactance valve is a device which makes the
frequency of an oscillator dependent upon the voltages applied
to its electrodes, it follows that voltage variations other than the
desired modulation signal will also cause the frequency to vary.
Unless suitable steps are taken this will result in very poor
frequency stability. The first and obvious method of improving
the stability of a simple reactance valve modulator is that of
using a voltage-regulated power supply. In practice such a step
is an absolute necessity in any circuit in which the simple
modulat,or is en~ployed.
Another and, in general, more satisfactory method of reducing
the modulator's susceptibility to power supply variations is by
meam of a push-pull reactance valve circuit, such as that illustrated in Fig. 7.3. In this circuit the two valves are arranged
so that they produce opposite reactance variations. It follows
that they must be supplied with push-pull modulating signals in
order that their reactive effects may add together. Any unwanted
voltage drift or variation (including power supply ripple) will then
be cancelled out as in an audio push-pull amplifier.
Valres V, and V , are the reactance modulators and V , is the
oscillator. The use of heptode valves is suggested because of
the convenience of having an extra control grid for applying the
inodulation. The phase shift network feeding valve V , is arranged
in the same way as that used for automatic frequency control
in broadcast receivers. The resistance R, and the grid to cathode
capacity (C,,) of the valve forms the phase shift network supplying
the grid feed voltage. R , is made large in comparison with the
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reactance of C,,, so that the pha,se of the voltage developed at
the valve grid lags by 90" that across the oscillator circuit. I t
therefore follows that this valve's anode current will also lag the
voltage across the oscillator circuit. As the valve is drawing a
lagging current it is thus effectively a shunt inductance across the
oscillator circuit.
The valve V , uses a phase-shifting network which supplies it
TO FREQUENCY

Fro. 7.3.-The circuit of a push-puU reactance valve modulator. Valve Y , is
fed with a phase-shifted voltage via C , and R 1eo that its anode circuit acts
aa a shunt inductance the value of which is dependent upon the gain of the
valve. Similarly the valve V , is fed via C , with a signal which causes the val\-e
to present the effect of a shunt capacity across the oscillator circuit. The
application of a push-pull audio modulation therefore produces additive
frequency modulation of the oscillator's frequency.

with a leading voltage and thus results in its presenting a capacitive reactance effect instead of an inductive effect in the anode
circuit. I n the phase-shift network the capacitor C , is small
enough to have a reactance which is high in con~parisonwith the
resistance R,-the
capacitor being the controlling factor it
therefore follows that the current flowing in this circuit leads t-he
voltage. As it is this current which results in the voltage developed
across the resistance R,, it follows that the voltage applied to the
valve grid must also lead the voltage across the oscillator circuit.
This being so, this va.lve's anode current will also be leading, so
causing the valve to present an effective shunt capacitance across
the oscillator circuit. Any change in voltage which is applied to
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both modulator valves will therefore produce reactance variations
which will be cancelled out a t their anodes.
I t will be noted that a Hartley oscillator circuit is shown in
Fig. 7.3, and that the reactance valves are only connected across
a part of the oscillator circuit. This reduces t o some extent the
effectiveness of the reactance valves. However, in oscillator
circuits in which one end of the tuned circuit is grounded, the
cathode is usually a t a radio frequency potential from ground.
Such an arrangement invariably leads to hum in the form of
frequency modulation. This may be avoided by choosing a circuit
in which the cathode is grounded. As an alternative the heater
may be raised to the same radio-frequency potential as the cathode
by means of radio frequency chokes.
With the aid of a balanced reactance valve modulator it is
possible to neutralise all frequency instability due to power supply
variations. If, as frequently occurs, the oscillator which is being
modulated itself varies in frequency as a result of power supply
changes, then this may also be neutralised by means of the
balanced reactance valves. When used for this purpose, the valves
are adjusted so that they are slightly off-balance; in this way they
produce a residual reaction which is equal and opposite to the
oscillator's reaction to power supply variations.
When it is desired to use the reactance valves for this overall
balancing, the circuit may be adjusted by deliberately switching
a series resistance in and out of the power supply lead and at the
same time varying C,until the frequency variations resulting are
negligible. This frequency variation may be best observed by
noting the beat-note it produces when heterodyned against
a stable oscillator.
When it is merely desired to balance the two reactance valves
so that they are themselves unaffected by power supply variations,
the grids of the two modulator valves may be tied temporarily
together so that they are modulated in parallel. Modulation is
then applied and C , adjusted for a minimum frequency modulation output. After the balance has been obtained the modulator
grids can be connected back in push-pull.
The push-pull reactance modulator has an additional advantage
in that the resistive components in parallel with the main oscillator
circuit due to the two valves vary in opposite senses when modulation is applied. With a single-ended modulator, the variation of

224

FREQUENCY MODULATION ENGINEERING

the resistive term tends to produce unwanted amplitude modulation. T. P. Flanagan has shown that the condition for constant
resistance is the same as that for reactance balance a t t.he centre
frequency. I n terms of the components in Fig. 5.3, this condition
is oO2=
lC,R,C,,R,. Under these conditions of operation, the
reactance modulat.or has no effect in determining the centre
frequency, this being determined solely by the oscillator elements

Fro. 7.4.-Balanced reactance modulator of type employed in Marconi
FJIQ circuit.

(L, and C,of Fig. 7.3). If the values of C , , R,, R,are chosen so that
1/w,C,,R,= 1/ w,C,R,= k , the shunt resist,ance presented to t.he
oscillator tuned circuit is given by (1+ k 2 ) / 2 g , n k 2 .
An alternative form of push-pull reactance modulator has been
developed by Marconi for use in the FMQ oscillator; a simplified
circuit diagram of the arrangement is shown in Fig. 7.4. Valves I',
and V , form a "long-tailed pair", sharing a high valve common
cathode load R,. As the cathodes of the two valves are consequently a t a relatively high potential, the grid resistors are
returned t o a potential divider R,, R, connected across the h.t.
supply. The value of R , is such that the bias applied to the two
valves V , and V , brings the anode current near cut-off value, and
the mutual conductance varies linearly with small charges of grid
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bias. Capacitor C , serves to decouple the cathodes of V, and V, to
ground a t r.f., but not a t a.f. A portion of the r.f. signal from the
oscillator circuit is fed t o the grids of both valves V 1and V , in antiphase; consequently with no modulation applied, the sum of the r.f.
components of the twoanode currents is zero, and there is no signal
fed to the grid of V,.
When, however, modulation is applied to the grid of V,, the
cathode potential tends to follow the input signal, and hence V ,
anode current alters, tending to maintain the cathode potential
constant. R, is sufficiently large for near-equality variations of
anode currents in the valves to be achieved, the difference
between the two currents being such as to maintain the drive t o
V , a t approximately half the input signal amplitude. Thus when
modulation is applied the grid-cathode bias applied to the two
valves alters differentially, and hence the effective mutual
conductance of the two valves varies differentially also. An r.f.
voltage is therefore developed across C , which forms the major
portion of the-common anode load a t r.f. This output is proportional to the modulating signal amplitude and, additionally, is in
quadrature with the input voltage. The voltage across C , is fed
to the grid of V,; the anode of V, is connected in parallel with the
oscillator tuned circuit. Thus when modulation is applied, V,
behaves as a reactive circuit element, its alternating component
of anode current being proportional to the a.f. input signal. This
circuit arrangement has a number of advantages over that
conventionally employed. Since V , is purely an amplifying stage,
its performance is relatively non-critical with regard to operating
potentials and it can therefore be made to deliver a relatively
large r.f. current without overloading. Conversely, the anode
current swings in V , and V , can be kept t o relatively low magnitudes in order t,o ensure maximum linearity.
Capacitor C , is made variable to provide a control of deviation
sensitivity; for a constant r.f. input its value can be altered t o vary
the drive to V,, and hence t'he frequency swing.
Stabilised Reactance Modulators

I n practice there are other factors besides the variations in
supply voltage which affect the oscillator frequency. There are
changes occasioned by differences in temperature and humidity.
While these variations are largely a matter of mechanical design
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they still remain a problem to be surmounted. While they may
be very largely overcome by placing the c0mponent.s involved in
a simple thermostatically controlled oven, this still does not
overcome effects due to such causes as the ageing of valres. In
order to be certain of holding all frequency drift within a tolerance
of f1,000 or *2,000 cycles in some 100 JIcls, further and more
positive methods of stabilisation have to be resorted to.
The representative circuit shown in Fig. 7.5 was first described

Fro. 7.5.-A reaotance valve frequency modulator with automatic frequency control.
The A.F.C. Circuits serve the dual function of maintaining frequency stability and
providing a monitoring circuit.
I . F.= 460 kc/s.
C,=C,=C,=O- 75 pf midget condenser.
Ll=L,=L,=2.5 Mh.
R,= 50,000 ohms.
R,=R,= 200,000 ohms.
C,=C,=200 pf.
Coupling between L, and L, 14 per cent.
Coupling between L, ant1 L3=2.5 per cent.

-

(Bu coarlesy of ''R.C.I. Reriew".)

by Crosby. It will be noted that this circuit uses a simple oscillator
valve V , and a single reactance valve V,. Xormally such an
arrangement would have a bad frequency stability if it were not
for the automatic frequency control system consisting of the
heterodyne frequency converter V , and the discriminator D, with
the two detectors V , and V,. This automatic frequency control
system operates off the relatively low frequency obtained from
the heterodyned output of the frequency changer stage. By using
a heterodyne frequency changer to convert the modulated oscillator's frequency to a much lower value, any drift-expressed in
terms of cycles "off" the mean frequency-remains unchanged.
At the lower frequency the discriminator circuit will be very much
more stable-in terms of cycles actually drifted-than would have
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been the case if it had been operating at the same frequency as
the reactance modulated oscillator. The crystal oscillator supplying the signal to the frequency changer valve must have a stability
higher than that desired for the final carrier frequency. For
maximum stability the intermediate frequency at which the
discriminator D operates should be as low as possible; 450 kc/s
(the broadcast i.f.) is frequently used for this purpose.
Stabilisation in the above arrangement occurs in the following
manner. Assume that the oscillator frequency of valve V2 is low;
this will result in the frequency applied to the discriminator also
being low. The discriminator output instead of being zero will
now be a slight positive voltage, which when applied to the grid
of the variable reactance valve V.', causes it to draw a larger
lagging current and so present an appearance of a smaller value
of shunt inductance across the oscillator circuit. This results in
the oscillator frequency being raised.
There are many possible variations of the typical reactance
valve circuits already described; it is, for example, possible to
apply direct-current amplification to the voltage output of the
discriminator before applying it to the variable reactance valve.
Normally, when a stabilised oscillator is employed, a balanced
modulator is used and both the h.t. and l.t. supplies are stabilised.
It is also normal to enclose the critical components in a thermostatically controlled oven. As the discriminator's action forms
the subject-matter for a later chapter it will not be discussed
a t this point.
FM Q Modulator (Frequency Modulated Quartz)

The FMQ oscillator circuit has been developed by Marconi for
the purpose of effecting frequency modulation of a crystal controlled oscillator. I t employs a reactance modulator of the type
described in the section on push-pull reactance modulators. The
method of modulating the crystal itself is of sufficient importance
to warrant special attention. I t is not normally possible to obtain
satisfactory results by connecting a reactance modulator to a
circuit employing crystal control; the reasons for this will be
apparent from an inspection of the equivalent network of a crystal
given in Fig. 7.6. The capacitor C, is the crystal holder capacitance
and that between the leads etc., the components LC,R,, and C,
being those which would give precisely the same electrical
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performance as the crystal itself a t the operating frequency.
Typical values of LCrun into henries whilst those of C, run in
fractions of pico-farads; it is therefore obvious that any charge
in the reactance in parallel with Ch has very little effect on the
resonant frequency of the circuit, since this is dominated by L,
and C,. Expressed alternatively, it may be said that C, and C ,
form tapping points to the cryst.al circuit, and their relat,ive
magnitudes are such that any external element is tapped across
an extremely small portion of the circuit.
I n order to effect modulation, an impedance transformation
is necessary, and for this purpose a quarter-wave network is

FIQ.7.6.-Equivalent.

FIO.7.7.-Quarter

wave
a-section network.

circuit o f crystal.

employed. This comprises a n-section network, of the type
shown in Fig. 7.7; if the values of L and C are chosen so that
o-L,
where fo is the working frequency, then the impedance
- 2 n d ~ ~
measured between terminals 1 and 3 (Z,,), when a load impedance
Z, is connected to the t,erminals 2 and 3, is given by

Zl3=ZO2/Z,,

.

. .

. .

(7.13)

where Z,2= LIC.
If then the load comprises a crystal, and the value of C connected
between terminals 2 and 3 is adjusted t o incorporate Ch, the load
is equivalent to a series tuned circuit comprising LC,R,, and C,.
Then input impedance is given by (5.13) above; it, is, however,
more convenient t o calculate the input admittance given by
Y13=

/zi3.

That is, the network input admittance is the same as that of a
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parallel tuned circuit comprising three branches, L, C, and R, the
relationship being given by:
1; = Zo2C,;
c = L,/Z,,2;
R = Zo2/R,. , . . . . (7.14)
To the input terminals 1 and 3 can be therefore connected a
maintaining amplifier and a reactance modulator. The circuit
has the advantage of retaining the high centre-frequency stability
of a crystal oscillator.
Considerable care is necessary in mounting the crystal, to prevent
operation in spurious modes under conditions of varying frequency;
additionally, precautions must be taken to ensure that oscillation
is not controlled by the quarter-wave section itself, the resonant
frequency of which is j,i %'.'
Armstrong's Frequency Modulator

E. H. Armstrong is responsible for developing the method of
frequency modulation which will now be discussed. The chief
advantage of his method is that, being based on a crystal controlled

FREQUENCY
MULTIPLY INC
STACES.

OUTPUT
STACE.

PHASE
MODULATED
CRYSTAL
COMROLLEO
MASTER
OSCILLATOR.

-

CARRIER C
SIDEBAND

'

1

MIXER VALVE.

AM SIOEBANDS

DISTORTION
FILTER.

WFT lMlT t

AMPLITUDE
MOWLATCR.

SIDEBAND
AMPLIFIER.
CARRIER

sue-.

FIG.i.8.-A simplific;t block diagram of Armstrong's frequency modulation
transmitter. The mixing of a carrier and phase-shifted amplitude modulation
side bands produces phase rndulation. As a result of the pre-distortion of the
incoming audio signal the overall effect is that of frequency modulation.
(By eourUoy of the Britidh Insfi(uU of Ralio E n q i w r r . )
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oscillator, it has an inherent frequency stability which is probably
higher than any other type of modulator.
A block circuit diagram of a transmitter incorporating Armstrong's modulator is shown in Fig. 7.8. In such a transmitter
r

CARRIER
AMPLIFIER
T

CRYSTAL
CONTROLLED
MASTER
OSCILLATOR

BALINCED
AMPLITUDED
MODULATOR

RG.
7.9.-An

outline circuit of

rlrmstrong'a

phase modulator.

the output from a very stable crystal controIled oscillator is fed
through two channels. The first channel starts with a pair of
valves ( V , and V,, Fig. 7.9) operating as a balanced amplitude
modulator. The carrier is cancelled out across the output transformer in the anode circuit of these two valves, so leaving the
amplitude modulation side bands only. By feedingthese side bands
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through the small condensers C, and C,, a phase shift of 90" is
produced. The second outlet channel from the crystal oscillator,
after being amplified by V,, is combined with the phase-shifted
amplitude modulation side bands on the anode of V,.
The effect of combining a carrier with amplitude modulation
side bands which have been shifted in phase by 90" is shown in
Fig. 7.10. These vector diagrams show, firstly, how the side bands
NORMAL AMPLITUDE M O D U L A T I O N

4
I

RESULTANT
WAVE
CARRIER

'

LOWER
SIDEBAND

UPPER
SIDEBAND

(a

1

\

A

RESULTANT

J WAVE

) %?&D

(b)

APPROACHING PEAK

APPROACHING M I N . OUTPUT
(100% MODULATION)

SIDEBANDS SHIFTED 90'
RESULTANT
WAVE
SHIFTED+~S~

-\

CARRIER

'9-

SIDEBAND

LOWER
SIDEBAND

\

CARRIER
__L

yoRESULTANT
WAVE
SH~FTED-~S~

'SUPcZh

(c)
(d)
Fro. 7.10.-Vector diagrams (a) and ( b ) show the normal phase relations
betneen the side bands and camer of an amplitude modulated wave.
Diagrams (c) and ( d ) show that by shifting the side bands by 90' relative
to the carrier, phase modulation is produced.

normally combine with the carrier to produce amplitude modulation, and, secondly, how when shifted in phase they produce
phase modulation. I t will be recalled from the discussion in
Chapter Two that the relationship between phase and frequency
modulation is simply that in the former case the frequency
deviation of the carrier is directly proportional to the differential
of the audio signal rather than, as in the case of frequency modulation, being proportional to the audio signal itself. This being
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so, it follows that, if it is desired to obtain a frequency modulated
signal from a modulator producing a phase-modulated signal, it
is only necessary to integrate the audio signal before appljing it
to the modulator. When used with such a pre-distortion circuit
Armstrong's phase modulator gives a frequency modulation
output.
Distortion Produced by Armstrong's Modulator

If, in a modulator producing phase-modulation. the angle 0 is
made to vary linearly with the side band vector amplitude E,,
RESULTANT
then it follows that there will be
no distortion produced at this
point in the system. I t is therefore necessary that 0 should be
related to E , by the equation
O=KE,, where K is an arbitrar~
constant. However, it is apparent from Fig. 7.1 1 that they are
in fact related by the equation
O=tan-I

(3

; it is therefore

obvious that the modulator
introdurn distortion equivalent
to the difference between the
desired relationship and the actual relationship. Jaffe has investigated this position and shown that this distortion takes the form
of the production of odd harmonics and that the amplitude of
these harmonics can be expressed by the following equation:
Fro. 7.11.-The carrier vector Ec and the
resultant side band vector El.

where A,= the amplitude of the nth harmonic;
p=the tangent of the maximum phase shift expressed
in degrees.
Fig. 7.12, which is prepared from the above formula, gives the
percentage harmonic distortion in terms of the fundamental,
against phaae shift values ( 8 ) of up to 45". It should be noted
that the bulk of the distortion is made up of third harmonic.
As the audio signal is integrated before being applied to
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Armstrong's modulator, it follows that the resulting phase modulation deviation will be progressively decreased as the frequency
of the audio signal is increased. This being so, it is obvious that
the larger phase excursions will only occur in the lower frequency
region, with the result that the maximum distortion will also
occur in this region.
This is well illustrated in Fig. 7.13, which shows the distortion

FIG.'7.12.-Percentage distortion versus the
maximum phase deviation in degrees, which
reslilta from .4rmstrnng's Modr~lator.

produced over the audio band when the phase modulation has
been made equal to some 25.5' at 20 cycles. It will be noted
that the distortion is 5 per cent a t this frequency, but that it falls
to negligible proportions above 100 cycles.
It is interesting to note bhat neither the percentage frequency
change nor the percentage harmonic distortion is affected by
frequency multiplication. If heterodyning is employed to alter
the frequency, the percentage frequency change will be modified,
but the percentage distortion will be unaffected. It is common
practice to use a maximum phase shift of 30" for an audio signal
of 30 cycles. The distortion will then be some 7-2 per cent a t
30 cycles and less than 0.05 per cent a t 400 cycles. Under these
conditions the actual modulation -produced would be some
30"
=0.534
57.3"

radians, which results in a frequency swing of only

30 x 0-524= 16 cycles for a modulating frequency of 30 cycles.
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RQ.7.13.-The percentage harmonic distortion over the audio frequency m g e

for the case when a phase change of some 25.5" ia produced by a modulating
frequency of 20 cycles.

Minimising Distortion in Armstrong's Modulator

I n the laat section i t was shown that whereas 6, the phase
deviation in Armstrong's modulator, should be strictly proportional to variations in the amplitude of the phase-shifted side bands
-i.e. 6=KE, (see Fig. 7.11)-it is in fact proportional to
8=tan-l(E,/E,).

It will be apparent that the desired linear relationship can be
obtained by varying the amplitude of the carrier vector E,. In
this way it is possible to make
6=KE,=tan-1(E,/E,),

. . . .

(7.16)

From this last equation the desired relationship which the
amplitude of E, should bear to that of the side bands can be
derived as
. . . . (7.18)
E,=E, cot KE,.
Bertram has shown that for small values the cotangent can be
expressed by the series
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so that,
1
E.=E"=*----

KE,
3

(KEJs
-2(KEs)5]
45
945

. (7.20)

It will be shown later that by amplitude modulating the carrier
with a wave having the above form, it is possible to operate up
to some 60' phase shift without appreciable distortion. Accepting
this figure for the moment and making E,= 1 for a 60" (or 1.048

e

radian) phase shift, then K = -= 1.048. Hence i t follows from

Es

equation (7.21) that for complete correction of all distortion up t o
this phase shift the carrier Ec must be amplitude modulated with
a wave of the following form:

This shows that if the ca.rrier amplitude (the factor K) is taken
as 0.955, then the carrier should be amplitude modulated t o a
relative depth of 0-349 with the side bands' second harmonic and
also to a relative depth of 0.025 with their fourth harmonic.
Expressed in different terms, this means that when phase modulating t o 60' (by Armstrong's method) the carrier should also be
0.349
amplitude modulated t o -=36
per cent with the audio
0.955
signal's second harmonic and to 2.6 per cent with its fourth
harmonic.
I n practice it is, howerer, difficult to produce accurately more
than the second harmonic of the audio signal. Pieracci has
therefore given empirically derived values for the second harmonic correction which should be applied to a carrier which is
phase modulated to a maximum of 60". Under these conditions:

where 0*565=the relative mean carrier amplitude;
0.1 88= the relative amplitude of the second harmonic of
the audio signal a,.
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Comparing this figure with equation (7.22)

It will be noted that this equation compares very closely with
that derived theoretically by Bertram.
It therefore follows that if a simple sine wave having twice the
frequency of the audio signal is applied as amplkude modulation
to the c a ~ ~ i ethen
r , there will be a very close approximation to
a linear relationship between 0 and E,. The higher coefficient of
E , used in the practical case compensates t o some extent for the
neglected higher order terms. As it is possible to correct for a
sine wave of any frequency, it follows that the distortion can be
corrected however complex the modulating signal may be.

Distortion remaining after second hnmnonic cotrecfiotz of 60-degree
phase modulation
0 assumed
(degrees)

Table 14 indicates the theoretical error resulting from this
practical correction. It should be noted that it is not practical
to correct the distortion on phase deviations very much greater
than some 60". This is due t o the fact that the limiting value of
90" p h w modulation is being approached.
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Armstrong's

I n addition to a theoretical examination of the correction of
distortion in h t r o n g ' s modulator, Pieracci has also described
a practical method of carrying it into effect. Fig. 7.14 shows a
typical circuit diagram of a modulator embodying this principle.
OSCILLATOR

r

FREQUENCY

o MODULATION
OUTPUT

FIQ.7.14.-A circuit diagram of Armstrong's modulator with the addition of distortion
correction circuit. This arrangement minimises the distortion produced at large-phase
deviations.

The audio amplifier stage, including V , and V,, the balanced
modulator V , and V,, the oscillator V, along with the phaseshifting network R,,C,, R,,and C,, and the carrier amplifier and
mixer stage, V,, provide frequency modulated signals in the
general manner already described. The new feature introduced
in this circuit is the amplitude modulation of the phase-modulated
carrier with a wave-form having twice the frequency of the original
modulating signal. The valve V , full wave rectifies the audio
signal, so providing a basic double frequency voltage. The waveform of the voltage delivered by V,, however, has a high harmonic
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content. It is therefore passed through V, which shapes the waveform so that it emerges within 5 per cent of a true sine ware.
The operation of this valve is illustrated in Fig. 7.15. Diagram
(a) shows the wave-form which is normally produced by a fullwave rectifier. I n the case of V, the cathode is raised to a sufficient positive voltage-with resistances R, and R,-to cause the
actual output wave-form to be of the shape shown in Fig. 7.15 (15).

OUTPUT FROM NORMAL
FULL-WAVE RECTIFIER.

OUTPUT OF
WITH POSITIVE
VOLTS Q N CATHODE

WAVEFORM EMERGING

WAVEFORM APPLIED
TO VS GRID

Fro. 7.15.-Thia

diagram illustrates the means by which the
audio signal is rectified and corrected to within 5 per cent of
a true sine wave-form hariug douhle frequency.

This wave-form, which is one step nearer to a sine wave, is
applied to the grid of V,, a valve with a variable-mu characterist.ic.
Fig. 7.15 (c) shows that while the positive half of the wave-form
applied to the grid emerges a t this valve's anode in a substantially
unchanged form, the negative half is distorted by the tailing
variable-mu characteristic so that it becomes a close approximation
to a sine wave. By adjustment of the resistors R, and R, the
value of the positive bias applied to the cathode of V , can be set
to give the smoothest wave-shape obtainable.
As the output wave-form of V , has been shifted by 180' in its
passage through the valve (by only 90" in terms of the original
audio modulating signal), it is in the correct phase to apply as
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anode modulation to the carrier amplifier and mixer valve V,.
This is done by the simple expedient of taking the anode feed
for V , from a variable resistance in the anode circuit of V,. I n
this way the phase-modulated radio frequency output voltage
from V , is amplitude modulated with double the original audio
frequency, this modulation being applied in the correct phase to
substantially cancel out the inherent amplitude modulation which
arises as a result of Armstrong's method of producing phase
modulation.
As would be expected, the practical results obtained with this
system of correction fall a little short of those which are theoretically possible. In a test in which a maximum phase shift of 54"
was produced by a 50-cycle modulating signal, the measured
results showed a reduction from 21 to 3 per cent distortion. I n a
second test a phase shift of 32" was also produced by a 50-cycle
modulating wave; under these conditions distortion was reduced
from 7 4 'per cent to less than 2 per cent.
The chief advantage in being able to produce increased phase
deviation without distortion lies in the fact that the subsequent
frequency multiplication required is reduced to half. As has
already been explained, after the audio input has been integrated
to provide a frequency modulation deviation characteristic which
is level over the audio band, Armstrong's modulator produces a
maximum frequency deviation of 20 to 25 cycles. If the transmitter is to operate at a maximum deviation of, say, 75 kc/s, these
frequency changes will have to be multiplied some 3,000 times.
This multiplication can be reduced to 1,500 times if the system
of correction indicated above is used. It should, however, be
borne in mind that the same result can be obtained by the use
of an extra doubler stage in the frequency multiplying chain. It
would appear that the only conditions under which the above
system of correction would be warranted is in cases where its use
would avoid heterodyning the signal to a lower value before
multiplying it to the h a 1 carrier frequency.
In the case instanced above this would still be necessary; the
osciuator frequency might have to be multiplied from 100 kc/s
to perhaps 10 h / s , at which it could be heterodyned against a
crystal oscillator to produce some lower frequency, in the region
of 1 or 2 JIc/s, and then multiplied up to, say, 40 to 50 Mc/s. The
question of frequency multiplication is discussed in a later section.
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Cathode Ray Frequency Modulator

I n addition to the types of frequency modulator already
described, there are a number of other types v-hich for one reason
or another hare not been widely used, or which have only
restricted uses. While it is not proposed to discuss each of these
types in any great detail it is felt that an outline of the most
interesting will be useful. The first and perhaps the most ingenuous of these is the cathode ray frequency modulator. Like

FIG.7.18.-A

typical target anode of a cathode ray frequenc~
modulatinn generator.

Armstrong's modulator, it also produces phase modulation, but
instead of a maximum phase deviation of some 30" to 60•‹, thls
method is capable of producing a distortionless phase shift of
several times 360".
This modulator consists of an electrostatically deflected cathode
ray tube, with a special target anode. Fig. 7.16 illustrates one
form which the target anode may take. It consists of two plates
formed by depositing a conducting coating du-ectly upon the
inner surface of the "screen end" of a cathode ray tube. The
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tube illustrated in Fig. 7.17 is constructed in this way, and it will
be noted that in this case the target electrode consists of five
complete circles.
In operation the electron stream is deflected in such a way that it
traces out a circle on the target anode. Such a trace can be obtained
by applying to the two sets of deflector plates two waves which
have been derived from the same oscillator, but differ in phase by
90". In the case under consideration the oscillator is crystal

Ro. 7.17.-An R.C.A. cathode ray frequency modulation tube. The target anodes
of this tube consist of five complete circles.

controlled in order to ensure a high frequency stability for the final
frequency modulated signal. It will be readily seen that if the
amplitude of the signal producing the circular trace is varied, then
the diameter of the trace itself will also be varied in strict
proportion.
If reference is again made to Fig. 7.16 it will be noted that as
the beam follows its circular trace it falls first on one anode plate
spiral and then on the other. While the beam is drawing current
from the anode spiral connected to the right-hand terminal there
will be no voltage drop between the target and earth. However,
as soon as it commences to draw current from the other target
spiral there mill be a volt,age drop due to the current flowing
through the resistance R,. I t therefore follows that as the beam
traces its circular course a square-wave signal of the same fiequency as that of the initial oscillator will be developed in the
target anode circuit. This is illustrated in Rg. 7.18, in which the
first diagram illustrates the wave-form generated when the beam
is scanning the circular trace indicated by the central dotted line
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in Pig. 7.16. If now the amplitude of the scanning signal is
reduced, then the diameter of the circular trace m i l l also be
reduced, aa indicated by the inner dotted line in Fig. 7.16. C'nder
these conditions, however, the point a t which t,he beam switches
from one anode spiral to the other will be retarded by 90".
Similarly, if the diameter of the circular trace is increased to the

FIG. 7.18.-The wave-form produced a t the target a m d e
shown in Fig. 7.16 is illustrated above. (a)ahows the wave
produced when scanning the central dotted line. When
the signal amplitude is increased so as to scan the outer
dotted line, the phase of the resultant aave is shifted by
90' as shoa-n in (b). Similarly if the inner Line is being
scanned the resultant aave will be shifted in phase by 90"
in the other direction as shown in (c).

size indicated by the outer dotted line, then the point of changeover will have been advanced by 90". It therefore follows that
by amplitude modulating the signal producing the circular trace
-and so causing its diameter to vary-it is possible to phase
modulate the square wave-form produced in the cathode ray
tube's anode circuit. I t follows that with the target illustrated
in Fig. 7.16 it would in this way be possible to produce up to 360•‹
phase modulation-without any distortion whatsoever.
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Fig. 5.19 illustrates the way in which the cathode ray frequency
modulator would be employed in a practical circuit. The two
target sections are connected to the two ends of a circuit tuned
t o the frequency of the crystal controlled oscillator. As the beam
changes from one anode to the other it sets the circuit in oscillation, the phase of which is shifted in direct ratio to the change
in amplitude of the amplitude modulated scanning signal. The

TUNED
AMPLl FlER
STAGE

b

EARTH AND
CATHODE RAY
TUBE H . t +

ELECTRON BEAM

SIGNAL FROM CRYSTAL

OCATYODE RAY
TUBE H.T.-

FIG.7.19.-An outline circuit of the oathode
ray frequency modulator.

practical modulator tube illustrated in Fig. 7.17, having five
complete turns to its spiral anode, will be capable of producing
a maximum phase modulation of 360" x 5= 1,800•‹, some sixty
times more than the uncorrected Armstrong modulator.
I n an experimental transmitter in which this tube was employed
the initial crystal oscillator frequency was some 1.7 Mc/s. The
oscillator was followed by a chain of multiplying stages which
produced a final frequency of 41 Nc/s. As in the case of Armstrong's modulator, the overall result of frequency modulation
mas obtained by integrating or pre-distorting the audio signal so
that its amplitude falls progressively as its frequency is increased.
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Suppressor Grid Modulator

This type of modulator was described by K. C. Johnson for a
"Wobbulator" design; its application as a modulator is, howerer,
obvious. I t has the merit of affording a very wide range sweep
with good linearity, and freedom from spurious amplitude
modulation. A simplified circuit diagram is shown in Fig. 7.10.

FIG.7.20.-Modulator employing variation of anode
current withsuppressor grid bias due to K. C. Johnson.

The circuit relies for its operation upon the fact that, for given
anode, screen and control grid potentials, the total cathode
current of a pentode is independent of the bias applied to the
suppressor grid to a good degree of approximation. The result of
applying bias to the suppressor grid is to vary the proportion of
this constant cathode current flowing to the anode and to the
screen grid respectively.
In the circuit,, valves V , and V , are cross-connected in a multivibrator-type circuit, the loop gain, ignoring the feedback from V ,
cathode circuit, being somewhat greater than unity. V , , for this
purpose, operates as a triode, since the load resistor R , carries
both anode and screen currents. In order that V , shall retain its
pentode characteristics R , must be small so that the screen
potential variations are kept to a low value. Since, however, the
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loop gain is low, this condition does not require unduly high
values of R,. The circuit is constrained to operate at a frequenoy
determined by the series tuned circuit L,, C , in the cathode of V,;
the resistive network in parallel with the tuned circuit serves to
provide d.c. continuity to earth, and is of such value as to prevent
oscillation in the absence of the tuned circuit.
Coupled to L, is a second winding L,, which carries the anode
current of V,; this current is a fraction k of the cathode current,

Fro. 7.21.-Single valve version of circuit of Fig. 7.20.

determined by the suppressor grid bias. If the mutual inductance
between the two windings is M, the e.m.f. induced in L, by the
current in L, is jwMki,, where i, is the alternating component of
the cathode current.
The e.m.f. across L, in the absence of L,, is given by jwLi,; and
hence the e.m.f. developed between the ends of L,, under working
conditions, is jwi,(L,+kM), and thus, in so far as the series tuned
circuit is concerned, the value of L , is altered to an apparent
value L, given by
L,=L,+kM.
As k can be varied with suppressor grid bias (as described above)
the resonant frequency of the cathode circuit varies correspondingly. By choice of winding direction the sign of M can be made
negative, and M can be made, if necessary, larger than L,. The
value of k can be varied between 0 (anode current cut off) and 0.6
approximately (this latter figure, corresponding to zero suppressor
grid bias, depends upon valve design). Hence large variations of
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L, can be produced, and very large frequency shifts. The circuit
has the property that it is not greatly troubled by spurious
amplitude modulation, since the input to I-, is independent of
suppressor grid bias.
An alternative single valve circuit is shorn in Fig. 7.11; in this
the feedback to the grid is supplied by the tuned circuit LJ,.
This circuit is heavily damped by resistor R,, to ensure that the
oscillation frequency is governed by L,, C,.
Condenser Microphone Frequency Modulator

I n the case of small portable transmitters of the "walkietalkie" type, the various forms of modulator already described
are rather difficdt t o accommodate on account of the large
number of valves involved. Various alternatire circuit types haye
therefore been proposed, the simplest of which makes possible
wide-band frequency modulation with only a single ~ a l v e
transmitter.
The capacity variation of a condenser nlicrophone could, in
theory, if connected across an oscillator's tank circuit, produce
frequency modulation of the oscillator. This has often been used
as an example in making simple explanations of the way in which
frequency modulation is produced. Due to the high stray capacities involved in practice, this method is, however, not of any
real value. The frequency variations produced would be far too
small to be of practical use.
However, if a condenser nlicrophone is used with a simple
inductively coupled circuit, the capacity changes can be made
to result in very considerable frequency deviations, the extent of
which will be determined by the circuit constants and the operating frequency. An outline circuit of such an arrangement is
illustrated in Fig. 7.22. The winding L, is both the oscillator tank
circuit inductance and the primary of an r.f. transformer. The
winding L, is merely the oscillator grid feed winding and plays
no other part in the circuit operation. The secondary winding L,
is coupled fairly closely into the oscillator tank winding L,, and
the capacity C represents that of the condenser microphone. This
microphone is directly shunted with an inductance LC,which has
such a value that the combination is made parallel resonant in
the region of the oscillator's normal operating frequency. The
impedance a t the terminals of the primary winding of the coupled
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circuit, taking into account the effect of the secondary winding,
the microphone capacity and shunting inductance, will always be
inductive. It will be this inductive reactance in combination with
the tuning condenser C, which determines the frequency of
oscillation. However, any variation in capacity of the microphone
produces a variation in the impedance coupled into the primary
winding, and therefore varies its effective inductance and, with it,
the frequency of oscillation.

FIO. 7.252.-The

outline of a condenser microphone coupled
circuit frequency modulator. The condenser microphone ia
represented by the condenser C.

I t has been shown by E. J. O'Brien that when the microphone
capacity and its shunting inductance are a t resonance at the
oscillator's operating frequency, that the effective inductance of
the primary after an incremental change AC in the microphone
capacity is
L,=L, &02M2AC,
. . . (7.27)
where J f = t h e mutual inductance between the primary and
secondary windings;
o= 2rrf (f=the frequency of oscillation).

.

From this equation it is apparent that in order fo obtain the
greatest change in effectil-e induct.ance, the mutual inductance
and frequency of operation should be as high as possible-without
introducing any large direct capa.city between the primary and
the secondary-ad also that the primary inductance should be
as small as ;,ossible. I t should also bevnoted that the above
equation ignores a very small distortion factor w2L,AC, which
should be included to give a precise value for L,. When this
factor is included equation (7.27) becomes

L,=L,=
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When the above formula is expanded to take account of conditions
other than resonance it becomes

These equations do not take account of the resirtance of the
primary and secondary circuits. As. however, any practical circuit
must have appreciable resistance, it follows that the peak of the
resonance curve will be somewhat flattened. Accordingly, it will
be found that the maximum variation in the effective oscillator
circuit inductance will be obtained by tuning the parallel cornbination of microphone capacit,y and shunting inductance to a
frequency somewhat displaced from the normal operating frequency of the oscillator circuit; that is t o say, the parallel microphone circuit will be tuned to such a point that the steepest
part of its response curve corresponds to the operating frequency
of the oscillator.
Arising from the fundamental properties of coupled tuned
C
will hare a greater
circuits, i t follows that the w ~ M ~ Aterm
positive than negative value. I t therefore follows that, as in the
case of a reactance valve modulator, some distortion must therefore be produced. I t will, however, be small, providing that the
carrier frequency is high in conlparison to the deviation frequency.
Again, as in the case of a reactance valve modulator, it will be
almost entirely second harmonic distortion. The percentage
second harmonic distortion can in this case be simply expressed as

Using the above formula, it can be shown that t,he basic second
harmonic distortion a t a carrier frequency of some 40 Mc/s will be
in the order of 0.4 per cent with a deviation of -1-100 kc/s.
I n the paper by O'Rrien in which this type of'modulator is
described, it is claimed that with a good microphone, high fidelity
wide-band frequency modulation has been obtained.
Variable Resistance Frequency Modulator
The frequency a t which a tuned circuit will maintain selfoscillation is termed the natural frequency. The relevant formula
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indicates that an oscillator's frequency is t o some extent
dependent upon the circuit resistance, and can therefore
be varied by altering it. I t should be noted that normally
R2
1
the term - is negligible compared with -,
and therefore
4L2
LC'
the error caused in taking the frequency of free oscillation as one
and the same thing as a circuit's resonant frequency

may be neglected. The latter freqnency is, of course, that a t which
the applied voltage will result in the largest circulating current, i.e.
that a t which forced oscillations will have a maximum amplitude.
It will be apparent that if the circuit resistance component is
varied, then the frequency of oscillation will also be changed.
This fact provides a further fundamental means of producing
frequency modulation. There are, of course, several possible ways
in which a variable resistance component could be introduced into
an oscillatory circuit. One such way has been described by B. E.
Montgomery. He overcomes the various difficulties arising in the
application of the resistance change t o the oscillator circuit by
injecting it. into the main tuned circuit by means of inductive
coupling.
Referring to the circuit given in Fig. 7.23, it will be noted that

AX,

-

INCREMENT
IN

OF REACTANCE

Lp CAUSED BY SECONDARY

CIRCUIT.

FIG. 7.23.-The outline of the fundamental circuit
for inductively coupling a variable resistance into
the controlling circuit of a frequency modulator.

there is an inductance, a capacity, and a resistance in parallel
and inductively coupled to a second inductance which forms part
of the oscillatorj- circuit of a self-excited oscillator. For this
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particular circuit the greatest rate of change in the effective
primary inductance L, is caused by the incremental change of R
when its value is

I n the above formula the positive sign should be used when

(XL,-Xc,) is positive and the negative sign when it is negative
-in order that R may a t all times be positive.
The actual incremental change AR,, in the primary resistance
which is caused by the presence of the secondary circuit, is

And the incremental change A X , made to the effective primary
reactance by the presence of the secondary is

Assume as a practical example a frequency modulated oscillator
of this type operating a t 2.5 Mc/s and with the following circuit
constants:
M=0.75 microhenry
L,= 37-4 microhenries
C,= 96 micromicrofarads

or X,,= 11.8 ohms.
or X ~ , = 5 8 8ohms.
or X c ,= 662 ohms.
R=variable between 0 and 20,000 ohms.

In this case the value of M was determined by asburning that
the maximum value of AR, coupled into L, by the secondary
circuit should be of such a magnitude as to cause the Q of L, to
fall from 200 t o an effective value of 100. Fig. 7.24 shows a
calculated curve of the variation in AR, and A X , when the net
reactance of L,C, is inductive.
The calculated curves have been confirmed in tests made by
Montgomery with the circuit illustrated in Fig. 7.25. His measurements show that a frequency variation as indicated in Fig. 7.26
is obtainable. While it will be noted that a total frequency
variation of 24.5 kc/s is actually obtained, it should be pointed
out that out of this total variation only some 17 kc/s is suitable
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FIG.7.24.-The above calculated curves, which refer to
the coupled resistance type of frequency modnlator, show
the variations in primary resistance ( A R p ) and variations
in primary reactance ( A X P )u-hen the net reactance of the
secondary (1.8 Ce) is inductive.
OSCI LLATQR

MODULATOR
1

-

H.T.

-45 VOLT3

FIG.7.25.-An experimental coupled variable resistance t-pe of frequenc~modulator; the self-excited
oscillator operates at 2.5 megacycles.

for frequency modulation purposes. If, however, the carrier
frequency of 2.5 J k / s is multiplied up to some 100 Mc/s this yields
a deriation of =350 kc/s--considerably more than is normally
employed.

252

FREQUENCY MODULATION ENGINEERING

The variation in the oscillator grid current (I,Osc.) as the
modulator grid voltage (E,) changes is a.1~0shown in Fig. 7.26.
This variation in grid current is caused by the resistance coupled
into the oscillating circuit by the modulator. As the conpled
resistance increases, the amplitude of oscillation decreases, and

Fro. 7.26.-The

variations in the oscillator frequency and grid
current obtained with the circuit illustrated in Fig. 7.25.

thus the rectified oscillator grid current falls. This effect produces
amplitude modulation of the frequency modulated output;
however, the limiting action of the frequency multiplier stages
which follow effectively remove this arnplihde modnlation.
Balanced Phase Modulators

As an alternative to Armstrong's phase modulator there is a
somewhat simpler circuit which may be used in cases where a fair
degree of distortion can be tolerated without detrimenta.1 results.
This circuit, which is used fairly extensively in communication
transmitters of the radio-telephone variety, is capable of producing
some f45" (i.e. 0.785 radians) phase modulation. This de\-iation
coupled with the fact that such communicat.ion systems do not
require an audio response going below some 250 cycles, means
that a fairly substantial frequency deviation is obtained directly
from the modulator. I n practice it has been found that speech
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intelligibility is not impaired if the audio response starts falling
off from some 500 or even more cycles downwards. Taking this
figure as that above which there should be a substantially level
audio response, it follows that the resultant frequency deviation
which can be obtained a t 500 cycles is 500 x 0.785= & 393 cycles.
The maximum frequency swing required for a radio-telephone

A

AUDIO

A

SIGNAL

FIG. 7.27.-The basic circuit arrangement of a
b~lancedphase modulator.

system is only some 3 1.5 kc/s. From this it follows that a subsequent frequency multiplication of some 38 times will in this case
be sufficient t o produce the final carrier deviation. This order of
multiplication may be obt,ained without any difficulty from three
valves. These features coupled with t.he fact that, like Armstrong's
modulator, the balanced phase modulator is also based on a high
stability crystal controlled oscillator, explains its popularity for
the purpose indicated.
Referring to Fig. 7.27, it will be noted that the signal from a
crystal controlled oscillator is applied to the control grids of two
heptode valves. The feed circuit to each of these valves consists
of a resistance in series with a capacity of comparable reactance.
The current flowing through such a circuit will lead the applied
voltage by some 45". I n the case of the resistance the voltage
will be in phase with the current; it therefore follows that the
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grid voltage applied to V , will lead that of the oscillator by 45'.
The voltage across the condenser, however, lags 90' behind the
current, with the result that the ~ o l t a g edeveloped at the grid
of the valve V2 will lag 4.5" behind that across the oscillator
circuit.
If the two valves pass equal currents it is apparent from
Fig. 7.28 (a)that the resultant roltage de\-eloped across the
common tuned anode circuit will be in phase with that across the
oscillator circuit. If, however, the two ~ a l v e shave a push-pull

ADVANCED

RESULTANT IN
/,

CRYSTAL 0%
SIGNAL

PHASE OF CRYSTAL
OSC. SIGNAL

I

/

RESULTANT

BY ALMOST
45O

Fro. 7.28.-Vector diagrams of the balanced phaae modulator shown
in Fig. 7.27.

audio signal applied to their two second control grids, then, as
shown in Fig. 7.28 (6)and (c), the phase of the resultant signal
will be alternatively advanced and ret'arded by 90". The exact
amount of distortion produced by this type of modulator is very
largely dependent on the grid voltagelanode current characteristic
of the modulator valves used. The desirable features to look for
in these valves are a sharp cut-off, followed by a smoothly curved
characteristic.
Frequency Modulation of Resistance Capacity Oscillators

As is discussed in a later chapter, there has been a very considerable increase in the use of frequency modulated sub-carriers
superimposed on amplitude modulated transmissions. Such subcarriers are used for facsimile systems as well as for both ordinary
and picture telegraph services. I t is normal to use a sub-carrier
frequency in the audio band and employ deviations of up to some
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f30 to 40 per cent of the sub-carrier frequency. These deviations
are such a large percentage of the mean frequency that, owing t o
the very high distortion which would result, it is not possible to use
a reactance valve or any other normal type of frequency modulator directly. 1Yhile it is possible to use any of the modulators
already discussed by heterodyning their output signals against a
stable oscillator, this w i l l in general not be found entirely satisfactory due to the extreme precautions which must be taken
against frequency drift, coupled with the difficulty of adjustment.
I t is possible to replace the beat-oscillator system by a frequency
modulated resistance capacity oscillator and thus obtain directly
the large frequency swings required, and a t the same time a far
higher stability than is possible with the heterodyning system.
The frequeiq- of a resistance capacity oscillator is determined
by the constants of its phase shift network, and it therefore
follows that any change in either a resistance or capacity value
will alter the frequency. If one of the resistance elements is
replaced with a d y e , then this valve can be used to control the
oscillator's frequency.
Resistance capacity oscillators fall under two main headingsthose having zero phase shift in the coupling network, and those
embodying 180" phase-shifting ladder networks. Valves may be
used to replace one or more of the resistors in oscillators of either
type. although for the purpose under consideration there me
definite advantages associated with the use of the latter type. I n
either case changing any single element will generally alter the
network loss which will in turn result in some undesired amplitude
modulation as well as the desired frequency modulation. It is
much easier to eliminate these amplitude variations in oscillators
with ladder phase shift networks than in those incorporating the
zero phase shift type. If this latter type is employed, resort will
probably have to be made to an automatic volume control circuit
which will place a definite limit on the speed of the modulator's
response. By proper choice of the circuit constants and operating
conditions the amplitude modulation can, however, be reduced
to negligible proportions, even with deviations as high as f40 per
cent of the carrier frequency.
Detailed particulars of the theory of this type of modulator,
together with its amplitude and harmonic distortion characteristics, have been published in a paper by >I. Artzt.
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Frequency Multiplication to Produce the Final Deviation and
Carrier Frequency

It has already been noted that the output frequency of most
of the modulators described has to be multiplied many times
before the final deviation and carrier frequency is obtained. It
has been shown that in order to avoid exceeding the maximum
distortion which can be permit,ted in high-fidelity broadcasting,
the maximum frequency deviation which can be produced by
Armstrong's modulator is only some +25 cycles or with distortion
correction some fSO cycles.
I n the case instanced earlier the crystal oscillator frequency
was assumed to be 100 kc/s and the final carrier frequency 40 Mc/s.
If the oscillator frequency and its variations are simply multiplied
up t o the desired carrier frequency, the maximum deviation would
only be some 400 x 25= f10 kc/s, while the deviation normally
required is some f7Fi kc/s. I n order to produce this deviation it
may therefore be necessary t o multiply up to, say, 10 Mcls, then
heterodyne change back to 1 Mc/s before multiplying up to the
final carrier frequency. Most other types of frequency modulator
produce a greater frequency deviation than Armstrong's, and,
therefore, although m~ltiplicat~ion
is necessary in almost all cases,
it will normally be possible to obtain the desired final deviation
by simply multiplying the frequency modulated oscillator's signals
up to the desired carrier frequency.
It is a t this point opportune to note that when a frequency is
multiplied, any variations will remain as a fixed proportion of the
mean frequency. Similarly, if for any reason it should be divided,
the frequency variations again remain as a fixed proportion of
the signal frequency. It therefore follows that in the first case
the variations-expressed
in terms of cycles deviation-are
directly multiplied, and in the second divided. However, if the
frequency is changed by the heterodyne method, any variations
remain c o n s t a n k n l y the mean frequency about which these
deviations are occurring is changed.
Frequency Multipliers

The majority of frequency multiplier circuits are based upon
a class C amplifier or a series of such amplifiers. As shown in
Fig. 7.29, the normal system is to arrange for the grid circuit of
a triode valve t o be tuned to the oscillat,or's fundamental frequency
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whilst the anode circuit is tuned to the desired (or nth) harmonic.
The valve is biased well below the cut-off point and driven so
that during the peaks the grid is slightly positive, with the result
that the anode current is in the form of pulses-as shown in
diagram ( b ) . The period 0 is the time during which the anode
current flows; it is normally expressed in degrees, as a proportion

Frc. 7.29.-Diagram (a) shows the basic circuit arrangement of a frequency multiplier, while ( b ) shows the voltage
and current wave-forms from which it is apparent that there
is appreciable distortion in the output.

of the total time or, in other words, as a proportion of 360".
Under these conditions it is termed the "angle of flow" or the
"angle of drive". The anode current wave-form i,(t) has a very
high harmonic content, the disposition of which is illustrated in
Fig. 7.30, which shows the magnitudes of the d.c. and harmonic
components expressed in terms of the peak anode current against
the angle of drive. I t will be noted that this angle has to be
selected fairly carefully if the desired harmonic's output is to
have a maximum amplitude. The angle of drive 8 can be reduced
by increasing both the negative bias and the signal voltage applied
to the grid.
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I t will be apparent
from Fig. 7.30 thak the maximum harmonic
-output occurs when the angle of drive is O = E ,
n

where n is

the desired harmonic. I t is usually desirable to operate at a
somewhat smaller angle of drive as the anode efficiency can be
increased by reducing 8 (this is due to the fact that under these
conditions the anode current is flowing over a smaller part of the

Ra. 7.30.-The

magnitudes of the d.c. and harmonic components of a clasa C
amplifier.
(By carof "Elcdronics.")

cycle). In this connection it has been claimed that the most
efficient angle of drive is in the region of

-.180"
n

In capes where the

grid driving power is Iimited it is, however, permissible to increase
the angle of flow up to as much as

E,
although
n

under these

conditions the anode efficiency will be considerably reduced. The
output from an harmonic generator, as compared with that
obtained from the same valve used as a class C amplifier is shown
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in Fig. 5.31. The angle of drive for a class C amplifier is taken
as 140".
The two practical circuits which are most commonly used for
the production of harmonics are illustrated in Fig. 7.32. The
"push-pull" arrangement shown in diagram (a) produces odd
harmonics, the even ones tending to cancel each other out across
the load circuit. In the case of the "push-push" type of frequency
multiplier the grids are fed in push-pull while the anodes are
connected in parallel. As in the case of a full-wave rectifier, the

,

B

0

2

3
4
5
H a r m o n ~ cO r d e r

6

Frc.7.31.-The output amplitude of an harmonic generator
expressed in terms of a percentage of the output at the
fundamental frequency.

odd harmonics tend to cancel each other out, so leaving a high
proportion of even harmonics in the output.
D. L. Jaffe has given the following information on the design
of pract,ical harmonic generators. He suggests that, having
selected a valve with a high mutual conductance and a sharp
cut-off, the first step is to determine the maximum safe peak
anode current I,. This current may be determined from a
knowledge of the type of filament and its heating power. The
emission current in milliamps per watt of heating power can be
taken as approximately 10 for tungsten, 62.5 for thoriated tungsten, and 100 for oxide-coated emitters. However, for the latter
tn-o types it. is necessary to use factors of safety varying between
3 and T for the thoriated tungsten type and a t least 10 for the
oxide-coated type.
Having determined I, the corresponding minimum anode
voltage and the maximum grid drive voltage can be determined
from the valve characteristics. Then the angle of mode current
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flow can be determined from the formula 8= -and, assuming
.n
that the anode current follows a 312 power law, the ratio Z,/zm
and the harmonic output ratio I I Z , can be determined from
Fig. 7.30. Let these values be K , and K , respectirely, and let
I , be the zero frequency anode current and I , the harmonic
anode current. Then:
and

Ide=KdeI ,,,,
Ih=KhZ ",.

. . . . .
. . . .

.

(7.34)
(5.35)

Generator

FIO.7.32.-These two diagrams show the differences in circuit layout between a push-pull and a push-push harmonic
generator. The former type produce odd harmonics and the
latter even harmonics.

If now the grid current is assumed to be 15 per cent of the total
space current, then
Igdc=o'15Kdczm

.
.

. .
. . .
,

(7.36)

and
Iadc=O-85Ka,I,,
(7.37)
where I , , and Iadc are respectively the d . ~ .grid and anode
currents.
The harmonic component of the anode current is
Ih=(Kh-Os3K&)Im.
. . . . (7.38)
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The anode input power is

. . . . (7.39)

Pa=EnIGd,wa.tts,
where E , is the anode supply voltage.
The power delivered to the load is
Pl=$(EB-E,,,,in)Ih.

. . . .

(7.40)

The anode efficiency is

The anode loss is:

8,=Pa-P, watts.

. .

.

. (7.42)

The tank circuit impedance is:

The grid bias ca.n be calculated from Terman's formula

+

E, = EB:l -cos $(nB): E, ,in cos $(nB)-k E,,,,
,u(i -cos p)
~ -

cos &B
C O S ~ B'

. . .

(7.44)

. . . . .

(7.46)

The grid excitation volt,age is

And, finally, the grid driving power is

Pg ~ E J g d c .
Frequency Modulation Transmitters

Those sections of the frequency modulation transmitter which
differ materially from normal amplitude modulation transmitter
practice hare now been described, and it is now, therefore,
intended to outline representative commercial transmitter practice.
X review of the various designs shows that reactance modulators
are widely employed although in later equipments special circuits,
such as the phasitron, have been used. Two of the transmitters
which have been selected for description are indicative of broadcast transmitter practice, and the other of communication transmitter practice.
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Any frequency modulation transmitter can be divided into
three fundamental sections: the first is concerned with the generstion of the frequency modulated signal, the second with the
multiplication of that signal, and the third with its power amplification. There is very little fundamental difference between the
last two sections of the various manufacturers' transmitters-the
arrangement of the power output sections only differ materially
when larger or smaller power outputs are required. The usual
arrangement is to have a range of standard transmitter power
amplifier output sections, starting perhaps with a 250-W section
which can either be employed as the final output stage in a
small transmitter or as the driver stage in a transmitter wkh
a power output of say 3 kW. In turn the 3-kW output. stage
can also be employed as the driver stage for a 50-kW transmitter.
The various different manufacturers will obviously follow power
progressions of their own choice rather than that suggested above.
RCA

BTF3B Transmitter

This transmitter is capable of a power output of 3 k W a t any
frequency between 88 and 108 &Is; it incorporates its own

FIG.7.33.-RCA

transmitter type RTF.3B.
( B g courledy of RCA.)

modulator giving an f.m. output a t half the final carrier frequency.
The transmitter is housed in a three-bay cabinet, as shown in
Fig. 7.33.
The technical summary of the transmitter is as follows:
88 to 108 Mc/s
Frequency range
Power output (into transmission line) 1,000 to 3,000 W
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51-5 ohms (standing wave
ratio 1.75 to 1 or less)

Carrier frequency stability, deviation
1,000 c/s
less than
f100 kc/s
Modulation capability
Method of modulation
Reactance tubes
600/150 ohms
Audio input impedance
100 per cent modulation level*
10&2 db
Audio frequency responset 30 to
flat within f1 db
16,000 cis (1,000 c/s reference)
Audio frequency distortion: 30 to
16,000 c]s (including all harmonics
not more than 1-0 per cent
up to 30 kc/s at 75 kc/s swing)
FJI noise level (reference f75 kits
not more than 65 db
swing:)
ARI noise level (reference 100 per cent
amplitude modulation:)
not more than 50 db
Power line requirements-transmitter
2301208 V
Line voltage
Phase
3
Frequency
50 or 60 c/s
5 per cent
Line regulation (maximum)
Power consumption (approxirnatc) 7.7 kW
90 per cent
Power factor (approximate)
Powcr line requirements-crystal heaters
100 to 130 V a.c. or d.c.
Line voltage
28 W
Power consumption

+

The essent,ial circuit features of the transmitter and its modulator are shown in Fig. 7.34 and Fig. 7.35. I n Fig. 7.34 is shown
the modulator, together with the centre frequency control circuit.
Push-pull reactance valves V , and V , are used t o modulate the
Hartley type oscillator (V,). An r.f. input, phase shifted by 90"
from the oscillator tank circuit voltage, is applied in anti-phase
to the grids of the reactance valves. The a.f. input is also applied
to t,he valves in push-pull, to vary the mutual conductance
differentially, and hence achieve modulation.
The oscillator is arranged to operate a t the eighteenth subharmonic of the carrier frequency, and t o achieve the desired h a 1
* Lerel a t input of 600 ohms pre-emphasis network. Insertion loaa of this network
is approximately 24 db.
t Audio frequency response is referred to a standard 75 micro-aecond curve when
measured using pre-emphasis.
Uistortion and noise are measured following a standard 75 micro-second deemphasis network.

:

TO COl L LI
COUPLING TO
VI 0 CATHODE

I
DOUBLER

I S 1 RF AMP

PI^. 7.85.-Simplified

circuit diagram of r.1:

dHT

Y ~ I L K Cof

tho RCA trnnsrnittcr typo BTF.3B.
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range is tunable from 4.9 to 6.0 Mcls. The output from the
oscillator is multiplied nine times t o give an output to the transmitter proper a t half the final carrier frequency.
The automatic centre frequency control is achieved by comparing the oscillator frequency with that of a crystal controlled

FIG.7.3L4imp1ified

circuit diagram of modulator unit of the RCA transmitter
type BTF.3B.

oscillator. The modulator output frequency is divided by 240,
by a chain of locked-in oscillator dividers, and hence provides an
output signal having a frequency in the region of 25 kc/s. The
ratio of the modulated oscillator frequency to that of the crystal
is 48: 1; the output of the crystal oscillator is divided by 5 to
reduce the reference frequency t'o that of the compared signal.
The comparison circuit is essentially similar t o that of a phase
difference discriminator. The compared signal input is applied
in-phase to the grids of the pairs of valves V,, V, and V,, V,.
The cryst-a1 controlled reference signal is applied in push-pull,
and a phasing network L,, C,, L,, C, is employed, to ensure that
the input to transformer T,is 90" out of phase with that to T,.
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The voltage a t each grid is thus the sum of the negative bias,
which fixes the operating point near cut-off, and the vector sum
of the reference and compared signal voltages. Sinca each valve
is heavily biaaed, a charge of the magnitude of the latter signal
voltage alters appreciably the d.c. component of the anode
current. Any difference in frequency between reference and
compared signals thus results in a rotat,ion of the magnetic field
in the two-phase control motor. This causes the motor shaft to
rotate in the direction necessary for the capacitor C, to reestablish the correct frequency.
The transmitter power stages comprise a doubler followed by
the first r.f. power amplifier. This uses two tetrodes in parallel
( V 8 and V9); neutralising is effected by series-tuning the screen
grid lead inductances by a twin-gang capacitor. The anode load
of this stage comprises a T-section mat,ching the output to the
co-axial line feeding the next stage.
The intermediate P.A. stage V 1 0 comprises an earthed-grid
triode. The heater leads are a.c. coupled to an open wire unbalanced line of approximate length 3A 14, and run inside this line
to the earthy end. This arrangement ensures that the heater
supply leads are free of r.f. and a t earth potential. The cathode
line is tuned by capacitor C,; the output from the first r.f. amplifier
is fed t o the cathode circuit by the inductor L,,which effects
magnetic coupling t o the cathode line.
The valve is mounted inside the inner conductor of the anode
tuned circuit, which comprises a co-axial line of length 3A/4
approximately; the inner conductor provides a duct for the valve
forced air-cooling supply. The load is tuned to resonance by altering
the position of the capacitor C , which acts aa an r.f. short circuit.
The end of the inner conductor remote from the anode is thus a t
earth potential, and the h.t. supply is introduced a t this point.
The output is taken by a coupling loop inside the co-axial line;
the spacing of this loop from the inner conductor can be varied t o
alter the degree of coupling. The capacitor C , is introduced t o
resonate with the inductance of the pick-up loop, so that the
output impedance is resistive.
The final P.A. stage is identical in circuit arrangement with the
intermediate power amplifier shown. The coupling loop here is
connected to the output feeder, which is of 61.5 ohms characteristic impedance. A harmonic filter and transmission line monitor
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are inserted in the feeder; this latter circuit removes the h.t. supply
from the final P.A. stage if the standing wave ratio exceeds a
pre-set value.
Marconi BD.306 Transmitter

This transmitter is capable of a power output of 10 k W a t any
frequency in the range 88-108 Mcls. The modulator circuit is the

FIG.7.36.-Marconi

transmitter type BD.306
(Bycuurlesy 01ilIarconi'8 Wi&s

Telegraph 00.)

FMQ type, the essential features of which were discussed earlier.
The transmitter is housed in a four-bay cabinet with doors front
and rear; a view of the complete transmitter is shown in Fig. 7.36.
The technical summary of the transmitter is as follows:
Power rating
Frequency range
Frequency stability
Frequency deviation

10 k W
88-108 Mc/s
-10.002 per cent
5 7 5 kc/s
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65 db below the level corresponding to
&75 kc s deviation
50 db below the level corresponding to
AM noise level
100 per cent amplitude modulation
Less than 1.5 per cent from 30 to 100 c s.
A F distortion
L e s s than 1-0 per cent from 100 to 15,000
c, s for +75 kc s deriation
Audio pre-emphasis 75 micro-second network
f1 db from 30 to 13.000 c s measured at
A F response
the output of a standard de-emphasisnetwork. Reference level 400 c, s.
10 (f2) db in 600 ohms balanced for &75
A F input level
kc/s deviation
Output impedance
51.5 ohms unbalanced
380-440 V, 40-60 c 's, three-phase, four-wirc
Power supply
ax. mains
Power consumption 24 kW at 0.9 power factor
Dimensions
Height
Width
Depth
Weight
2 ft 6 in 3,500 lb
10 ft
7 ft
(213 cm) (305 cm) (76 cm) (1,589kg)

FM noise level

The essential features of the transmitter circuit are shown in
Fig. 7.37. The output from the FMQ modulator is a t carrier
frequency, and is applied in push-pull to the double pentodes
forming the first r.f. stage V,. The anode circuit comprises a
tuned short-circuited line, the position of the shorting bar providing coarse adjustment of the tuning, and the setting of the
capacitor fine adjustment. The output from this stage is fed to
the grids of the tetrodes V , and V,, which together form the
second r.f. stage. The anode load of this stage also comprises a
tuned short-circuited line, which is inductively coupled t.o a second
tuned line which feeds the unbalanced co-axial feeder t o the next
stage.
The third r.f. stage V , is of the earthed-grid type. The output
from the second r.f. stage is fed t,o the inner conductor of the
cathode co-axial line tuned circuit; this inner conductor comprises
the two filament leads t o the valves, effectively in parallel a t r.f.
The circuit is tuned by the ganged capacitors C,, C,; the capacitors
C,, C , adjust the input resistance presented to the feeder by
altering the effective length of the cathode line.
The valve V , is situated inside the inner conductor of the anode
co-axial line tuned circuit; this inner conductor provides a duct
for the cooling air. The line is tuned by adjustment of the position

OUTPUT
FROM
V2. V 3

TD AERIAL
+51.5fi-

RING
ATUS
STAGE

FIQ.7.37.-Simplified circuit diagram of r.f. stage of the Marconi tranamitter type B.D. 306.
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of the r.f. short circuiting capacitors C5,C,. The output is taken
by a pick-up loop; the spacing of the loop from the inner conductor
can be varied t o secure maximum power output. The reactance
of the pick-up loop is resonated by the capacitor C7 to ensure that
the output impedance of the stage is resistive.
The fourth r.f. amplifier (V,) is identical in circuit arrangement
with the third. I t s output is split into two, to feed the two valves
(V,, V,) of the output stage in parallel. The circuit of each of the
latter valves individually is again identical with that of V,.
The Link Type 50-U.F.S. Frequency Modulation Transmitter

This equipment has been selected as typical of the smaller types
of communication transmitter. It is normally combined to form
a complete transmitter-receiver station, as illustrated in Fig. 7.38.
The transmitter in this photograph is the upper of the three chassis,
those below being respectively the receiver and the power unit.
The technical summary of the performance of the Type 50-U.F.S.
Frequency Modulation Transmitter is as follows:
Power Output
50 watts (nominal)
30 to 40 Mc/s
Frequency Range
Frequency Deviation
318 kc 1s
Audio Frequency Range 300 to 3,000 cycles with high frequency pre-emphasis
Power Input
Stand-by (receiver only), 125 IV
Transmitting 320 IV-from
(whole equipment)
115 P a.c
Any-usually fed into concentric
Output Tmpedance
line
I n essence, the circuit of this transmitter consists of a crystal
controlled oscillator (V,-see Fig. 7.39), which is followed by a
balanced phase modulator and three stages of frequency multiplication, giving a total of thirty-two times increase in frequency.
The third of these multiplication stages (V,) feeds directly into
the power output stage which consists of two 807 valves in parallel.
Going through the circuit in greater detail, i t will be noted
that the crystal oscillator, V,, is a pentode receiving valve
connected as a triode. As the output frequency range lies between
30 Mcls. and 40 Mc/s, the crystal frequency will lie between
937.5 kc/s and 1,260 kc/s.
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The crystal oscillator utilises a resistance coupled circuit in
order to avoid the necessity of oscillator tuning when changing
frequency. The crystal is connected between the grid and anode
of the oscillator valve and R,acts as the anode circuit load.

FIG.7.38.-The Link Type 50-V.F.S. frequency modulation transmitterrecei~er. The transmitter chassis is uppermost and delivers a nominal 50 W
output.

The injection grids of the two balanced phase modulator valves

IT, and V , are driven from the plate of the oscillator through
phase-shifting networks designed to advance the phase of one
grid by approximately 45" and to retard the phase of the other
by approximately 48'. The anode currents of V , and V , will
therefore be about 90" out, of phase and are so proportioned as

circuit of the J h k 50 \Y frsquoncy modulation
trnr~nrnittc.r~ I I I H H ~ H .
(For component vnlvcrn nee opptmito page.)

FIO.7.3'3.--'l'hc

LIST OF COMPONENTS USED I N LINK TYPE 50-U.F.S. TRANSMITTER
C 1-160 pfd. mica
C 2-10 pfd. mica
C 3-100 pfd. mica
(: 4-100
pfd. mica
(: 5-0.002 mfd. mica
C 6-0.06 mid. 600 V. block
C 7-0.002 mfd. mica
C 8-0-05 mid. 600 V. block
C 9-0.05 mfd. 600 V. block
ClO-0.05 mfd. 600 V. block
Cll-100 mmfd. mica
C12-100 mmfd. variable
C13-0.06 mfd, papcr 600 V.
C14-0.002 mfd. mica
C16-0.002 mfd. mica
C16-0.002 mfd. mica
C17-0.002 mfd. mica
C18-100 mmfd. mica
C19-0.002 mfd, mica
C20-100 pfd. mica,
C21--0.002 mfd, mica
C22--0.002 mfd, mica
C23-0.002 mfd, mica
C24-0.002 mfd, mica
C26-0.002 mfd. mica
C26-0.002 mfd. mica
C27-0.002 mfd. mica
C28--0.002 mfd. mica
C29-0.002 mfd. mica
C 3 0 4 . 0 0 2 mfd. mica

C31-25 pfd. variable
C32-140 pfd. variabla
C33-0.002 mfd. mica
(3-44
pfd. variable
C35--44 pfd. variable
C36-44 pfd. variable
C37-25 mfd. 50 V electrolytic
C38-0.002 mfd. mica
T2-Amplifier plate tank
T3-Multiplier plate tank
T4-Multiplier platc tank
T5-Doubler plate tank
T6-Audio trans.

S1-S.P. 5 Pos. Metering Switch
M1--0-5 ma. meter
R 1 - 4 - 5 megohm f W
R 2-50 kilohms 1 W
R 3-20 kilohrns 1 W
R 4-20 kilohms 1 W
R 5-50 kilohms f W
R 6-50 kilohms 1 W
R 7-50 kilohms 1 W
R 8-1,000 ohms 1 W
R 9-250 ohms 1 W
R10-50 kilohms ) W
Rll-50 kilohms 1 W
R12-50 kilohms 1 W
R13-1,000 o h m 1 W

R14-0.25 megohm ) W
lt15-100 kilohms 1 W
R16-1,000 ohms 1 W
R17-0.25 megohm W
R18-60 kilohms 1 W
Rl9-1,000 ohms 1 W
R20-0.25 megohm f W
R21-50 kilohms 1 W
R22-1.000 ohms 1 W
R23-10 kilohms 1 W
lt24-100 ohms 4 W
R26-100 ohms f W
R26-100 ohms 4 W
R27-100 ohms 4 W
R38-7,500 ohms 10 W
R30-3,000 ohms 25 W
R31-25 kilohms f W
R32-25 kilohms 3 W
R33-40 kilohms 10 W
R34--1,000 ohms 1 W

+

L1-2.5

mH. choke
U-Paras. suppressor choke
L3-Paras. suppressor choke
%Paras.
suppressor choke
L5-Paras. suppressor choke
L6-2.5 d.
choke
L7-R.F. Tank inductance
RL1-Aerial

Relay
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to be equal in magnitude. The two currents add vectorally to
produce a resultant phase-modulated voltage across T2.
The control grids of the balanced modulators IT, and,'F are
connected to the secondary of the push-pull audio transformer T,.
This transformer is driven directly from the microphone, which
derives its current from the voltage divider and filter network
R33, 834, and C,,.
The modulator grids are fed through the frequency correction
networks R,, C,, and R5, C5. These RC combinations attennate
the audio frequency range (above 2,000 cycles), so the excessive
frequency deviation is not obtained. Resistors R,, and R,, are
terminating resistors for the secondary of the microphone transformer T,. As the audio voltages are applied in push-pull to the
control grids of the modulators V , and V,, their plate currents
vary about mean values, and as one increases the other decreases.
The resultant current and voltage in T2 also varies in phase with
these changes. I n addition to the frequency modulation resulting
from these phase variations there is also a small amount of
amplitude modulation; this is, however, removed by the limiting
action of the subsequent frequency multiplication stages.
To obtain sufficient deviation (&15 kc/s) the frequency of the
modulated wave is multiplied thirty-two times. This is accomplished by two quadruplers (V, and V,), followed by a doubler
(V,). All three valves act as grid leak biased Class C amplifiers.
The grid drive in each case is well above saturation so that slight
changes in tuning or reductions in valve emission can have little
effect on succeeding stages. Up to this point all stages have
employed receiving valves working at relatively low anode and
heater currents. The final power amplifier stage, however, utilises
two 807 beam valves in a parallel Class C amplifier circuit. Grid
leak bias is used and, as in the preceding stages, provision is made
for the metering of grid current. Finally, the anode tank aerial
circuits are of the Pi type in order to secure a high harmonic
suppression ratio and also ease of adjustment.

FREQUENCY MODULATION TRANSMllTERS

275

SELECTED REFERENCES
TERMAR,
F. E., and FERNS,J. H., The Calculation of Class C Amplifier
and Harmonic Generator Performance, Proc. I.R.E., March 1934.
TERMAN,
F. E.. and ROOKE,W. C., Calculation of Class C Amplifiers,
PTOC.
I.R.E., April 1936.
JAFFE,
D. L., Armstrong's Frequency Modulator, Proc. I.R.E., April
1938.
SHELBY,R. E., A Cathode-Ray Frequency Modulation Generator,
Electronics, February 1940.
SHEAFFER,
C. F., Frequency Modulator, Proc. I.R.E., February 1940.
CROSBY,
M. G., Reactance-Tube Frequency Modulators, R.C.A. Review,
July 1940.
MORRISOS,J . F., A Sew Broadcast Transmitter Circuit Design for
Frequency Xodulation, Proc. I.R.E., October 1940.
WIXLUND,
E. S., Drift Analysis of the Crosby Frequency Modulation
Tran~mit~ter
Circuit, Proc. I.R.E., July 1941.
THOMAS,
H. P., and WILLIAMSON,
R. H., A Commercial 50 Kilowatt
Frequency Modulation Broadcast Station, Proc. I.R.E., October
1941.
MONTGOMERY,
BRUCEE., An Inductively Coupled Frequency Modulator, Proc. I.R.E., October, 1941.
PIERACCI,ROGERJ., A Stabilized Frequency-Modulator System,
Proc. I.R.E., February 1942.
A Modern 10 kW. Frequency Modulation Transmitter, Electronics,
March 19-12.
JAFFE,
D. L., Wide-Band Amplifiers and Frequency Multiplication,
Electronics, April 1942.
DUENO,B., F.M. Carrier Current Telephony, Electronics, May 1942.
Pennsylvania Turnpike U.H.F. Traffic Control System, Electronics,
May 19-12.
SKENE,A. A., and OLMSTEAD,
S . C., A New Frequency Modulation
Broadcast Transmitter, PTOC.
I.R.E., July 1942.
HUND, ATGUST,Reactance Tu bev in F.M. Applications, Electronics,
October 1942
CHANG,C. K., A Frequency Modulation Resistance Capitance Oscillator, Proc. I.R.E., January 1943.
BERTRAM,
S., Correction of F.M. Distortion, Proc. I.R.E., April 1943,
p. 186.
GOETTER,
W. F., Frequency Modulation Transmitter and Receiver for
Studio to ~ransmitterhelay System, Proc. I.R.E., November 1943.
O'BRIEX,ELWINJ., X Coupled Circuit Frequency Modulator, Proc.
I.R.E., June 1944.
ARTZT,MACRICE,Frequency Modulation of Resistance-Capacity Oscillators, Proc. I.R.E., July 1944.
F.M. Carrier Telephony for 230 kV. Lines, Electronics, December 1944.
STURLET,
K. R., Frequency Mod~ilation,Journal I.E.E., Part 111,1945.

276

FREQUENCY MODULATION ENGINEERING

BAILEY, F . M., and THOMAS,H. P., Phasitron F.M. Transmitter,
Electronics, October 1946.
ADLER, ROBERT,A Kew System of Frequency Modulation (The
Phasitron), Proc. I .R.E., January 1947.
BRADFORD,
H. K., Wide-Angle Phase Modulator, Electronics, February
1947.
MORTLEY,
W. S., F.M.Q., Wireless Il'orM, October 1951.
FLANAGAN,
T. P., Spurious A.M. in F.M. Signal Generators, Marwni
Instrumentation, December 1953.

Chapter Eight

LIMITERS AND DISCRIMINATORS
has already been shown that it is necessary to suppress the
Ithatincoming
signal's amplitude variations. It has also been shown
a very large part of the improvement in signal to noise ratio
T

can be ascribed to this.
All the earlier theoretical cliscussions on the improvement in
signal to noise ratio were based on the assumption that ideal
limiting is employed. The desirable property of the limiting
circuit is that it should eliminate from the output any variations
arising from alterations of the amplitude of the input signal.
I t should (a)function for all levels of input signal, and (6)its action
should be independent of the rate of alteration of signal amplitude.
A11 the practical limiting circuits fall short of the ideal with respect
to (a) a t low signal levels. With respect t o (b), the circuit usually
falls short of the ideal in its ability t o handle very rapid or very
slow variations of signal amplitude.
Grid Limiters

A Foster-Seeley discriminator is generally preceded by a grid
limiter, and the circuit of a typical grid limiter is shown in Fig. 8.1.

Frc. 8.1.-General

form of grid limiter stage.

The valve employed is a pentode operated with a low screen
~ o l t a g eusually
,
of the order of 50 volts; the screen is generally fed
from a potentia.1 dil~iderto ensure relative constancy of screen
potential under working conditions. The stage is biased by grid
277
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current rectification. Thus as the amplitude of the signal a t the
grid is increased from zero, the grid bias increases and, since the
screen is at a low potential, the standing bias exceeds the cut-off
value when the input signal amplitude is of the order of 2 volts.
With further increase of signal, the valve is operated under Class C

Y IN

Fra. 8.2.-Fundamental frequency component of anode current of grid
leak limiter, for "ideal" i a - 9 characteristic; practical characteristic
s h o w dotted.

amplifier conditions. The anode current then has a very distorted
wave-form, comprising pulses of constant amplitude, wit.h
decreasing duration as the signal amplitude increases. The component of the anode current a t the fundamental driving frequency

FIG.8.3.-Practical

and "ideal" ia-og characteristics.

varies but slowly with increasing signal amplitude, and it is this
phenomenon which provides the limiting action of the stage.
In Pig. 8.2 is shown the fundamental frequency component of
the anode current plotted against input signal amplitude for an
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"ideal" valve, one in which the i,-v, characteristic is linear from
zero bias to the cut-off bias V , (see Fig. 8.3). From this figure it
will be seen that the limiting action leaves much to be desired.
Above the threshold where limiting may be said to commence
(0.6 11, approsimately), t'he output falls rapidly at &st and then
more gently. Provided that operation is confined to inputs
substantially in excess of 10 V,, limiting is fairly satisfactory.
In practice, the slope of the i,-v, is usually relatively linear over
a small range near zero bias, with increasing curvature towards
cut-off as shown in rig. 8.3. This appreciably alters the shape of
the anode current pulses, with the result that the type of limiting

OUTPUT

FIG.8.1.-Limiting characteristic of grid leak limiters: grid resistor
returned to (cc), source of positive bias, ( b ) earth, (c) negative bias.

characteristic obtained in practice is more nearly that of the
dotted curve of Fig. 8.2, which represents a much more desirable
characteristic. Two additional factors contribute to obtaining
further improvement of the limiting characteristic. Firstly,
although it is assumed that the valve is at zero grid bias in the
absence of an input signal, this is generally not so. The random
arrival of electrons at the grid means that the grid will take up a
standing negative potential in the absence of a signal, and hence
the ralre will be operating nearer the region of curvature; the
rise of the fundamental frequency anode current component with
input is thus more gentle and the threshold a t which limiting
commences is less sharply defined as shown in Fig. 8.4 ( 6 ) . Against
this must be set the fact that the maximum anode current output
is lower, and if it is desired to retain the sharp threshold, and/or
secure increased output, the grid resistor must be returned to a
point of positke potential. The slope of the characteristic is then
as shorn in Fig. 8.4 (a).
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Secondly, as the signal amplitude increases, the direct current
component through the ~ a l v edecreases. and hence the screen
potential tends to rise. This in turn increases the bias required
for anode current cut-off. This has the effect of increasing the
fundamental frequency anode current output as the signal
amplitude increases, and hence opposes the falling tendency
exhibited by the curve of Fig. 8.2. By judicious choice of screen
components, the curve of fundamental frequency anode current
component against input can be made substantially flat abore the
threshold.
The threshold of limiting can be made to occur a t a lower signal
input level by employing a lower screen potential. However, the
fundamental frequency component of the anode current also
decreases under these conditions. The ralue of screen potential is
therefore a compromise between a high ralue, to secure adequate
input to the discriminator, and a low ralue to secure a low
threshold of limiting.
The time constant of the grid circuit is somewhat critical. If it
is too long, i t will not be possible for the capacitor to discharge
sufficiently rapidly to follow the amplitude variations of the input
signal. Under these circumstances after a burst of interference,
the limiter may be cut off whilst the capacitor discharges. The
charging of the capacitor presents no difficulties, since the time
constant is determined in this case by the forward resistance of
the diode formed by the valve grid and cathode, which has much
lower value than the grid leak. If the time constant RC of Fig. 8.1
is reduced to overcome this effect, difficulties arise from two other
factors. If the capacitor alone is reduced, it cannot be reduced
indefinitely, since it forms a potential divider with the valve input
capacitance, and loss of signal will result. If the resistance is
reduced, the damping of the i.f. transformer feeding the limiter
increases. The actual equivalent damping resistor is given by RIP
for the series-fed diode arrangement of Fig. 8.1 and R/3 for the
shunt-fed connection shown dotted. This type of limiter is
therefore unable to suppress completely very rapid changes of
input signal amplitude. From cathode ray oscillograph studies of
Hobbs and others, it is apparent that the fault can be reduced to
reasonable proportions if the grid circuit time constant is kept
down to the order of 2.5 micro-seconds or less. Typical values for
the grid leak and capacitor are 100 kilohms and 25 pf.
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Some degree of interstation noise suppression can be obtained
by biasing the limiter towards the cut off value by means of a
substantial bleed current through a suitable resistance in the
cathode circuit, or by returning the grid leak to a point of negative
potential. The effect of this is to reduce the gain a t low signal
input levels; the approximate shape of the limiting characteristic
is shown in Fig. 8.4 (c).
I n order to avoid overloading the stages which come before
the limiter, a small amount of a.v.c. is sometimes employed.
The amount of a.v.c. is, however, kept down to a minimum in
order that the signal applied to the limiter may be as large as
possible. In order to eliminate any unnecessary delay in the
operation of the limiter grid circuit it is desirable to provide a
series resistance to isolate the limiter grid from the a.v.c. circuit
capacity.
Grid Circuit De-tuning

An unfortunate feature of the grid leak type of limiter is the
fact that the damping caused by the flow of grid current results
in de-tuning of the input circuit. This is demonstrated by the
oscillograms recorded by Landon and reproduced in Fig. 8.5.
These oscillograms, which were obtained at the limiter anode,
show the wave-train which is produced by an impulsive signal.
In oscillogram A the input level is too low for limiting to take
place. Following the theoretical discussion in Chapter Three, it will
be apparent that the narrow neck between the two lobes indicates
accurate alignment of all t.he circuits involved. The oscillograms
B and C were taken at progressively higher impulsive signal levels.
As the deep valley between the lobes is missing this indicates
that some circuits must have become de-tuned. The corresponding
oscillogranls for the discriminator output wave-forms are shown
as D, E, and F.
The next six oscillogranls demonstrate that the trouble is being
very largely caused by the de-tuning of the limiter grid circuit.
They repeat the conditions of the preceding six, e x d p t that the
limiter grid is now fed from a circuit tuned with a 600-micromicrofarad condenser in place of the original 100-micromicrofarad
tuning condenser. That the de-tuning a t high signal levels is
correspondingly less is illustrated by the deep valley between the
lobes in tl and I, and also the smaller deflection in K and L.
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FIG.8.5.-Oscillograms showing the distortion caused to an impulse wave-train
ae a result of the de-tuning produced by the flow of limiter grid current.
(By co~~rlew
of "Elcrlronic8".)

The de-tuning caused by grid current can also be minimised
in other ways. For example, the response of the affected transformer can be made broader than that of the preceding stages;
under these conditions the de-tuning will not greatly affect the
overall receiver characteristic.
Anode Limiters

Another form of limiter, which is often employed in conjunction
with a grid limiter, is the anode limiter. I n this type of limiter,
the anode is operated a t a low potential, with a relatively high
value of anode load which we shall assume initially to be resistive.
If the limiter is normally biased, then the anode voltage swings
in the downward sense are limited by the "knee" of the i,-v,
characteristic, i.e. the valve "bottoms" a t relatively small values
of signal input, as shown in Fig. 8.6. The maximum positive going
excursions of the anode voltage swings are limited by the low
value of h.t. employed. If the valve is biased towards cut-off,
it can be made to limit symmetrically, and once the input signal
exceeds the amplitude necessary for limiting to commence, the
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amplitude of the anode voltage output remains constant, the
wave-form becoming more nearly rectangular as the input is
further increased as shown in Fig. 8.7.
Where the anode load con~prisesa tuned circuit, limiting again
occurs when the anode voltage is driven below the "kneeJ' of the

Va

'Ja

FIO.8.6.-Anode limiter operated with low h.t. voltage.

in--a, characteristic. As the input signal is increased in amplitude,
the output ten& to remain constant because the damping imposed
on the tuned circuit increases; i.e. the load line tends to become
progressively more steep, as shown in Fig. 8.8. As the increased
damping lowers the Q of the tuned circuit, there is progressive

FIG.S.7.-Anode voltage wave-form; anode limiter with resistive load.
( a ) small

input, ( b ) larger input.

degradation of the wave-form from the sinusoidal shape, the
negative going peaks becoming more flattened. Because of this
damping imposed, the anode limiter is not suitable for use with a,
discriminator as its anode load. For this reason and because its
limiting action commences with a lower input than with a grid
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limiter, it is generally employed in the &st stage of a two stage
limiter, the second limiter being usually of the grid limiter type.
I n this condition of operation the anode limiter is frequently
combined with a grid limiter in the first stage, the anode and
screen potentials being both held to a low value. The initial anode
limiting action is then supplemented by the grid limiting action
occurring a t a higher input signal level.

Va

Fro. 8.8.-Anode limiter with tuned circuit load.

When the anode load comprises a tuned circuit, the output
necessarily remains approximately sinusoidal. The position of
the load line is then very difficult to determine. I n fact, the usual
way t o plot the load line in such circumstances is to invert the
normal procedure of drawing the load line to determine the output;
the load line is positioned to agree with the output wave-form. This
is shown in Rig. 8.9 for a stage employing anode and grid limiting,
when driven hard. It will be noted that the peak output cannot
exceed the h.t. voltage. For comparison, the load line with anode
limiting junt commencing (a-a)is also shown; it will be seen that
for the closest approach to ideal limiting action, the portion of the
i,-v,
characteristic below the knee should be as steep as possible.
Where such a limiter is employed prior to a grid limiter, the
input to the second valve is already substantially limited; the
second limiter can therefore be designed to give a higher output
from the discriminator.
Oscillator Limiters

,Perhaps one of the most interesting methods of eliminating
the amplitude variations from the received carrier is that based

Fra. 8.9.-Derivation of wave-form for combined grid and anode limiter with tuned circuit load.
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on a synchronised oscillator. The idea behind this t j p e of limiter
is that an oscillator having a constant output voltage should have
its frequency controlled by the incoming carrier. I t is claimed
that a limiter of this type is capable of giving a better amplitude
limiting action than that of the conrentional grid leak limiter.
and a t the same time a selectivity to adjacent channel interference
equal t o that of two extra i.f. stages. It is further claimed that,
if properly designed, it is possible to obtain a sjnchronisation
LOCKED-IN
OSCILLATOR 860 KC

F I ~ 8.10.-Complete
.
oscillator-limiter showing the locked-in oscillator and thc
apecial double-tuned circuit type of discriminator.

sensitivity high enough to give a voltage gain (when translated
into terms of an amplifier) equal to that of a conventional i.f.
stage.
A paper describing an experimental receiver using this type of
limiter has been published by Beers. This receiver used an i.f.
frequency of 4.3 Mc/s with the synchronised or locked-in oscillator
working a t one-fifth of this frequency. I n place of the normal
discriminator designed to operate from carrier frequency deviations of f75 kc/s the "frequency-dividing locked-,by'oscilla.tor
was followed by a special double-tuned circuit type of discriminator
designed to operate from carrier frequency deviations of & 15 kc/s.
The general arrangement of the complete oscillator-limiter
section of the receiver is shown in Fig. 8.10. With this circuit
arrangement an intermediate frequency signal of 1 volt on the
first grid of the oscillator valve was required in order to provide
the desired "locked-in" range of 5 110 kc/s. The frequency range
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in excess of the &'is kc/s required for the normal modulation of
the received signal was provided in order t o take care of mistuning by the user, frequency drift of the heterodyne oscillator
and over-n~odulationa t the transmitter. The oscillator voltage
developed a t the discriminator was between 20 and 30 volts.
TWO SIGNAL SELECTIVITY
DESIRED SIGNAL 100 pV.
INTERFERING SIGNAL ADJUSTED FOR- 30 DB INTERFERENCE

m

a

KC SEPARATION

FIQ.8.11.-lllustratig

the improved selectivity obtained with an
oscillator-limiter.

From the above i t is apparent that the receiver must be
sufficiently sensitive t o always produce 1 volt on the first grid of
the oscillator.
The results of selectivity measurements made by the two-signal
method are shown in Fig. 8.11. I n these tests the receiver was
tuned t o a desired signal of 100 microvolts, with a 400-cycle
modulation and a deviation of &25 kc/s. An interfering signal
modulated with 1,000 cycles and having a deviation of &25 kc/s
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was adjusted in signal strength and frequency to give an interference output 30 db below the 400-cycle output. A very considerable improvement in selectivity, especially over the adjacent
channel area, is shown by the receirer employing the oscillatorlimiter circuit.
It should be noted that, as the interfering signal is increased,
a point a t which the oscillator tends to break away from the
desired signal will ultimately be reached. Field tests indicate that
a somewhat higher distortion than the conventional receiver's is
encountered when a receiver incorporating an oscillator-limiter is
tuned so that the signal is received a t the edges of the receirer
response characteristic. Various practical difficulties associated
with this type of limiter are discussed in an article by
C. W. Carnahan and H. P. Kalmus.
If so desired an oscillator-limiter and a phase detector can be
combined in a single-valve stage. I n an article describing such
a circuit W. E. Bradley claims that it is possible to obtain a
response to amplitude variations which is 50 db less than that
due to frequency changes. The audio output a t full deviation
from such a stage is claimed as 20 volts peak to peak.
Series Grid Resistance Type of Limiter

Where the frequency of the signal being Limited is relatively
low, as in the case of either sub-carrier frequency modulated
signals or carriers of a few tens of kilocycles (such as those used
for transmission over lines), then it is possible t o employ a very
simple type of limiter. The circuit consists of a series grid-feed
resistance which is high in comparison with tjhe limiter valve's
gridlcathode impedance. The valve is then operated under conventional limiter conditions so that it is in cut-off when its grid
is only a few volts negative. When a signal is applied to the
valve, limiting of the positive half of the signal wave occurs as
a result of the voltage drop through the series grid resistance,
while that of the negative half of the wave occurs'in the normal
way, as a result of the grid passing into the cut-off zone.
Cathode-Coupled Limiter

This type of limiter comprises two valves connected as shown in
Fig. 8.12. The common cathode load is of a high value, its actual
magnitude being chosen to bias the valves to the mid point of the
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grid base approximately. When a signal is applied to the grid of
V1, the cathode tends to follow the input wave-form. In so doing,
it provides an input to V2. The consequent change in the anode
current of V2 is in the opposite sense to the change occurring in
V1, and tends to maintain the cathode voltage at the quiescent
value. Some change of cathode voltage must, however, occur to

2

OUTPUT

L I

-

- -

Fro. 8.12.-Cathode-coupled type of limiter.

provide the input to V2, and in practice the cathode voltage variations are approximately one half of those at the grid of V1. Used in
this manner, this type of circuit provides a push-pull output at the
anodes, and is frequently used for this purpose.
When, however, the signal amplitude is increased sufficiently,
the anode current in J'l will be cut off at one signal peak, whilst
the anode current in V2 will be cut off a t the other. When this
happens, limiting of t.he output signal occurs.
This type of circuit suffers from the disadvantage of requiring a
rather large input signal for efficient limiting, of the order of 5-10
rolts peak. I t is, however, used extensively at relatively low
frequencies, especially in conjunction with "counter" type discriminators.
Frequency to Amplitude Conversion

A very large measure of the success attained by wide-band
frequency modulation can be attributed to the high efficiency
with which it is possible to convert changes in carrier frequency
int,o audio voltages. As late as 1932 a paper was published by
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Andrew, in which it was deduced that a receiver designed for
frequency modulation would produce less than one-tenth the
power output of an amplitude inodulat'ion receiver. This author,
and others of the same period, based their calculations on the
only method then available for the demodulation of a frequency
modulated carrier. They used the sloping side of the receiver
response curve to convert variations in frequency into amplitude
changes. As will be seen from Fig. 8.13, this may be done

F I ~8.13.-Illustrating
.
the way in which the sloping side
of the receiver's response-curre may be used to produce
amplitude variations from carrier frequenc changes.

by tuning the frequency modulated carrier about midway up
one side of the response curve. In this way the frequency variations of the carrier result in amplitude variations which can be
demodulated with a normal detector circuit.
While in an emergency i t is possible to use an amplitude
modulation receiver for the reception of a frequency modulated
transmission, this method is never employed in practice. There
are many objections; to start with, less than 50 per cent of the skirt
of a tuned circuit's response curve is sufficiently straight t.o permit
of even substantially linear frequency to amplitude conversion.
A further loss results from the amplification of the carrier some
way down the skirt, rather than at the crest of the response curve.
Quite apart from these considerations all the benefits of noise
suppression are completely lost.
I n 1936 Armstrong's classic paper introducing the basic concepts behind wide-band frequency modulation contained the
following observation: "The most difficult operation in the
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receiving system is the translation of the changes in the frequency
of the received signal into a current which is a reproduction of the
original modulating current." Today, although the discriminator
is still a most important stage in a frequency modulation receiver,
it is hardly fair t o describe it as the most difficult.
The Double-Tuned Circuit Discriminator

The discriminator circuits in current use fall into two main
classes. Firstly, those depending on two tuned circuits, one
resonant beyond the upper and the other below the lower deviation
H.T.+

OUTPUT

PIG.8.14.-The double-tunedcircuit type of discriminator was
first described by Travis. This typical circuit has been used in
a Motorola mobile communication receiver.

limit. The second arrangement depends for its functioning upon
the phase shifts which occur between the primary and the secondary windings of a tuned transformer. Of these two types the
latter is by far the most popular, and can for all practical purposes
be regarded as the standard frequency modulation discriminator
circuit .
A typical circuit of the first type of discriminator, originally
described by Travis, is shown in Fig. 8.14. There is a very wide
variety of ways in which this circuit can be arranged, but the
basic functioning of all is the same. That illustrated consists of
two tuned circuits-one tuned t o a frequency above the upper
and the other below the lower deviation frequency limit.
As the carrier frequency is modulated over the receiver response
band, the voltage characteristics indicated in Fig. 8.15 (a) are
produced across the two diode loads. These curves are those
which the voltage developed across any parallel-tuned circuit will
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follow as the applied frequency is varied. This voltage is determined by the equation:

I t will be noted that while the voltage produced across R, is

FREQUENCY

ACROSS DIODE LOAD

- '-f/&f0

'-3/dxfo
'fo

' -l/Q*fo

FREQUENCY
FREQUENCY

Fro. 8.16.-The response of the two tuned circuits results in voltages being
developed across the two diodes loads, which when added together, result in
the overall discriminator characteristics shown in (b).
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positive, that across R, is negative. The output from the discriminator will therefore be the difference or algebraic sum of
these two voltages. Fig. 8.15 ( 6 ) shows a group of overall
characteristics obtained when these curves are combined; these
curves illustrate the effect of various different spacings between
the frequencies to which the two circuits are tuned. The curve A,
which is linear over a considerable part of its range, is produced
when the two tuned circuits are separated by a frequency equal
to l / Q x f,, where Q=oL/R, and is the same value for both
circuits, and fb is the frequency midway between those to which
the two circuits are tuned.
The effect of increasing the frequency separation is indicated in
curves B and C , being respectively those obtained with a frequency
separation between peaks of 2/Q xfo and 3/Q x fo. It will be noted
that although a wider peak separation results in an increased
output, this is only obtained at the expense of linearity. I t would
appear from these curves that the spacing between the two
resonant frequencies is not very critical, and that any frequency
separation between I /Qx fo and 2/Q x fo would give reasonable
results. While this is substantially correct, it is normally desirable
to be considerably more exact than this if first-class results are
required. The group of curves in Fig. 8.16 indicate the percentage
departure from the tangents drawn through the cross-over points
of the group of discriminator curves with frequency separations of
I /Qx fo, 2/1-5/Qx fo, 1.5/Qx fa, and 2/Q x f,. From these curves
it is apparent that for general purpose working, a peak separation
of 1.5/Qxfa gives a response characteristic with a very acute
turnover and a maximum departure of just over 1 per cent from
the tangent drawn through its cross-over point. This separation
will, in general, be the most satisfactory for all normal purposes.
Where an even closer approach to a truly linear characteristic is
required the separation should lie somewhere between 1-5/&xfo
and 2/1.5/& X ~ O .
The curves given in Figs. 8.15 and 8.16 make it possible to
arrive at working values for this type of discriminator. To take
one example, assume that a receiver with an 8-Mc/s i.f. is designed
for operation on a 75-kc/s deviation system. The discriminator
response is to be linear within 1 per cent over a band of f100 kc/s.
A large-scale plot of the characteristic obtained with a peak
separation of 1-6/Qx f, shows that this characteristic is within

294

FREQUENCY MODULATION ENGINEERING

these limits over a frequency range of 1/Qxf,. It therefore
follows that 1/Qxf0=200 kc/s, from which it is apparent that
the peak separation is 300 kc/s, and that the Q of the two tuned
circuits is

It should be noted that this figure is that obtained under actual
working conditions and includes the damping effect of the two
diode load circuits.

h a . 8.16.-Percentage departure from the tangents &awn through
the croas-over points of discriminator curves which are produced
with the peak separations indicated. The scale of the base has been
modi6ed t o improve readability.

Two alternative circuit arrangements are shown in Fig. 8.17.
Both circuits have been used in commercial receivers. When
designing discriminators of the type that employ two independently tuned circuits, it should be noted that all the foregoing
deductions wsume that the coupling between the circuits concerned is kept substantially below the critical value. In a.ddition
to those shown in Fig. 8.17, there are many other variations
of the double-tuned circuit type of discriminator. Some quite
unrecognisable circuits turn out to be variations on the same
basic type.
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LIMITER
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LOW
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LIMITER
VALVE
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F IG.8.17.-Alternative arrangements of the double-tuned
discriminator circuit.

Phase Difference Discriminator

The phase difference type of discriminator has become so
widely uscd that it can for most practical purposes be regarded
as the standard frequency modulation discriminator. It was first
introduced by Foster and Seeley as a means of developing the
control voltages requirecl by receivers incorporating automatic
frequency control. At a later date a complete mathematical
treatment of the circuit theory was published by Hans ~ o d e r .
The circuit arrangement of the phase difference type of discriminator is sho\vn in Fig. 8.18. I t is based on a tuned primary,
tuned secondary i.f. transformer. The voltage developed across
the primary is injected into the centre of the secondary winding
r i a C,. At the frequency to which the transformer has been

296

FREQUENCY MODULATION ENGINEERING

aligned the voltages applied to the two diodes Dl and D, are
equal. Consequently the rectified output voltages produced across
the loads R, and R, are also equal, and, being of opposite polarity,
cancel each other out, with the result that zero voltage is produced
across the output terminals.
If the signal frequency applied to the discrin~inatortransformer
M.T

LIMITE
VALVE.

Fra. 8.18.-The

circuit arrangement of the phase
difference discriminator.

( B y rou7tcsy of the British Institute of Radw Engineers.)

is varied, then--for reasons which will be discussed presentlythe signal applied to one diode, say D,, will be larger than that
applied to the second diode D,. This results in a greater voltage
being developed across R, than across R,, with the result that a
positive output voltage is produced. If, however, the frequency
applied to the transformer is varied in perhaps the opposite

Fia. 8.19.-Two

coupled tuned circl~its;
see Fig. 8.20 for equivalent diagram.

'

direction, then the voltage applied to D, will become the larger,
with the result that the output voltage will be negative.
In order to describe the various types of phase difference
discriminators, it is necessary first to establish the relationship
between currents and voltages in two coupled circuits.
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Such a coupled pair is shown in Fig. 8.19; for the sake of generality the two circuits are assumed to have dissimilar values of
inductance, capacitance and resistance. The equivalent circuit is
shown in Fig. 8.20, together with the symbols employed in the
following text,.

Fro. 8.20.-Equivalent

diagram of Fig. 8.19.

The valve feeding the primary circuit is assumed to be a constant
current generator, i.e. its a x . anode resistance is assumed very
large compared with the impedance of the load circuit. This is
generally true for pentode valves.
The primary and secondary circuits are assumed resonant a t the
working frequency f,, and the generator output current i is the
peak value of the a x . component of the anode circuit in the region
of the resonant frequency. This latter point is stressed since, if
the driving stage is a limiter, the anode current wave-form will
contain a very high percentage of harmonics. The fundamental
circuit equations are:
Es=jXcsis,
Ev=jXcp(i-ip),
O=Zpi,-jwMi,-jXcpi,
O=Z,i,-jwMi,,
where X,,= l - reactance of secondary tuning capacitor a t

roc,

0

applied signal frequency f = -;
2n
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Since it is intended to confine the examination of circuit
relationships to the region close to the resonant frequency of the
primary and secondary circuits, it may be assumed that i,>i; this
is true provided that the Q values of primary and secondary
circuits are large.
With this simplification:

It is instructive to note that the term Xc,/(ZvZs+w2M2) is
common to both expressions; the significance of this fact is discussed later. Since it is intended to apply the expressions only in
the region of resonance, a further simplification can be employed.
At resonance w&,= l /w,C, and o&,= 1/w,C,; a t an adjacent frequency, f=f,+ df, w&,- 1/oC, is approximately equal to 2L,dw.
This approximation is in error by only 5 per cent at 6f=fo/10, and
can therefore be employed with negligible error. Similarly,
oL,- 1/wCs=2LsSo.
Substituting in the expressions above:

Additionally we shall assume that X,,, Xc,, and wM are constant
and equal to their values a t w,; this again involves a negligibly
small error. Dividing each expression by r j , , putting

-

and employing n=KdQ,Q,, where K =

M

4~7s)
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If L,=Lp, Q , = Q p ,the expressions at resonance (x=O) simplify to

The magnitudes of E , and E , for Lp=L, and Q,=Q, are shown
in Fig. 8.21. The coupling between the circuits is given by n, and

0

"
0

?

0

t
0

-

'!'??Or0
0 0 0 0 0 2

to.

Fra. 8.21.-Primary and secondary voltage curves for a transformer
haying equal primary and secondary impedances and couplings which
first critical (n= I ) and then 1 . 5 critical.
~

for critical coupling n= 1. I t will be seen that the primary voltage
exhibits a much greater variation in amplitude than the secondary
\-oltage.
I t is sometimes convenient to express the secondary voltage in
terms of the primary roltage; from ( 8 . 2 ) and (8.3),

E,=

-j

. gQ3 v'LsIL,
1+ ~ Q J

. . .

(8.4)
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Foster-Seeley Discriminator

The basic circuit arrangement for this type of discriminator is
shown in Fig. 8.18. Although the whole of the primary voltage is
employed in the circuit shown in the figure, often only a portion
of the primary voltage is nsed.

Fla. 8.22.-Equivalent diagram of Foster-Seeley
discriminator.

The equivalent circuit for the arrangement is shown in Fig. 8.22;
here a proportion a of the primary voltage is employed. The voltage
applied t o each diode is given by the vector sum of aE, and iE,;
if E, is assumed constant, the vector relationships are as shown

Erolz

Frtr. 8.23.-Vector diagram for Foster-Seeley
discriminntor, assuming Ep constant.

in Fig. 8.23. At resonance, the vectors E,/2 are perpendicular to
the vector representing aE,; this is apparent from expression
(8.4) above, the 90 phase rotation being indicated by the j term.
The locus traced out by t8hetips of the two half-secondary voltage
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vectors is a circle. This can be shown from geometrical considerations, since the component in phase with the primary voltage is
given by

and the quadrature component by

The voltages applied to the two diodes, E

,,and E ,,,

are given by

I n order to simplify the calculation involved, we shall now
assume that Q,=Q,=Q; this does not unduly restrict the treatment. Additionally, let

Ed=aE,:
KQ=n,

E,' is obviously the actual magnitude of the primary voltage
injected in series with the half-secondary voltages, whilst b is the
ratio of the secondary voltage to employed primary voltage a t
resonance; i.e. a t h = 0 , b= E,/E,'
Then

Since aE, is a variable quantity, it is more convenient a t this
point to postulate that E , is held constant; we shall consider the
effect of the variation of E s with frequency later. Employing
the relationship
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we have

The term (l+jQx)2 indicates that there is a bodily rotation of the
vector diagram of Fig. 8.23, with respect to its position a t resonance; since this does not affect the magnitude of Ed, and E,,, to
which the diodes are responsive, the term may be replaced by
(1 +Q2x2),its modulus value. Hence,

Since Ed,and E , are the peak values of the signals applied t,o the
two diodes, the outputs across the two loads will therefore be
equal t o Ed, and Ed, respectively assuming 100 per cent rectificaE ,,, represent,^ the net
tion efficiency. The difference, E= E
output due t o the departure of the carrier frequency from 1,.

,,-

The value of EIE, for various values of b is plotted in Fig. 8.24.
It will be seen that as b increases, the linearity is improved. The
output for negative values of Qx are, of course, equal in magnitude
but opposite in sign t o those for positive values. The sensitivity
measured in volts per kc/s of frequency shift obviously
decreases with increasing b. Thus the value of b employed represents a compromise between the requirements of good linearity and
high sensitivity. I n order to arrive a t a quantitative assessment
of the departure from linearity, we must take the ratio of the
value of E a t a given value of Qx, and compare it with the value
that it would have if the initial slope were maintained. From the
expression above, if Qx is considered vanishingly small:
E=E, Q ~ / ( l + b ~ / 4 ) ~
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This then gives the equation of the "ideal" output for a given
value of b. It may be noted in passing that the maximum
slope occurs when b is very small. Thus for the range of
values l>b2/4, the value of the initial slope tends t o a constant
value, and this sets a practical lower limit t o the value of b

0.

FIG.8.24.-EIE8 v Qz for various values of 6.

employed, since no further improvement in sensitivity is achieved
when l>b2/4, i.e. b<0-6.
Reverting to the criterion for linearity, the "ideal" output for
any value of Qx is Ei= E,,Qx/(l b2/4)*. If the actual value is E,
we shall measure the departure from linearity by the quantity

+

20 log Ei
E

'

The value of 10 log E i / E for the same range of values of b used in
Fig. 8.24 is shown in Fig. 8.25. Although the values of 20 log E i / E
for a given value of Qz fall with increasing values of 6, an upper
practical limit is set by the fact that t,he improvement tends to
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become progressively less as b increases. Thus the useful practical
range of values of b is 0.6 <b <6.
We shall now consider the effect of variation of E, with Qx.
For values of coupling factor n greater than 1?E , increases over a
limited range with Qx. Under these conditions, the value of E is
greater than the values shown in Fig. 8.24. By judicious choice
of n, the increase in E due to E s can be made to offset the fall
below the "ideal" value over a range of values of Qx; the curve
of E against Qx can be made to follow that of the "ideal" within

0.

FIG.8.25.-Showing departure from linearity ~ ) E/E8
f
for
values of b used in Fig. 8.21.

close limits over a selected range. I n order to select the value of n,
the departures of E , from its value a t resonance E , is plotted in
Fig. 8.26; the variable here is 20 log E,IE,,. For correction to be
achieved a t any given value of Qz, E X

5=Ei.It follows there-

E
fore that for this condition 20 log "=20
Eso

Elog L. To satisfy this

E*,

E

condition, the value of n must be chosen to give '20 log E , / E ,
equal to 20 log E J E a t the selected value of Qz. I n general,
however, correction a t a particular value of Qx is not required,
but correction over a range of values of Qx; for this condition,
the value of n must be chosen so that the curve of 20 log E , / E
is identical with that of 20 log E,/E over the range.
It will be seen from Fig. 8.26 that the steepest slope of
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20 log E,/E, occurs when n = 2 . For values of n greater and less
than this, the initial slope is at a lower value. If the curve of
20 log EJE,, is compared with those of Fig. 8.25, it will be seen
that correction cannot be achieved for values of b less than 2. At

Fro. 8.26.-Variation of magnitude of secondary voltage
with departure from centre frequency.

b = 2 , n=2, close matching is obtained up to 92-1. The overall
discriminator characteristic for this condition is shown in Fig. 8.27.
These values represent the optimum for correction over the largest
range of Q x ; smaller values of b require values of n such that the
correction is maintained only over a smaller range of Qx.
We shall consider a discriminator designed around the values of
b=2, n = 2 , working a t an i.f. of 10.0 Mcls. For broadcast reception (75 kc/s deviation) it is desirable that the discriminator
characteristic is linear over a range of If 100 kc/s, i.e. over a range
of x up to 0.02. Since, with the values chosen, linearity is maintained up to Q x = 1, this fixes the value of Q at 50. The value of b
then determines the remainder of the parameters of the system.
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Since b= ndLsL,ILv

suitable values of a and
(I

w Da=
are

1.

ml)=
Thel
transformer
.
then has identical primary a i d
secondary circuits and the whole of t.he primary voltage is
employed.
The sensitivity of the discriminator, when corrected in the above
manner, is, of course, the same as that of t,he "ideal" over the
corrected range. As shown earlier, the sensitivity of the "ideal"

F I ~8.27.-Discriminator
.

characteristic for n=2, 1=3.

curve is given by E,,Qx/(I +b2/4)&. Subst,itutingthe value of E,,,
this is equal to
n
QX
(l+b2/4)'

Qxcpq

The maximum value of E m occurs when n = l ; thus if a lower
range of linearity than given by the values b=2, n=2, can be
tolerated, an increase in sensitivity can be achieved. As explained
above, b cannot be decreased below 2 without the loss of Linearity
a t relatively small values of Qx. However, if n is decreased,
correction can be achieved for b >2, but for a smaller range of Qz.
This leads to a somewhat higher sensitivity since the value of
n / l +n2 will increase. However, if such a reduction of the absolute
magnitude of the linear range can be tolerated, it would be more
advantageous to increase Qx values, which would reduce the
value of x for linearity. In this case, the sensitivity increases with
Q2. The expression for sensitivity can be put in the more practical
form of volts per kc/s of frequency shift given as follows:
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Sensitivity= R,

--

1 +n2 fo (1 +b2/4)

x lo-' ~olts/kc/s/milliamp
input current.

Where RD is the dynamic resistance of either circuit alone in
kilohms, fo is the centre frequency in Mcls.
I n conclusion, i t is necessary to estimate the damping effect
of the two diode detectors on the tuned circuits. The voltage across
two load resistors R is E d , and E m assuming 100 per cent rectifiE 2 E 2
cation efficiency; the power absorbed is therefore >+A. The

R

R

equivalent circuit for the discriminator transformer is shown in
Fig. 8.28; R, and R, are hypothetical resistors in parallel with the

FIO.8.28.-Equivalent circuit for determilling damping of
primary and secondary circuits of Foster-Seeley discriminator.

voltage sources which would absorb the same power as the diode
loads. It follows therefore that

The factors of 2 in the denominators of the right hand side are
necessary because E , and ED' are peak values; in power relationE
E'
ships they must be replaced by 9 and
respectively, the r.m.s.

d2

values.
But

d2

E,,~+E~,~=~(E,'~+E,~/~).

For these two equations to be true for all values of ED' and E,,

308

FREQUENCY MODULATION ENGINEERING

Since R, is shunted across only half of the secondary circuit, its
value when transformed to be across the whole circuit is 2R;
since there are two such loads, the final load across t,he whole
secondary is R, i.e. the same value as it would have in the absence
of the primary voltage signal, half the total d.c. load of the
diodes (2R). For the primary, the equiralent damping resistor
R/4 must be transformed in the ratio of 1/a2, to give the damping
on the whole primary circuit, R/4a2. This may differ appreciably
from the secondary damping, and hence lead to unequal primary
and secondary Q values. If a=0-5, i.e. only half the primary
voltage is employed, the primary damping is R, and thus equal
to the secondary damping, restoring equality of Q values. The
seriousness of the unequal damping effect is, of course, dependent
upon the relative values of R and R,, the undamped dynamic
resistance of the coupled circuits individually. If comparable, and
a does not equal 0.5, it is necessary to introduce additional
physical resistance damping across one circuit to equalise the Q
values. For example, if a = 1 , and R=.'R, which are realistic
circuit values, the primary Q value will be reduced by a factor
of g, whilst that of the secondary will be reduced by $, and the
primary to secondary Q values, assuming initial equality will be
now in the ratio 1:2. If the value of a=O.5 is chosen to eliminate
this effect, the value of b can be maintained constant a t its previous
value by choosing L,/Ls=4; however this may introduce further
difficulties in obtaining equal & values for the two values of
inductance. Alternatively, given a=O.d, L,/L,= I, the values
of b and n may be chosen to satisfy the criterion for linearity and
b= 2n. With these limitations, approximate values are b =2-8,
n = 1.4.
The diode loading differs appreciably from the case discussed
above when the secondary circuit centre tap is derived by dividing
the capacitance branch. Where this is done, the diodes of necessity
must be of the shunt-fed type, and a circuit arrangement for this
condition is shown in Fig. 8.29. The secondary tuning capacitors C
are equal in value, and a is given by C, /(C,+C2). The equivalent
circuit is as shown in Fig. 8.28; in addition to the power dissipated
by the d.c. outputs of the diodes in the load resistors R, these
resistors can also be "seen" directly by the generators. The result

-+

is that, to the power dissipated by d.c., E d 1 2
R

2

E%,

must be added

LIMITERS AND DISCRIMINATORS

309

-+ Ed22
-, the

Ed12

factors of 2 being necessary because it is the
2R
2R
r.m.s. values of E d , and Ed, which are required to calculate power
dissipation. With same notation as previously, therefore,

and
and, therefore,
The value of the equivalent damping resistance across the whole
secondary is therefore 2R/3 (i.e. one third of the total d.c. load,

Fro. 8.29.-Foster-Seeley discriminator employing s capacitance
tapping of the seoondary circuit.

2R), and of the equivalent damping resistance across the primary,

R . For equal primary and secondary damping, a=0-5 as before.
6a

Practical Design Considerations

In the construction of a practical discriminator transformer, a
number of factors must be observed. Firstly, the secondary
circuit centre-tap must be situated at the electrical centre of the
circuit; in the case of a tapped inductance branch, where the
secondary winding comprises a single continuous winding, this
may be at an appreciable distance from the physical centre.
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This difficulty may be overcome by winding the coil in two equal
sections, one situated on top of the other, or interwound with the
other. Where the capacitance branch is tapped, this difficulty
does not arise.
Secondly, design is generally based upon the assumption that
mutual inductance coupling between the two circuits only is
employed; it is, however, extremely difficult to eliminate capacitance coupling between the windings. The result of t,he presence
of such coupling is, in general, to distort the discriminator
characteristic. As a f i s t precaution, where co-axial windings are
employed, the end of the primary winding nearest to the secondary
winding should be returned to the h.t. supply, and not to the
driving valve anode. Where the best possible performance is
desired, it may be necessary to add an electrostatic screen between
the windings; this may take the form of a flat spiral of wire
between the windings, earthed at one end, or alternatively a mesh
of parallel wires joined together a t one end only to a further single
earthed conductor.
The signal to noise ratio may also be appreciably degraded if
the loads of the two diodes are not accurately balanced under
dynamic as well as static conditions; this means that the diode
capacitors must be equal. I t is particularly important to note
that the two discriminator reservoir capacitors do not form the
whole of the capacitance shunting the diode loads. In practice
the diode load system is rarely balanced with respect to ground.
Under these conditions it is almost certain that the stray capacities
across the two loads will be unequal. This is well illustrated by
Fig. 8.30, which shows two oscillograms recorded by Landon.
They depict the signal demodulated by the discriminator when
supplied with an impulsive wave-train. I n the first case it is
accurately aligned and the loads and their shunt capacities are
carefully balanced. In the second case the capacity across the
two diode loads has been deliberately unbalanced by, it is claimed,
only 10 micromicrofarads across 100,000ohms.
In connection with this type of unbalance one important source
of trouble is worth noting. If Rg. 8.18 is again referred to it
will be noted that as far as the audio frequency side of the discriminator load circuit is concerned the coupling condenser C, is
effectively shunted across the lower diode load, but not across the
upper-the impedance of the radio frequency choke is very small
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at audio frequencies. To balance up the dynamic impedances of
the two loads an additional capacity should be added across the
upper diode load. The exact value of the extra capacity can best
be determined by oscillographic tests.
Finally, it should be noted that the phenomenon of distortion
arising from the ax. load of the detector differing from that of the
d.c. load can also arise. This effect in a.m. detectors is well known;
if the diode d.c. load is R, and this is shunted by a coupling network C, R,, the maximum modulation depth which can be handled

FIG.8.30.Signals demodulated when s discriminator is supplied
with an impulsive wave-train. In the first case the two diode
loads and their shunt capacities are accurately balanced, whilst
in the second the capacities have been unbalanced.
(Bu cou7t&q1 of "Electronics".)

before distortion occurs is given by R,/(R+R,). I t will be
apparent, however, that the same effect can arise with the type
of f.m. detector described above. In this case, however, the
phenomenon is not entirely due to the fact that the a.c. and d.c.
loads are different, but also that the loads presented to the diodes
a t frequencies other than the centre frequency may differ from
that at the centre frequency. At the centre frequency, the output
voltage is zero, and any load may be connected between the a.f.
take-off point and earth without affecting conditions at the diodes.
Under working conditions, however, additional damping is
applied to the discriminator transformer when modulation is
applied, and this may lead to distortion of the discriminator
characteristic if the effective Q values of primary and secondary
circuits alter appreciably during the modulation cycle.
In this connection it should also be noted that distortion can
arise due to de-emphasis components connected directly across
the discriminator output; care should therefore always be taken
to ensure that the impedance of any network connected to the
discriminator output is very large compared with that of the diode
loads proper.
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Self-Limiting Phase-Difference Discriminators

The self-limiting type of phase-difference discriminator depends
basically for its action upon the properties of outer control
electrodes of a multi-grid valve.
If, for example, the suppressor grid of a pent,ode valre is considered, it will be found that, provided that t.he control grid and
screen grid voltages are maintained constant, the total cathode

Ra. 8.31.-Anode,

screen-grid and cathode currents of an
"ideal" pentode with variation of suppressor grid bias.

current through the valve is substantially independent of the
suppressor grid bias. The cathode current is determined almost
solely by the screen grid and control grid potentials of the valve.
The effect of biasing the suppressor grid negatively is to set up a
retarding electric field in the valve between screen grid and anode,
and hence a proportion of the electron stream which would otherwise have reached the anode returns to the screen grid. Thus,
increasing the suppressor grid bias increases the screen grid
current, and decreases the anode current, the sum of the two
remaining substantially constant; this is shown in Fig. 8.3 1.
At the ultimate limit, anode current is cut off, and the whole of
the cathode current flows to the screen.
When the suppressor grid is driven positive, the anode current
does not increase appreciably beyond its value at zero suppressor
bias; this is due to the fact again that the suppressor grid cannot
appreciably influence the total cathode current. The screen grid
current under these conditions tends to decrease only slightly,
since its current is due largely to collection of electrons by the
obstruction it presents. The suppressor grid will, of course, take
current in this region, but by careful design, this can be held at a
very low value, so that appreciable input damping does not occur.
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Thus if the suppressor grid of a pentode is biased mid-way to
cut-off, and an input signal is applied, the anode current is a copy
of the input signal a t low signal levels, provided, of course, that the
anode current-suppressor grid bias characteristic is linear. At high
signal levels, where the input signal drives beyond cut-off and into
the region of positive bias, the anode current wave-form tends to a
square wave shape, and the anode current wave-form becomes progressively more nearly independent of the amplitude of the input
signal. This is shorn diagrammatically in Fig. 8.32 (a),(b) and (c).
In order to achieve demodulation of an f.m. signal, two grids
having characteristics similar to those described above are
required. The control grid of a pentode cannot normally be used
since its limiting action at positive grid bias is generally poor,
and grid current damping is generally severe. The circuit arrangement therefore normally employs a nonode valve of the 6BN7
(EQ80)type in which two grids, g, and g, function as described
above. The description above requires modification in that each
grid controls not the anode current direct, but the proportion of
the total space current transmitted onwards through the valve.
The limiting action is similar, but whereas the anode of a pentode
receives all the electrons which pass through the suppressor grid,
in a nonode only a proportion reach the anode. Since the two
electrodes to be employed are not in the vicinity of a large space
charge, input damping on positive grid excursions is not excessive.
The inputs applied to the two grids are derived from the primary
and secondary windings of an i.f. transformer, as shown in
Fig. 8.33. We shall assume that both grids are driven into the
regions beyond cut-off and zero bias, and that therefore the anode
current ware-form due to the input a t each grid separately
comprises square wares. It was shown earlier that the primary
and secondary voltages of a coupled pair are given by
R,= -X,,S,, OJ~~'/(Z,Z,+
w2M2)i,
E,=XcD2ZJ/(Z+Z,+co2M2)i.
Obriously, anode current can only flow when both grids are
positive simultaneously, as shown in Fig. 8.34. At resonance, the
roltages are in quadrature, and therefore anode current flows for
90" of the carrier cycle.
Since we are interested only in the relative phase angles of the
two voltages, it is permissible to ignore phase shifts common to

FXO.
8.32.Showing limiting of anode current wave-form with large input
signals to pentode suppressor grid.
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both; also, since variations of amplitude of either or both signals
are assumed t o have no effect on the anode current, we can ignore
most of the terms describing the primary and secondary voltages,

Fro. 8.33.-F.M. limiter-discriminator,employing nonode valve.

i.
DUE TO V9, ALONE

io

'

WE TO Vg5 ALONE
0 O

FIG. 8.34.-Anode

current in nonode, with inputs to gs end g5
displaced in phaae.

and consider only the phase angle 4 of the primary voltage relative
to the secondary voltage. This is given by
+=90+t,an-l Qx,
assuming identical primary and secondary circuits, and x= -,2df
fo
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where df is the departure of the carrier frequency from the centre
frequency.
I t will be noted that the vertical edges of the anode current
wave-form due to the signal at either grid alone, are co-incident
with the instant a t which the signal goes to zero; the period of
conduction per cycle due to the signals at both grids is t,herefore

4 of the whole time of one cycle of the carrier wave. The mean
-

360
value of the anode current, therefore, is directly proportional to 4,
and by including a suitable load resistor and integrating capacitor
in the anode circuit, a demodulated output is obtained, the
magnitude of which is proportional to 4 and independent of the
amplitude of the input signals.
Since $=90+tan-1 Qx, the anode current has a d.c. component,
equal to 90/360=$ of its value when both grids are a t zero bim.
More importantly, there is an a.c. component, the magnitude of
which is proportional to tan-1 Qx. If, therefore, the frequency
deviation of the incoming signal is such that Qx is small, we can
make the approximation that tan-' Qx=Qx, i.e. the output
amplitude is proportional to frequency deviation.
It will, however, be noted that the output frequency deviation
characteristic is not truly linear anywhere, and this limits the
usefulness of this type of discriminator. However, the discriminator has the great practical advantage of a high audio
output. At an i.f. of 10-7Mc/s with an anode load of 450 kilohms
and an h.t. supply of 250 volts, the peak output for 75 kc/s
deviation is about 30 volts. This may be compared with that of a
Foster-Seeley discriminator, for which a typical figure may be
taken as 5 volts. The linearity for a given frequency deviation
and i.f. can be increased by reducing the Q values of the tuned
transformer; this, however, leads to lower i.f. gain, and hence
raises the receiver input signal necessary for efficient limiting.
As the limiting action does not depend upon. circuit time
constants, as with the grid limiter, the limiting action is instantaneous, and so "paralysis" of the receiver due to signal surges a t
the limiter cannot occur. I n practice it is general to feed the
screen grids g,, g,, g, from a low resistance potential divider
across the h.t. supply; this prevents the voltages a t these grids
rising when input signals are applied, and hence ensures full
limiting efficiency. In order to keep the cut off bias a t 9, and g,
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to small values, to ensure a low limiting threshold, the voltage a t
g2, g4, and g, is kept to a low value, about 20 volts. The control
grid g, is not employed in this circuit arrangement; it is normally
biased so that the electrode dissipations are kept within the
limits prescribed. In the circuit of Fig. 8.33, 9, is connected direct
to cathode; the cathode bias for grids g, and 9, is largely determined by the bleeder current, and is hence largely independent
of any change in electrode potentials under operating conditions.

-Plan view of GBN6 type of gated beam tube.
( B y courleey of S.T.C.)

A similar type of circuit is employed with the gated beam tube
of the 6BN6 type. This valve is basically a pentode, and the two
signal inputs are applied to the control grid and suppressor grid.
An electron lens technique is employed in the construction of the
valve, to achieve the desired limiting characteristics a t the grids;
a plan view of its structure is given in Fig. 8.35. The cathode is
surrounded by a focusing shield, connected to the cathode.
Through an aperture in the shield the electron stream enters a
second enclosure containing the control grid, where it is accelerated
by the action of the accelerator grid g,, the action of which
corresponds to the screen grid of a normal pentode vdve. The
control grid is relatively isolated from the cathode, and hence
from the cathode space charge. Thus on being driven positive,
the grid current is low, the minimum input impedance being of
the order of 20 kilohms. Because of the effect of the enclosure,
the anode current does not increase greatly as the grid is driven
positive. From this second enclosure, the electron stream passes
through snot,her aperture to the enclosure containing the anode
and second cont.ro1grid. Due to the vdve construction, when this
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latter grid is biased negatively, that part of the electron stream
which would, in a normal pentode, return to the screen grid, is
collected by the enclosure walls, which are a t cathode potential.
Also, since the accelerator grid g, has comparatively little influence
on the field in the space before the second control grid, the electron
stream approaching the second control grid does so a t relatively
low velocity, and hence the second control grid has a relatively
short grid base without an unduly heavy mesh.

1f
AMP

FIU.8.36.-F.M. limiter-discriminator employing gated beam valve.

A circuit arrangement employing this type of valve is shown
in Fig. 8.36. In this circuit, the "primary" circuit L,, C, of the
tuned transformer is not coupled directly to the "secondary"
circuit, L,, C, but by the valve electron stream. The mechanism
is as follows. The output of the tuned circuit is applied to gl;
coupling capacitor C, is employed to isolate the anode voltage of
the preceding valve, and an r.f. choke is used to connect the grid
to ground, this latter being used in preference to a resistor, since
a resistor would produce variations of bias under operating
conditions. The anode current is therefore in phase with the grid
voltage, and a voltage is thus developed across R, in anti-phase
with that across L,, 0,. The anode/second control grid capacitance, shown dotted, feeds this signal to the tuned circuit L,,C,.
By varying R,, the r.f. gain from the first control grid to anode
can be varied. In this way, an ample voltage swing can be produced to ensure efficient limiting at g., The performance of the

• ’ 0 8 0 CIRCUIT
+)SOY

A

6 8 N 6 CIRCUIT

FIG.8.37.-Practical f.m. discriminator circuits: (a)Foster-Seeley,
( t )EQSO nonode, ( c ) 6BX6 gated beam valve.
(By courlcsar 01S.T.C.)
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circuit ia almost identical with that of t.he nonode discussed
earlier in respect of the linearity of its frequency swing-output
characteristic, i.e. i t is not truly linear anywhere, but has a good
approximation to linearity over a limited range. This range can
of course be extended by employing lower Q values in the tuned
circuits. This, however, leads to a raising of the receiver input
signal level at which limiting occurs.

curves of circuits of Fig. 8.37.
(a) Foster-Seeley.

FIQ.8.38.-Response

In common with the nonode valve, the gated beam tube gives
a high level audio output; with an anode load resistor of 250
kilohms, and fed from a supply of 250 volts, the peak output for
75 kc/s deviation is about 40 volts.
I n order to provide a basis of comparison of the three types of
phase difference discriminator so far described, typical operating
circuits and performance curves are shown in Figs. 8.37, 8.38, and
8.39. It will beseen that, inrespect oflinearityof discriminator characteristic and of a.m. rejection, the Foster-Seeleycircuit is the best.

( c ) 6BN6 gated beam tube.

(b) EQ80 nonode.

h a . 8.38.-Response

curves of circuits of Fig. 8.37.
(Ba,eoudeey of S.T.C.)
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F I ~8.39.-Limiting
.
characteristics of circuits of Fig. 8.37.
( B y courtcry o/ S.T.C'.)

However, the higher sensitivity of the others gives the pract.ica1advantage that an a.f. amplifying stage may be saved in the receiver.
The circuit of the Foster-Seeley discriminator differs from that
of Fig. 8.18 in that the voltage from the primary circuit is injected
across the diode load resistors which are effectively in pwallel
to the r.f. input. I t will be noted, therefore, that-the primary
circuit has additional damping imposed, the equivalent resistor
being equal to the sum of the load resistors in parallel.
10
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Frequency Counters

In the case of sub-carrier frequency modulation transmissions,
the frequency of the signal is often too low to permit the use
of conventional discriminator circuits. Alternative methods of
demodulation have therefore to be adopted. While there are many
possible circuits available, variations on that outlined in Fig. 8.41
arc the nost commonly employed.

SUB-CARRIER
SIGNAL

1

Fro. 8.11.-Illustrating the general arrangement of the frequency-countercircuit naed
to demodulate sub-carrier frequency modulated signals.

The sub-carrier, which norn~allylies within the audio range,
is first changed to such a frequency that at the peak sub-carrier
deviation the frequency of the resultant signal is zero. It now
follows that as the sub-carrier is frequency modulated the resultant will vary from zero cycles up to double the peak deviation
frequency. This signal is next passed through a limiter stage
which also squares up the wave-form, which is then passed through
a filter having a short time constant. The signal emerging from
this stage takes the form of a series of pulses which are rectified
by means of a pair of back-to-back diodes.
The two condensers C, and C, function as reservoirs, with the
result that the \-oltage output is directly determined by the
number of pulses per second, which are in turn dependent upon
the frequency of the original sub-carrier signal. Providing the
time constant of t.he pulse-shaping network is such that the
roltage has returned to zero before the start of the following pulse,
counter-circuits of this type are capable of giving a perfectly linear
relationship between applied frequency and voltage output.
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Dynamic Limiters

The limiters described earlier all suffered from one major
disadvantage, that of a fixed threshold below which limiting
action ceased. This implies that there is a fixed input signal level
below which the receiver cannot operate ~at~isfactorily
at all.
Further, the input signal must exceed this threshold value by a
substantial amount to achieve satisfactory limiting, as under
conditions of multi-path reception and severe interference the
instantaneous value of the carrier amplitude may fall well
below its mean level. In fact, the greatest amplitude modulation
depth that a receiver employing such a limiter will handle is
obviously the ratio of the difference between the signal mean
amplitude and the minimum amplitude required for efficient
limiting, to the signal mean amplitude; this is thus a variable
quantity.
The family of dynamic limiters function by providing variable
damping of a tuned circuit, the value of the equivalent damping
resistor varying in such a way as to maintain constant the output
signal amplitude. It is shown in its simplest form in Fig. 8.42,
where a diode in series with a battery is connected in parallel
with a tuned circuit. The battery may be assumed for the present
purpose to have zero internal impedance, whilst its voltage is
assumed equal to the peak signal amplitude. Under these conditions, the diode will not take current whilst the signal amplitude
remains steady. If, however, the signal amplitude tends to increase,
the diode will conduct, and assuming a perfect diode, the tuned
circuit will be heavily damped, the equivalent damping resistor
being such that the signal amplitude increases by an infinitely
small amount. If, however, the signal amplitude tends to decrease,
the diode will be cut-off. Therefore the circuit will limit perfectly
on outward swings of modulation, and not at all on inward swings.
This situation can be remedied if in series with the diode is connected a paralleled combination of aresistor R and a large capacitor
C instead of the battery, as shown in Fig. 8.43. The value of R is
chosen so that its resistance is small compared with the tuned
circuit dynamic resistance, and therefore the tuned circuit is
normally heavily damped by the diode circuit, the equivalent
damping resistance being R/2.
The voltage across.the parallel combination of the resistor R
and the capacitor C will be equal to the peak signal amplitude,

LIMITERS A N D DISCRIMINATORS

325

and because of the long time constant of the combination, behaves
in a manner similar to an equivalent battery. If the signal amplitude tends to increase, the diode will take a heavy current on signal
peaks. Since the voltage across the capacitor cannot be readily
increased, this is equivalent to reducing the value of the equivalent
damping resistor, so that under dynamic conditions, the signal
amplitude increase is negligibly small. If the increase in signal

FIG.8.42.Simple basic form of
dynamic limiter.

Fro. 8.43.-Practical

form of

Fig. 8.42.

amplitude is in the nature of a long term change, the capacitor
will ultimately change to the new peak value of the signal, and
thereby automatically restore the equilibrium conditions.
If, however, the signal amplitude tends to decrease, the diode
ceases to conduct, and the damping supplied by the diode circuit
is removed. The gain therefore rises, and the reduction in signal
amplitude is therefore offset. The degree of "downward" modulation which can be restored in this manner is obviously conditioned
by the ratio of the equivalent damping resistance due to the diode
circuit under equilibrium conditions and the dynamic resistance
of the tuned circuit.
The manner in which the downward modulation depth can be
calculated can be seen from Fig. 8.44. The curve of E=R,i give8
the voltage output when the limiter is not in circuit, where
Rd is the dynamic resistance of the tuned circuit. The curve of
E=iRdR1(Rd+R') gives the output with the limiting diode in
circuit, using a small value capacitor, permitting the rectified
voltage to follow rapid changes of the peak input current i .
R' is the equivalent damping resistor due to the diode circuit,
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and if R is the actual magnit.ude of the diode load resistor R'= R / 2 .
With a large value of capacitor, and a steady input current i,,, the
working peak voltage output is E,; this is necessarily the same as
that with a small capacitor under static conditions. When,
however, a rapid change of i, occurs in the downward direction
the curve of E, follows the horizontal dotted line until it rejoina
the line E= Rdi, a t i=i,. For values of i below i,, the out.put will

OUTPVT
VOLTAGE

FIG.8.44.-Method of determining the greatest downward
modulation depth which a dynamic limiter will handle.

decrease.

Thu.s the maximum downward
modulation depth
.
.

which the limiter will handle is given by

i -a

From the geometry

50

of the figure this is obviously equal to

Thus for efficient downward modulation limiting, R' must be small
compared. with R,. The expression for the maximum downward
modulation depth may also be put in the form 1-Q'IQ, where Q
refers t o the circuit in the undamped condition, and Q' t o its
working condition.
If, for example, the equivalent damping resistance R'= R12 is
equal t o one ninth of the dynamic resistance R d of the tuned
circuit alone, the load presented to the previous valve is one tenth
of the dynamic resistance Rd, under equilibrium conditions.
With this damping removed, the signal level must fall by a factor
of ten before the output signal level falls below the equilibrium
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level, and hence, a dynamic limiter designed on such a basis would
handle the equivalent of 90 per cent amplitude modulation of the
input signal, and transmit a negligibly small quantity to the
output.. It will be realised, of course, that if the reduction in signal
amplitude is in the nature of a long term change, the capacitor
will discharge until equilibrium conditions are restored.
The advantages of this type of limiter will thus be apparent;
its operation is independent of input signal amplitude, down to
the level at which the diode can no longer be considered a very
small resistance on the charging stroke. Further it can be designed
to reject amplitude modulation of the signal up to a pre-determined
depth, which property holds a t all levels of the input signal, with
the same qualification as before as to the lower limit set by the
properties of the diode. Its disadvantages are the absence of a
fixed output level, and consequently, long term variations of
input signal level cannot be rejected. Also the variable damping
of the tuned circuit under operating conditions means that its
passband must equally be variable, and the circuit cannot be relied
upon to provide selectivity in the receiver. The long term variations of signal level can, however, be reduced to tolerable proportions by the employment of an efficient a.g.c. system, which
additionally tends to remove the disadvantage of variations of
output signal between two signals of unequal amplitude. The
limiting action, since it does not depend upon the rapid charge
or discharge of a capacitor, does not therefore suffer from the
"blocking" effect encountered with grid leak limiters.
The dynamic limiter is frequently incorporated in a discriminator
circuit; one such arrangement is shown in Fig. 8.45. The discriminator is of the double tuned circuit type. A tertiary circuit
is coupled tightly to the tuned primary, and the dynamic limiter
is fed from this winding. The diode may be actually a germanium
crystal type, which has a low forward resistance. The dynamic
limiter could, of course, be connected in parallel with the tuned
primary circuit directly, but the arrangement shown has the
advantage that the limiter supplies a.g.c. voltage.
The limiting action of t,he circuit is as described above. The two
secondary circuits, which form the basis of the discriminator,
must be very loosely coupled to the primary circuit, so that the
primary circuit is comparatively unaffected by these two circuits.
The voltage across the primary winding is thus stabilised against
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short term signal amplitude variations, and the circulating
current in the primary circuit is also stabilised.
The voltage which is injected in series with each secondary
circuit is joMi,, and hence the voltage applied to each discriminator diode is
E=jwMi,,IjwCJ3,= MiJCJ,,
where Z,=joL,+lljwC,+r,, the suffix s referring to the secondary circuits; the value of G , will be different for the two secondary
.s.

1
AMP

FIQ.8.45.-F.m.

discriminator of double tuned circuit type,
incorporating dynamic limiter.

circuit8 individually. The current i, is related to the anode current
of the driving valve by i,=Q1ia, where Q' is the working Q of the
primary circuit.
The voltage applied to each diode when its secondary circuit is
resonant is, therefore,
E,=MQ'i,/C,r,

where Rds is the dynamic resistance of the secondary circuit,
and is equal to L,/C,r,.
L,,=Ls,
If
Ed=KQ1iaRds,

where K=M/L, andn=k2/&'&3.
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With identical circuits, the undamped primary circuit Q is equal
to Q,, and therefore the output voltage is lower by a factor
n(Q'/Q)*than it would be if the secondary circuit were connected
directly in the anode circuit of the driving valve. This apparent
loss is, however, offset by the fact that, were the secondary so
connected, the driving stage would have to be a conventional
limiter, and hence operated under conditions of low gain.
In respect of the discriminator characteristic the circuit
performance is identical with that of the conventional circuit
described earlier. I n order to meet the requirement that the
coupling between primary and secondary circuits shall be loose,
n should be less than 0.4 of critical coupling.
The Ratio Detector
The ratio detector belongs to the class of self-limiting discriminators. In its demodulating action, it is closely akin to the-FosterSeeley circuit, which it closely resembles. A circuit diagram of a

Cl

FIG.8.46.-Circuit

of typical ratio detector.

typical ratio detector is shown in Fig. 8.46; if the capacitor C, is
ignored, then the circuit is that of a Foster-Seeley discriminator, with one diode reversed as compared with a conventional
arrangement.
The a.f. output is given by the difference of the voltage across
the load capacitors C, and C,. In the circuit shown, the centre
point of the loads R,and R, is earthed, and the output taken from
the junction of the load capacitors C, and C,. Because of the mode
of connection, the a.f. output is actually equal to half of the difference of the voltages across C, and C, and in the output is thus
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half of that obtainable with the conventional Foster-Seeley arrangement. The tertiary winding Lt is tightly coupled to the primary
winding, and provides the voltage normally obtained in a FosterSeeley circuit directly from the primary winding itself. This form
of circuit shown is frequently adopted. since only a small proportion
of the primary voltage is usually required, and the tertiary winding
provides a convenient means of obtaining this voltage. X small
fraction of the primary voltage is employed because of the heavy
damping imposed by the diode load resistors; the reasons for this
are discussed later.
The shape of the discriminator output-volts,input-frequencyis
essentially similar t o that of a Foster-Seeley circuit. Because the
sum of the rectified outputs is substantially constant orer a considerable range about the centre frequency, the reserroir capacitor
C, has but little effect on the performance of the circuit when the
input signal is free from amplitude modulation. If, however, the
signal has an a.m. component, an action similar to that of the dynamic limiter occurs and, provided that the circuit parameters are
correctly chosen, the a.m. component produces only a very small
output.
It will be seen from inspection of the circuit that the ratio
detector has the same inherent property as that possessed by the
dynamic limiter, namely, that the degree of downward modulation which can be handled is dependent upon the degree of damping
imposed under quiescent conditions. The larger this is, the greater
the downward modulation depth which can be handled. Because
of this heavy damping, careful adjustment of the primary tertiary
ratio and coupling factor to the secondary are necessary to secure
adequate sensitivity and high signal level a t the diodes.
The voltages applied to the diodes can be found by employing the
circuit relationships derived earlier. I n dealing with the ratio
detector, it does, however, simplify the treatment if the tuning of
the primary circuit is ignored. I n the ratio detector design, it is
not possible to adjust the coupling factor to obtain best linearity
as in the Foster-Seeley circuit, these parameters being fixed by
considerations of a.m. rejection. Although the selectivity of
the primary circuit will produce amplitude modulation of the
signal, provided that the a.m. rejection is satisfactory, this will not
affect the audio output; in this the ratio detector differs fundamentally from the Foster-Seeley discriminator.
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I t will be assumed initially that the input signal across the
inductor of the primary winding is frequency modulated, and of
constant amplitude. The tertiary winding will be assumed to have
a coupling co-efficient to t,he primary of unity, and the voltage
across the tertiary will be a fraction a of the primary voltage,
given by a = d ( L ,iL,) where L, is the inductance of the tertiary
winding and L, is that of the primary winding.
The voltage induced in the secondary circuit is given by expression ( 8 . 4 )

where E, is the 1-oltage across the secondary circuit:
K is the coupling co-efficient between primary and secondary
circuits:
Q, is the Q-raluc of the secondary circuit:
.r=?Aj:f; Af is the departure from the secondary circuit
resonant frequency f,:
E Dis the voltage across the primary inductor L,:
L, is the secondary circuit inductor.
The above expression can be separated into real and imaginary
parts as follows:

As explained earlier, heavy damping is usually employed in
order that a high degree of downward a.m. can be handled, and
this leads to a low working value of Qs;the expression above can
thus generally be simplified to
The equivalent circuit diagram is shown in Fig. 8.47. The vector
diagrams for computing the voltages applied to the diode E , and
Ed, are shown in Fig. 8.48, and from the figure these voltages are
and

E,,2=a2E,"(l
- -- -

where

Z=2,

-ZQj)"Zq

KQ, X I ( ~, L, ), - half secondary voltage a t resonance
N
tertiary voltage
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AUOlO OUTPUT

Fra. 8.47.-Equivalent

circuit to that of Fig. 8.46.

FIG.8.48.-Vector diagram showing relationships of tertiary and secondary voltagea in n ratio detector circuit.

By subtraction, this gives

E a 2 - E d 2 2 = ~ 2 E , 2ZZQp
.
(Edl+Ed2)(Ea-Ed2)=a2Ep2. 2 z Q ~ .

Also, the arithmetic sum of the two voltages E, and Ed, over a
limited range of values of x about zero is substantially independent
of x, and equal to E,,
where
Edl+Ed2=Et=2aE,(1 +Z2)+
(8-6)
whence
E , - - E , , = c L ~ E , .~2ZQp/Et

=aE, . Z Q p @ +Z2)*
= E t . ZQ,x/2(1+Z2).

(8.7)
(8.8)
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Expression (8.7)shows that the audio output, which is proportional
is independent of variations of E, provided that
to E,-E,,
ZQ,/(1+Z2)*varies inversely with E,. That the latter term does
vary with E, follows from the fact that any change of E, alters E,,
which in turn alters the voltage applied to the load circuit, and
hence induces changes of Q, m the damping varies. Expression
(8.8) shows more clearly, however, what happens if the reservoir
capacitor is connected across the whole of the d.c. output as
shown in Fig. 8.46, and perfect diodes (i.e. having zero forward
resistance) are employed. Under these conditions E, is stablised
exactly by the dynamic limiting action of the load circuit, in the
manner described earlier. The output is thus only independent of
a.m. in the input if any tendency for E to increase produces no
change in the value of the r.h.s. of expression (8.8). Since Z contains Q,, this requires that Qa2/(1
+Qs2ZO2/Qa2)
should be constant,
where Q, is the quiescent value of Qs and Z, is the value of Z
quiescent. This condition is approached if ZO2 1. If this condition is satisfied, then the a.f. output to an f.m. input is vanishingly small, and hence this is not a practical condition of operation.
With small values of 8, it will be seen that as E, tends to increase, and Q, consequently decreases, the a.f. output tends to decrease, since Qs2/(1
+Q,2Z02/Q,2) necessarily decreases. Thus with
the conditions postulated, over-compensation occurs. If the
reservoir capacitor is removed, then the output tends to increase
with increasing input. This suggests that this is a condition of
operation between the extremes of no dynamic limiting and perfect dynamic limiting at which maximum a.m. rejection exists, and
this is in fact so, and is the condition of operation normally
encountered. There are three methods commonly employed to
give the correct degree of dynamic limiting; the circuit arrangements are shown in Fig. 8.49. Circuits (b) and (c) are essentially
similar, and depend for their action upon the current limiting effect
of R3in (6)and R3and R, in (c). The series resistor R, in (a)achieves
a similar effect operating in the r.f. section of the circuit. In
examples (b) and (c), the proportion of the output stabilised by the
action of Cl determines the a.m. rejection properties. The fraction
st,abilised is given for the circuit of (b) by (R,+R2)/(Rl+R2+R3)
and for the circuit of (c) by R,(R,+ R,), where R,= Rl+ R3+ R,
and Rb= (R3+ R4)+(R3+R4)/(R1+R2).This fraction is related to
a single value of Z (the half-secondaryltertiary voltage ratio) for

>
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CI

(c)

OUTPUT

Fra. 8.49.-Three methods of securing maximum a.m. rejection
in a ratio detector. Methods ( b ) and (c) are essentially similar.

best a.m. rejection. I n a practical circuit arrangement where the
diode load resistors are much smaller in value than the dynamic
resistance of the secondary circuit, the fraction rises almost
linearly from 0.5 approximately a t Z=0, t o 1.0 a t Z= 1. Beyond
the value of Z= 1, the total output must be stabilised. I n practice,
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the adjustment of the fraction stabilised is almost always carried
out on an empirical basis. For reasons discussed later, values of Z
close to unity are not favoured; and values between 0.5 and 0-9 are
generally employed.
I t will be seen from expression (8.8), that for a given value of
Z and &, the maximum a.f. output occurs when E, is a maximum.
This occurs at one value of a only, for which the equivalent resistance in parallel with the primary winding due to secondary
circuit losses and diode damping equals that dynamic reactance of
the primary 'winding itself, i.e. power matching occurs. The
optimum value of a may be derived as follows. If E, is the peak
value of the sum of E, and Ed,, then the voltage acrom the load
resistor is given by qE,, where q is the rectification efficiency. The
power dissipated in the d.c. load (Rde)(R,+R, of Fig. 8.48 ( b )
and R,+R,+R,+ R, of Fig. 8.49 (c)) is thus q2E,2/R,. Since
Es= E,Z ! Z ( l +Z2)$ the power dissipat'ed in the secondary circuit
itself is E,2Z98(l+Z")Rds, where R,, is the dynamic resistance
(the further factor of 2 is necessary since E, is a peak value).
Thus the total power dissipated is given by

This power loss can be equated to that of a fictitious resistor
R,,, connected across the primary circuit, the power dissipated
being Ep8/2R,, (a,ssuming E, to the peak value). Equating the
espressions

Rut from espression (8.6)
Et2=a2EP2(1
+Z2)
whence

For maximu~npower transfer, R,,tnust be equal to the dynamic
resistance R,, of the primary circuit when tuned and this determines the value of a, given the other circuit parameters. If, as is
usual, t,hepower loss in the load circuit is much greater than that in
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the secondary circuit itself, the expression abo\-e can be simplified
a t the power matching condition (R,,=R,,) to
1
--

2Rd,

- q'd(1 -Z")

H~c

The values of Z cornillonly ernplo-ed lie between 0 - 5 and 0.9, and
the following approximation for a is useful.
At this condition of matching, the Q value of the primary circuit
is reduced to one half of its undamped ralue, and as the principal
source of the increased damping is the diode load circuit, the Q
value will vary with amplitude modulation of the input signal in
such a way as to minimise the modulation. The primary circuit
thus usefully supplements the "internal" a.m. rejection action of
the circuit.
It follows from expression (8.6) that E , should be as large as
possible for maximum a.f. output, and hence it is usual with this
type of circuit to aim for the highest possible primary circuit
dynamic impedance, and to achieve this the primary tuning capacitance is reduced to the lowest practicable value, 10 pf of fixed
capacitance being a commonly encountered ralue.
It might also appear a t first sight advantageous to make the
dynamic resistance of the secondary circuit as high as possible, so
that the working &-valueof the circuit would be determined almost
exclusively by the diode damping. This would imply high circuit
reactances, i.e. a small value of tuning capacitance. The ralue of
the tuning capacitances cannot, however, be reduced too much,
because of the variation of the equivalent input reactance of the
diode circuit with amplitude modulation applied; the capacitance
must be sufficiently large to "swamp" these variations.
The input impedance presented by the diodes and load circuit to
the r.f. side of the circuit can be determined as follows. Each of the
two diodes conducts in pulses, V , when E , is a t its peak positive
value, and V , when E , is a t its peak negative ralue. These pulses
of current are of relatively short duration, and can be analysed
into a d.c. component and a series of a.c. components a t multiples
of the intermediate frequency. Provided that the durations of the
pulses are relatively short, then the magnitude of the d.c. component
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is half that of the fundamental frequency a.c. peak value. The a.c.
.
component returns via capacitors C, and C, whilst the d . ~ components flow via R, and R,; since this latter is a single continuous
path, the d.c. components through Vl and V2 are of necessity
equal, and hence the a.c. components are also equal. I n this connection the term d.c. coinponent is used somewhat loosely, since
with modulation applied the term extends
, ,EDI, 101
to corer components a t modulation frequencies. A yery small "difference" d.c. component flows in C, to produce the a.f. output, but this component is so small as not to
invalidate t,he assun~ptionof equality of d.c.
OEp
components. On the r.f. side of the circuit,
the fundamental frequency a x , components
are in phase with the voltages producing
them; i.e. the fundamental frequency a.c.
,.I
component in Vl, id,, is in phase with Ed,,
I ' €02, ioz
and similarly i,, with Edt. This is shown in Fro. 8.50.-Vector diagram
Fig. 8.50. The secondary circuit behaves as ~ ~ ~ , ~ ~ g d i
though each half secondary rolt.age were idz) and voltage (Edl, &z).
suppiying one of these cum-nts, since these currents flow out from
the secondary circuit. The situation for each half secondary is
thus as represented by the vector diagram of Fig. 8.51; diode
I.; is drawing a current equivalent to that of a capacitor and
resistor in parallel, whilst diode V2 is drawing a current
equivalent to that of an inductor and resistor in parallel. Since

4!z
'

,

(2;~

FIG. S.51.4hoaing
rector relationships between the
t a u half-secondav voltagea and the diode fundamental
frequency current components.

i,=i,=?i,,,
these con~ponentsmay be found in terms of the
direct current in the load circuit by resolving, using the fact that
the angle 0 of Figs. 8.50 and 8.51 is equal to tan-lZ. When this is
done, the resistive terms are given by E,/2i,, and E,,/2i,.
The
sum of the resistances giving the equivalent damping resistance
across the whole secondary xinding is equal to Et/2i,, or Rk/2,

~ ,
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where R, is the total value of the d.c. load resistance. Under
conditions of amplitude modulation, it is the fact that R , varies
with E, that produce the a.m. rejection action. I t is of interest to
note that this damping resistance is precisely equal to that
obtained if the tertiary winding were not present..
The reactive components can be similarly determined; in the
diagrams of Fig. 8.51, the reactive component of Vl input is
capacitive, since E , / 2 leads id,, whilst that of V , is inductive since

Fxa. 8.62.Showing oscillograms obtained from an tm.signal with simultaneous a.m.,
the time base being provided by the f.m. modulating signal ( a )with o. "balanced" a.m.,
component, ( b ) an "unbalanced" a.m. component, and (c) with both "balanced" and
"unbalmced" a.m. components.

id, leads EJ2. The magnitudes of these reactances are given by
ZR,/47. If the two halves of the secondary are perfectly linked, i.e.
unity coupling exists, the effects of these reactances cancel out. If,
however, unity coupling does not exist, the effective centre-tap
of the secondary circuit is shifted from the true electrical centre
tap of the winding. This results in the production of an "unbalanced" a.m. component in the audio output.
The terms "balanced" and "unbalanced" a.m. conlponents are
reserved for the two types of output due to amplitude modulation.
In the first, the "balanced" case, the a.f. output is zero at the centre
frequency and increases linearity with the frequency shift. In the
second, "unbalanced" case, the output is of constant amplitude at
all frequencies. Oscillograms in the presence of the two types of
a.m. output individually and together are shown in Fig. 8.52; the
audio output is applied to the Y plates whilst the frequency
modulating signal is applied to the X plates. In the absence of a.m.
the oscilloscope beam traces the input/output characteristic of the
discriminator. The "balanced" output occurs with a Foster-Seeley
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discriminator when the limiter is not fully effective. It also occurs
with the ratio detector when the fraction of the d.c. stabilised is
not correct. An "unbalanced" output occurs with a Foster-Seeley
circuit and a ratio detector circuit if the secondary circuit tap is
misplaced from the electrical centre, and with the ratio detector
this of course occurs with the diode reactive loading effects discussed above. With a Foster-Seeley circuit, this reactive loading
is sufficiently small to be negligible because of the high diode load
resistors employed.
The "unbalanced" components can be eliminated quite simply
by altering the relative magnitude of the
resistors R, and R, of Fig. 8.49 (c). This
adds an a.f. component to the output
which can be made to cancel that due to
the reactance unbalance. It is for this
reason that full stabilisation of the output
OED, .I,
is generally avoided; if this is done, no such
adjustment is possible.
It is also of interest to evaluate the
loading applied t o the primary circuit via
the tertiary winding. In this case, the Fm. 8.53.Showing vector
relationships between i d l ,
voltage a E , drives the two currents i d , idz, and their resultant iT,
and i d , in parallel. Thus the reactive com- and the tertiary winding
voltage.
ponents cancel, and the resulting current
i , is in phase with aE,, as shown in Fig. 8.53. The magnitude of i,
is given by

c.

i,=2idl/(1 + Z 2 ) t = 4 i d l / ( 1+Z2)t.

The damping resistance is thus equal t o a E , ( l + Z 2 ) 4 / 4 i , and
since aE,(1+Z2)*=E,/2 this resistance is given by Rd,/8q. This is
equivalent to a resistance of R,/8a2q in parallel with the primary
winding. This is, of course, precisely similar to the result obtained
if the voltage source a E , were considered as driving directly the
two diodes circuits in parallel, each diode with a load resistor
Rdc 12.
In conclusion, the circuit of a typical practical ratio detector
operating a t 10.7 Mcls is shown in Fig. 8.54. The primary winding
is tuned by 10 pf of fixed capacitance, the total capacitance being
some 16 pf. The undamped Q value is in the region of 70, reduced
to some 40-50 by circuit losses. The tertiary winding has approximately 116th of the number of primary turns, and is closely
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co~pledto the primary, being wound over the "cold" end. The
secondary winding is bi-filar wound, to ensure uniform coupling of
each half to the primary and good coupling between the halves.
The tuning capacitance is 47 pi, and with an undamped Q value of
100, gives a secondary dynamic resistance of 30 kilohms. The total
diode load resistance is some 16 kilohms; this is equivalent to a
damping resistance in parallel with the whole secondary winding
of some 8-10 kilohms. The working Q of the secondary is thus in

I

-

I4
4)

-L

m+Rs=Z.sk

Ill-

FIG.8.54.-Typical practical ratio detector circuit with component values.

the region 20-25. The value of the half-secondaryltertiary voltage
ratio is in the region of 0.f3-0.7 and this determines the coupling
between primary and secondary circuits, which is about 0-5 of
critical for the values given. At the value of 2=0.7, the magnitude
of the reactances due to each diode across the half-secondary
winding is about 3.3 kilohms; this is equivalent to a capacitance of
about 5.5 pf on one side and an inductance of some 50 pH on the
other. Because of the tight coupling between the two halves of the
secondary circuits, the unbalance is comparatively small. The
values of R, and R, are used not only to compensate for the reactance unbalance, but for other minor discrepancies and hence are
usually adjusted in test; their sum value must be maintained
constant to ensure that the correct fraction of the d.c. output is
stabilised.
I n conclusion, it may be stated that the ratio detector is
generally inferior to the Foster-Seeley discriminator in respect of
linearity; the distortion can, however, be made reasonably small by
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employing a wide range discriminator characteristic. This requires
in general a low value of secondary circuit Q, which is also necessary
for adequate a.m. rejection. The a.m. rejection is usually somewhat
inferior t o that obtained with a Foster-Seeley circuit and separate
limiter.
It has, however, the great advantage that a stage may be saved
in the receiver; this is due to the fact that a Foster-Seeley circuit
requires a limiter with a n input of about 1 volt, whereaa the ratio
detector gives satisfactory results with a signal of the order of
10-100 millivolts a t the grid of its driver stage. The minimum
satisfactory signal depends upon the characteristics of the diodes
employed; the signal applied to the diodes must be adequate t o
ensure satisfactory a.m. rejection.
The ratio detector gives, of course, no protection against long
term variations of signal strength, nor does it equalise the outputs
from two transmissions of unequal signal strengths. Hence %he
provision of a good a.g.c. system is essential when this type of
detector is employed. The voltage across the stabilising capacitor
is frequently utilised for this purpose.
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Chapter Nine

FREQUENCY MODULATION RECEIVERS
are now many excellent texts covering the design of
radio receivers in general. This chapter will therefore only
T
deal with those features which are peculiar to the design of
HERE

frequency modulation receivers.
A block circuit diagram of a typical frequency modulation
receiver is shown in Fig. 9.1. The circuit follows conventional

FIG.9.1.-A

block circuit diagram of a frequency
modulation broadcast receiver.
( B y courtesy of the Brifish Inslit~rteof Radio Engineers.)

amplitude modulation superheterodyne practice up as far as the
limiter stage, although, naturally, it is arranged for reception on
the very high frequency band in place of the medium-wave
broadcast band. There is little which need be said about the earlier
stages. The band-widths of the r.f. and i.f. stages should be wide
enough t o pass the largest frequency deviation without introducing appreciable amplitude distortion. If, for example, 100 per
cent modulat,ion is represented by a deviation of f75 kc/s, then a
reasonable margin should be allowed on this figure; a passband
of over I50 kc/s would be the essential minimum.
Following the intermediate frequency amplifier there is a
limiter stage whose function is that of suppressing all amplitude
variations of t,he received carrier signal. The output from this
stage passes to a frequency discriminator which takes the place
of the normal detector stage. The resultant audio signal then has
the upper frequency pre-emphasis removed. This pre-emphasis
is-as discussed in Chapter Four-that given to the higher audio
frequencies at the transmitter.
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After the audio signal haa been restored to its original form
by the de-emphasis filter, it is amplified in the normal manner.
While there is no special technique for either the audio frequency
amplifier or the loud-speaker system, they should both be of the
most liberal high-fidelity design. Owing to the very low distortion
factor which is inherent at almost every stage throughout a
frequency modulation system, it is all too easy for the loud-speaker
to become the weakest link in the chain.
Among the various refinements which can be fitted to a frequency modulation receiver, perhaps one of the most important
is some form of visual tuning indicator. As frequency modulation
offers an essentially high fidelity, noise and distortion-free service,
it is most important to eliminate every point at which noise or
distortion might be introduced. One of the most probable ways
in which they may arise is as a result of the user tuning his receiver
incorrectly-a tuning indicator is therefore a very practical step
towards obtaining the best possible quality. Among the other
possible refinements worth mentioning are automatic-frequency
control and inter-station noise suppression.
Essential Receiver Features

I t has already been made clear that the only advantage shown
by frequency modulation is that for a given interfering signal it
is capable of substantially reducing the audio disturbance reproduced. The theoretical improvement which can be obtained has
already been established in Chapters Three and Four. However,
the extent to which this improvement i s realised in practice rests
almost entirely in the hands of the receiver designer. Failure to
appreciate the extent t o which the improvement can be whittled
away by lack of attention to details is frequently responsible for
complaints that interference is marring reception.

Referring back to Pig. 5.17, it will be noted that the peak
interference field strength produced by 90 per cent of the vehicles
which passed on a main road was less than 250 microvolts over a
band 10 kc/s wide. This field strength was that measured on an
aerial 100 feet from the road and some 35 feet above the ground.
As the normal frequency modulation broadcast receiver bandwidth is some 150 kc/s, i t follows that the equivalent peak noise
field strength would be some 4,000 to 5,000 microvolts. Even
taking the peak interference field strength produced by an average
car, the level will still be in the region of 1,000 microvolts.
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I n America the Federal Communications Commission have laid
down the minimum field strength which is to be provided within
the service area of a frequency modulation broadcast station.
The Commission specify that a t all points within the transmitter's
service area the minimum signal voltage produced in a receiving
aerial, with an effective height of 30 feet, must be at least 1,000
microvolts in urban areas and 50 microvolts in rural areas. It
will be apparent from these figures that automobile interference
must very frequently have an amplitude which is comparable
with that of the desired station. Couple this with the fact that
automobile interference is by far the most serious source of
interference, and it stands to reason that every possible step must
be t,aken t o achieve the full theoretical improvement in signal to
noise ratio. If this improvement is realised in the case of impulsive
interference it automatically follows that it will be present for
the other and less violent forms of interference.
As was shown earlier, the threshold of improvement is determined by the level a t which the carrier and interference signals
have the same amplitude a t the i.f. output. It therefore follows,
that for the threshold to occur a t the lowest possible signal level, the
receiver i.f. band-width should be wide enough t o pass the signal
but no wider. Some margin must obviously be left in a practical
receiver to allow for receiver mistuning and oscillator drift, and
it is the latter requirement which generally determines amount
by which the i.f. band-width exceeds the minimum permissible.
A highly stable oscillator is therefore essential.
Although i t was not discussed in detail earlier, i t can be shown
that receiver misalignment can result in a considerably higher
noise output than that obtained with a receiver properly aligned.
It is thus essential that the receiver should be as accurately tuned
as possible, and some form of tuning indicator is therefore desirable.
It also follows, of course, that the drift of the oscillator should be
small, to ensure that the signal remains in tune after the initial
setting.
Finally, the limiting action of the receiver must be such that
the degree of amplitude modulation rejection is high. With the
dynamic type of limiter, the degree of amplitude modulation
which can be rejected can be pre-determined, and it is desirable
that this should be in the region of 75 to 90 per cent. With the
grid-leak type of limiter, the receiver must be so designed so that
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with the lowest signal input a t which the receiver is destined to
work, the signal amplitude at the limiter grid exceeds the limiting
threshold by a factor of at least three.
Sensitivity and Selectivity

The sensitivity and selectivity of the receiver will be entirely
dependent upon the transmission with which it is to be used. It
will depend upon whether broadcasting, long-&stance picture or
code telegraphy, mobile or fixed communications, sub-carrier line
telephony, or some other service is under consideration.
For broadcast receivers, the field strength at a height of 30 feet
a t the limits of the service,area in the U.S.A. is 50 microvolts/metre
and in the U.K. 250 microvolts/metre, If, however, an indoor
aerial is used, the field strength may fall below this figure by
some 30 db, as shown by tests carried out by the BBC. Thus for
design purposes, it would appear desirable that a receiver should
operate satisfactorily with an input of 1.5 microvolts/metre
(US.) or 8 microvolts/metre (U.K.). It is doubtful if, in fact, a
sensitivity of 1 microvolt/metre can be achieved without the
employment of a high gain aerial, and in general, a figure of below
10 microvolts/metre for satisfactory operation may be taken.
In general, for a receiver operating in the v.h.f, band, with a
half wave dipole aerial, and assuming a signal of about 1 volt
amplitude at the demodulator or limiter, the overall gain required
is about 200,000.
The requirements of a broadcast receiver in respect of selectivity
are that the passband of the r.f. and i.f. stages should be of the
order of 150-200 kc/s between the points at which the response is
3 db below that at the centre frequency. In respect of adjacent
channel rejection, the required degree of attenuation cannot be
stated precisely, since the degree of interference is a function of
the field strength of the wanted and unwanted signals. With
equal signal strength, attenuation a t the adjacent channel carrier
frequency should be of the order of 30 db.
The R.F. Amplifier

Most f.m. receivers include at least one stage of r.f. amplification.
Whilst the gain of such a stage is generally low, its presence is
generally essential for a number of reasons. Amongst these may
be mentioned second channel protection; with a single tuned
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circuit preceding the mixer stage, it is almost impossible to secure
adequate rejection. Additionally, the mixer stage generally has a
comparatively high noise level; the provision of r.f. gain therefore
assists n~ateriallyin maintaining a good signal to noise ratio.
Further wit.h the additive type of mixer frequently employed,
the r.f. stage serves to isolate the grid of the mixer from the
aerial, and thus prevents appreciable radiation at the oscillator
frequency.
Three types of r.f. stage are commonly employed for v.h.f.
working. These are the single pent,ode, the earthed-grid triode,
and the combination of earthed-cathode and earthed-grid triodes
in cascade (cascode circuit). At frequencies below 100 Mcls, the
single pentode or the cascode is usually preferred, although the
earthed-grid triode is sometimes employed on the grounds of
economy; with a twin triode, the first section can be used as an
earthed-grid triode and the second as a self-oscillating mixer.
At frequencies above 100 Mcls, the cascode and earthed-grid
triode are more commonly encountered.
The choice of r.f. stage type is generally governed by considerations of signal to noise ratio. Although, a t the lower frequencies,
the pentode and cascode circuits have the advantage that a
reasonable gain can be obtained from the aerial input circuit,
at the higher frequencies, this gain becomes very small. Typical
specimens of each type of circuit are shown in Fig. 9.2.
In the subsequent text, we shall consider firstly the general
properties of each type of circuit, and then the performance of
each with respect to signal to noise ratio.
In the circuit of Fig. 9.2 (a),the gain from grid to anode is given
by g,R,, where g, is the mutual conductance of the valve, and
R, is the dynamic resistance of the tuned circuit; thia assumes
that the anode slope impedance of the valve is very much larger
than the load. I n order to follow the working of the circuits of
Fig. 9.2 ( b ) and (c), we shall investigate further the properties of
t,he earthed-grid circuit.
The equivalent circuit for this type of connection is shown in
Fig. 9.3 (a).The anode, cathode, and grid of the valve are shown
as terminals a, c, and g respectively; ,u is the amplification factor
of the valve, r , is its anode slope resistance and 2, is the external
anode load. For comparison, the equivalent circuit for an earthedcathode connection is shown in Fig. 9.3 ( 6 ) . It will be seen that
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Frc. 9.2.-The three tppes of r.f. stages commonly employed
for v.h.f. receivers: (a) earthed-cathode pentode, ( b ) cawode.
(c) earthed-grid triode.

the essential difference between the circuits is that in the earthedgrid circuit, the anode current flows in the input circuit, whereas
it does not for the earthed-cathode circuit. \\'ith an input voltage
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e,, applied t o the earthed-grid circuit, conditions are as shown in
Fig. 9.3 (a), whence
( p + +)e,c=(r,+ZJi,
and

egcIi=(ra+Zl)I(~+l),

>

>

e,,/i is the input impedance Zin; for r,
ZI and p
1, this
reduces to Zin=ra/p= 119,. The input impedance is thus reletively low; commonly, the value of Ilg, is 200 ohms. The

FIG.9.3.-Equivalent circuits for: (a) earthed-grid circuit, (b) earthedcathode circuit, (c) earthed-gridcircuit (to determineoutput impedance).

expressions above are, of course, identical with those obtained for
the output impedance of a cathode follower circuit. It is this low
value of input impedance which accounts for the low overall
stage gain generally obtained when this type of circuit is employed,
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since it limits severely the input voltage obtainable &om the
preceding stage.
The gain of the stage is given by
A =Z,i leg,,
whence
A=Z,(P f 1)I(rafZ1)=Z1/ZinFor r>Z1 and ,u 1, this reduces to A =g ,Z,.
The full expression for the stage gain resembles that obtained
with an earthed-cathode circuit, except that where ,u is employed
for the latter circuit, it is replaced by ,u+ 1. I t should be noted
further that the output is in phase with the input for the earthedgrid circuit, whereas it is in anti-phase for the earthed-cathode
circuit.
The output impedance can be found from the equivalent
circuit of Pig. 9.3 (c), where Z,, is the impedance of the input
circuit. Prom the figure, assuming a voltage e applied between
anode and earth,
e = ( p + l ) Zg,i+rai.
The output impedance Z,,,, is given by e/i. Hence

>

Zout=ra+ (P+ 1)Zm.

It will be seen therefore that the earthed-cathode circuit has a
relatively low input impedance, and a relatively high output
impedance.
In the circuit of Pig. 9.2 (c), it is obvious that the aerial input
circuit will be severely damped by the low input resistance of the
valve. Further it will be seen from the expressions above that the
input impedance is not independent of the anode load impedance,
unless r,>>Z1; fortunately, a t the frequencies at which this type
of input is employed, this latter condition is usually fulfilled. Also
the output impedance is not independent of the input circuit.
The arrangement of Fig. 9.2 ( 6 ) combines an earthed-cathode
triode feeding into an earthed-grid triode. The anode load of the
first valve, V , is thus (ra+ Z1)/(p+ l), the input impedance of V ,
as determined above. Its gain A' is therefore P' (ro+zJ/(P+ 1)
r,'+(ra+zl)/(P+1)'
where ,uf and r,' relate to V , . This expression reduces to
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With two identical valves, A1=p(ra+Zl) /(p+ 2)ra+Z1; for
r,>Z,, A1=p/p+2, which is generally very close to unity.
V, is thus operated under conditions where Miller effect is not
serious.
The overall gain to the anode of V , is given by AA', where A is
the gain of IF2, deduced a.bove. Hence

i.e. the ralve behares as a single valve of amplification factor
I ) , and anode slope resistance (,u+ l)rl+r,. This output
impedance is, of course, that obtained if r,' is substituted for
Z,,in the expression for the output impedance of an earthed-grid
amplifier deduced above. The combination of the two valves thus
exhibits the properties of a pentode, and with two identical valves
corresponds to a single pentode of anode slope resistance of
( p + 2 ) r , and mutual conductance ,u(p+l)/(p+2)ra, which, for
,u>l, is approximately equal to g,, the mutual conductance of
either ralve alone. More significantly, the noise output of the
stage is substantially that of V , alone, since the internal noise
in I., is greatly reduced by the large cathode load, the anode slope
impedance of I-,. For this reason, the overall combination of V,
and I-, has an inherently lower noise output than the comparable
pentocle, due mainly to the absence of partition noise in the
triode V , . Thus the double triode circuit is preferred to the single
pentode where it is imperative that the receiver first stage noise
shall be held to a minimum.
\Vhere the cwcode circuit is adopted, it is usual t o resonate the
stray capacitance a t the anode of V, and the cathode of V, to
prevent undesirable loss of signal a t this point due to shunt
impedance. The circuit frequently takes the form of an inductor
connected between the anode of V, and the cathode of V , as shown
in Fig. 9.4 (a).The total capacitance due t o V , and V, resonating
with the inductor is then equal to the sum of the stray capacitance
a t the anode of V, in series with the capacitance a t the cathode of
V,. Provided these are equal, the network acts as a 1 :1 matching
network, the signal a t the cathode of V, being in anti-phase with
the signal a t the anode of V,. Because of the heavy damping of
the circuit introduced a t the cathode of V,, the resonant circuit

+

,u'(,~i
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contributes very little to the selectivity. If, however, the capacitances are unequal, or are deliberately unbalanced by the introduction of additional lumped capacitance, the transformation
ratio departs from unity. If the capacitance at the anode of V ,
exceeds that a t the cathode of V,, a voltage step down is achieved.

FIQ.9.4.-Caecode

circuit interstage coupling by series inductance.

This is sometimes advocated as a means of reducing the amplification of V 1 to minimise Miller effect.
Where the two valves are not connected directly in series across
the h.t. supply, as shown in Fig. 9.4 (b), the chokes,L , and L, are
introduced to complete the h.t. supply paths to the two valves.
These chokes could of course be replaced by resistors; this,
however, leads to a higher noise output, since the thermal noise
in the resistors is then applied directly to the cathode of V,.
It is now necessary to consider the input impedance of all three
types of r.f. stage. I n general, the input impedance comprises t,wo
components, a capacitance and a resistance in parallel. The
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capacitive component is generally absorbed in the input circuit
tuning; its value sets a lower limit to the tuning capacitance
employed. In general, it is desirable to "swamp" this capacitance
by lumped tuning capacitance, since the input capacitance of a
valve is liable to changes of value as the valve warms up, and with
changes of operating conditions.
The input resistive component has a number of sources. With
the earthed-grid triode, as shown above, there is a low value of
input resistance due to the deliberate feedback between input
and output circuits. With the earthed-cathode types of circuit,
however, there is generally a resistive input component due to
undesired coupling of the input and output circuits (with the
earthed-cathode triode, this includes the well-known Miller effect).
Coupling ensues through the finite inductance of the cathode lead;
the effect of this becomes more serious aa frequency is raised.
The earthed-grid circuit is not so seriously affected by this form
of coupling, and for this reason is often preferred a t the higher
frequencies.
A second cause of the input resistive component is known as
transit time effect. The damping due to this source becomes
appreciable when the duration of the input signal cycle becomes
comparable with the time taken by the electrons in the anode
current stream to traverse the grid region. Whilst a full discussion
of transit time effect is beyond the scope of this book, i t should be
noted that the magnitude of the input resistive term due to this
cause decreases with the square of frequency, and hence is of
increasing importance with increasing frequency. This resistive
damping appears in all three types of r.f. circuit discussed; its
effect is naturally least serious with the earthed-grid circuit, where
the inherent input impedance is low. A third source of input
damping is due to losses in the valve base and socket; the equivalent damping resistance due to this source decreases linearly with
frequency. Its effect is therefore less and less marked aa frequency
increases, as compared with the input damping resistance due to
transit time effect and cathode load inductance which decrease
with the square of frequency.
The resistive damping of the input circuit due to the fact that
the cathode lead is common to both the input and output
circuits, is derived as follows.
The input circuit of a ~ a l v is
e shown in Fig. 9.5; the cathode lead
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between the points A and B we shall assume to have an inductance L; included in this, of course, should be the inductance of the
leads of the decoupling capacitor C. The valve grid-cathode
capacitance C,, is assumed lumped, and connected to A.

FIO.9.5.-Input circuit of earthed-cati~ode
stage. showing cathode lead inductance.

Then if a signal of magnitude e,,exists between grid and cathode,
a current i, equal to g,e,, flows in the cathode circuit. To this
must be added the current i in the capacitor C,,, to give the
voltage across the inductance, (g,e,,+i) joL. The voltage from
grid to earth is thus given by

but e,,=i/jwC,,, where i is the input current from the source
connected between grid and earth. Hence

This is the input impedance presented by the valve, and is
equal to that of the normal input capacitance, C,,, plus two other
impedances in series with it. The h t modifiea the reactance;
the second, more importantly, is a resistive term. Making the
assumption that 1/jwCgc j w L, and also 1/g , Lw,the input impedance can be expressed as a parallel combination of a capacitance
Cgand a resistor of value 1/w2LCg,. It will be noted that this input resistance damping decreases with the square of frequency
and hence varies in the same way as the damping due to transit
time effect.

>

>
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If practical values are considered, C,, may be of the order of
7 pf, and g, 8 mA/volt; L obviously depends upon the physical
length of the cathode lead. For a lead of diameter 0.0025 in. and
of length 1 in., the inductance is 0.02 microhenries. We shall
consider this value to estimate the order of magnitude of the
quantities involved. From the expressions above, the input
resistance of t,he valve a t 100 NC/Sis
x 5 x 10-12x 8 x 10-3)=2,200 ohms
l/(L+'x 1016x 0.02 x
approsimately. To determine the inductance of leads of other
lengths and diameters, t.he following expression is given by
Terman for the limiting value of inductance as frequency increases:

where I is the wire length and d its diameter.
The effect of cathode lead inductance can be minimised by the
employment of valves having two or more cathode leads. These
can then be connected in parallel, to reduce the effective inductance. ,Mternati\-ely, the input circuit can be returned to one lead,
and the output circuit to the other. In this way, the input circuit
can be divorced from the output circuit, with a consequent
reduction of interaction. Another way of reducing the effect of
cathode lead inductance is choosing the cathode decoupling
capacitor so that series resonance with the cathode lead inductance
OCClIrs.
In general, the damping due to cathode lead inductance is more
serious than that due to transit time effect; for the 6AK5 pentode,
with the two cathode leads connected in parallel, the equivalent
resistance due to transit time effect is approximately twice that
clue to cathode lead inductance.
The following table gives approximate values for the input
damping resistance due to the three sources mentioned above at a
frequency of 50 JIcls for valres type 6AK5, EF80, and PCC84,
which are representative of typical v.h.f. r.f. stage valves. The
6.4K5 and EF80 are both pentodes, having two cathode leads.
The PCC84 is a double triode, designed especially for use in cascode
circuits. One triode has two cathode leads, and this valve is
meant for use in the input stage. I t is this triode t o which the
valves tabulated below relate. In deriving the values given, the
cathode leads are strapped.
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EQUIVALENT DAMPIKG RESIST..AXCE AT 50 Mcis DUE TO:
Valve

Transit time
effect

All

Cathode lead
inductance

Valve base etc.,
losea

}

25 kilohnls

:,"$ }

10 kilohrns

33 kilohms l i kilohrns 100 kilohnls

P C C ~ ~ } 30 kilohms
7AN7
<

100 kilollnls 50 kilol~rns 200 kilohms

6AK5
EF95

100 kilohnr 40 kilohms 100i2W kilohms

At frequencies below 200 Mcls, the low input resistance of the
earthed-grid triode circuit means that damping of the input
circuit due to transit time effect can generally be ignored. However, as the transit time effect becomes more pronounced, the

YF'ip

INPUT

Cqc

Fxa. 9.6.-Earthed-grid stage, showing cathode lead inductance.

current flowing in the grid circuit may introduce a loss due to the
voltage drop in the reactance of the gridearth lead. Valves
designed for this type of circuit are therefore frequently fitted with
multiple grid leads, so that these may be connected in parallel
to earth to minimise this effect.
Since the input and output circuits are deliberately linked in
the cathode circuit, the effect of cathode lead inductance is least
appreciable with the earthed grid triode. The cathode lead
inductance and grid-cathode capacitance form a potential divider
to the valve input, as shown in Fig. 9.6. The effect of this is,
however, not serious. I t is this absence of severe degeneration
due to cathode lead inductance which accounts for the widespread
use of the earthed grid triode at the higher frequencies. At
frequencies above 200 Mcls, in fact, the earthed-grid triode may
have a higher input resistance than the comparable earthedcathode triode in a cascode circuit.
The aerial input circuit for the earthed grid input circuit is
generally of one of the four types shown in Fig. 9.7. In the circuit
of Fig. 9.7 (a) the aerial input is introduced at a tapping on the
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tuned circuit; this arrangement is obviously suitable only for use
with an unbalanced feeder. The circuit of Fig. 9.7 (6) employs a
coupling winding to terminate the feeder, and can be used with
either balanced or unbalanced circuits. That of Fig. 9.7 (c)
employs a tapping on the capacitance branch of the tuned circuit;
the components R and C , are necessary to provide continuity

rc

44
7
. 1

AERIAL

+

T-k
iq-6
AERIAL

(b)

FIG.9.7.-Four types of aerial input circuit.

from the grid of the r.f. amplifier to earth, and to exclude hum.
This arrangement again is obviously suitable only for an unbalanced feeder. The circuit of Fig. 9.7 ( d ) employs a small
capacitance "top-end coupling, and is suitable for unbalanced
feeder operation only.
The ralue to which the feeder impedance is transformed
determines the tapping point in circuits (a) and (c), the coupling
between the aerial coil and the tuned circuit in (b), and the size
of the coupling cepacitance in (d). When matched, the dynamic
resistance of the tuned circuit and its Q value are reduced to half
the values obtained with the aerial disconnected. The voltage
step-up ratio is # R , / Z J f , referred to the aerial open cirauit
voltage, where R, is the dlynamic resistance of the tuned circuit
loaded by the ralve input impedance and 2, is the characteristic
impedance of the feeder. This figure does not include any allowance for losses in the feeder; these are generally of the order of
1-3 db per 100 feet of feeder, and this loss must of course be
subtracted independently when computing the signal at the r.f.
stage grid.
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It will be of value to state here a network relationship which
is of considerable use in dealing with r.f. circuits. If, in the rr section
network of Fig. 9.8, the impedances Z,, Z,, and Z, are pure reactances, and their values are such that Z,+Z,-Z,=O,
i.e. the
circuit is resonant, and the value of R, is much greater than Z,,
then the impedance presented by the circuit measured across Z,
is given by R2(Zl/Z2)2.
The circuit of Fig. 9.7 (e) lends itself most readily to calculation.

FIO.9.8.-If Z,,2, end 2, are pure reactanm,
Z,+Z,+Z,=O,andR>IZ,I,thenZ,.=R(Z,
Z#.

Here Zl= 1/joC,, Z,= 1/jwC, and Z2=jwL. The dynamic
resistance of the tuned circuit may be taken as existing in parallel
with L, and hence provided that t,he Q value of the circuit is large,
the input resistance presented to the aerial circuit a t resonance is
Rd(lIW~LC,)~.
Since oL= 1/wC,, where C, is the sum of C , and C,
in series, the input resistance is given by Rd(C,/Cl)2. For matching, this must be equal to the characteristic impedance of the
feeder Z,, and hence determines the value of C , and C2for a given
value of C,.
The foregoing ignores the damping of the input circuit by the
r.f. valve input. If the equivalent damping resistor Rimin parallel
with C2 is transferred to the aerial input, the input resistance
comprises two resistive components in parallel, Rd(C,/Cl)2and
Rin(C2/Cl)2. Knowing the values of R,,Ct and Rim,the values of
C2 and C, can be computed for correct matching.. The gain from
the aerial input to the grid of the r.f. amplifier is given by Cl/C2.
If as is usually the case for frequencies below 100 Mcls, C,>C,,
C2 is approximately equal to C,, and hence the input resistance
presented to the feeder is R,'(C,/C,)2, where R,,' is equal to the
resistance of R, and Ri,in parallel. The voltage gain is then equal
to Ct/2C1; i.e. ~ ( R , / Z , ) when
~
matched.
I n the circuit of Fig. 9.7 (a),the correct tapping point is usually
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found by experiment; for matching, this occurs when the voltage
a t the grid of the r.f. amplifier is maximum. It is generally not
possible to calculate the correct tapping point accurately, as the
turns of the inductor are usually widely spaced to minimise losses.
The flus linkage between turns is thus poor, and the coil cannot
be treated as a perfect autotransformer. It is however possible
to calculate the tapping point on the assumption that the inductor
can be treated as a perfect transformer as a first step to determining the correct tapping point. For this the input resistance
is given by R ,'(n,/nt) 2, where n, is the number of turns from the
9c*

Fli;. 9.9.-Equivalent

circuit of Fig. 9.7 (6).

tapping point to earth, n,is the total number of turns, and Rd' is
the working dynamic resistance of the circuit, i.e. incorporating
the input resistance due to the valve.
For the circuit of Fig. 9.7 (b), the equivalent circuit of Fig. 9.9
may be employed, where M is the mutual inductance between
the windings. The impedance presented to the feeder is given by
Z=jwL,+w2M"Zs,
where Z,=jwL,+ 1 ljwC,+r,; rs=L2m2/Rd'.
If the impedance of the coupling coil is sufficiently small to be
neglected, Z=w2N2/ZS;a t the resonant frequency of the grid
circuit, Z = X 2 R d ' / L \ The value of 64 is generally not amenable
to calculation, and matching is usually achieved by trial and error,
occurring when the voltage a t the grid of the r.f. stage is maximum.
Coarse adjustment of the coupling is generally made by varying
the number of turns of the coupling winding, and fine adjustment
by the positioning of the coupling winding with respect to the
tuned winding. With this type of circuit, it is important that the
coupling winding be situated a t the "earthy" end of the tuned
winding; if this is not done, matching may be made considerably
more difficult by stray capacitance coupling. If the reactance of
the primary winding is not negligible, it can be resonated by a
series capacitance, so that its effect becomes negligible.
In the circuit of Fig. 9.7 (d), the conditions for matching are as
follows. If t,he grid circuit is assumed t o comprise a resistance
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R; in parallel with a reactance jX due to L and C, the input
impedance of the grid circuit is @-en by
For the input impedance presented to the aerial to be purely
resistive, the reactive term must be equal to the reactance of C , ,
i.e. l/joC,. The input resistance presented to the feeder is then
RCX2/(Ri2+X2). For given values of 2, and R;, this determines X uniquely for matching, and hence the value of C , from
l/oCl=R,'2X/(Ri2+X2). If R i is much greater than Z,,
X=(R,'ZJr= 1/oC,. The voltage gain, a t matching, aa before
is given by +(R,'/Z,)).
Where the input resistance to the valve is appreciably lower
than the dynamic resistance of the tuned circuit alone, as for
example with the earthed grid triode at the lower frequencies,
the loss of selectivity may be troublesome. In all of the aerial
input circuits discussed above, the working Q value is halved at
matching, and the combination of this effect with that of low
valve input resistance may lead to intolerably poor aerial circuit
selectivity. If, for example, second channel interference is severe,
the lack of selectivity in the aerial input circuit may result in
cross modulation a t the r.f. stage grid. In these circumstances,
the selectivity can be improved by tapping the valve input down
one branch of the tuned circuit, in a manner similar to those
shown in Fig. 9.7 (a),and (b) and (c) employed for the aerial input.
This results in a, raising of the Q value of the input tuned circuit
with consequent increase of selectivity. When this is done, of
course, it will be necessary to readjust the aerial coupling to
maintain the correct matching conditions. I t must, however,
be emphasised that this increase in selectivity can only be achieved
at the expense of lower aerial input to valve gain, and higher
noise factor. As a practical example we may consider the input
circuit to an earthed-grid triode working at 100 JIcls. If we take
the mutual conductance of the valve as 5 mA/V, a typical figure,
the characteristic impedance of the feeder as 70 ohms, the input
circuit tuning capacitance as 40 pf and the undamped circuit Q
as 50, the dynamic resistance of the tuned circuit undamped is
2 kilohms; the Q value is reduced under working conditions to
2.5, since the total resistive load in parallel with the tuned circuit
under matched conditions is 100 ohms. The gain from the
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equivalent aerial generator t o the valve cathode is 0.85 approximately. If then the valve input is tapped down the capacitive
branch of the tuned circuit as shown in Fig. 9.10, the conditions
are as follows. Assuming that the total tuning capacitance C,
remains constant and that (C,/Ct)2=10, the valve input resistance
of 200 ohms represents a resistance of 2,000 ohms in parallel with
the inductor. The undamped dynamic resistance of 2,000 ia also

FIG. 9.10.-Tapping down input circuit with
earthed-grid stage, to achiere greater selectivity.

assunled existing in parallel with the inductor, and hence the
aerial circuit must be matched to a total of 1,000 ohms a t this
point. This requires that (C, /Cft)?= 1,000/70. When matched,
the aerial therefore presents a load of 1,000 ohms in parallel with
the inductor, and hence the working dynamic resistance is equal
to the resultant of the three parallel components, that due t o the
tuned circuit losses, 2,000 ohms, that due t o the valve input
2,000 ohms and that due to the aerial, 1,000 ohms, i.e. 500 ohms
total. The working Q is thus raised t o 12-5. The gain from the
equivalent aerial generator to valve is given by iC,/C,, and from
the above, this is equal to 4(10,3)~=0-6approximately. The gain
has therefore been reduced from 0.85 t o 0.6 whilst the Q of the
input circuit is increased from 2-5 to 12.5.
Because of the heavy damping imposed on the first tuned circuit,
it is common practice in broadcast receivers for the v.h.f. band
for this circuit to be pre-tuned to the centre of the band. For the
C.K. broadcast band (87.5-100 Jlc/s) this leads to only a slight
decrease of sensitivity a t the extremes of the band; for the U.S.A.
broadcasting band (58-108 Jlcis) the decrease of sensitivity a t
the extremes of the band is more serious, and the general tendency
in the U.S.A. is to eniploy an input circuit with variable tuning.
The tuning of the r.f. stage is, of course, determined by the
method of tuning employed in the other high frequency stages of
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the receiver, both variable inductance and variable capacitance
tuning being commonly employed. With rariable inductance
tuning, the variation of inductance is generally accomplished by
means of dust iron slugs which move inside the coil formers of the
circuits to be tuned; these can be ganged mechanically, and this is
often by meam of a draw bar. \\'here rariable capacitance
tuning is employed, a pre-set dust iron slug is often employed to
secure correct tracking.
For receivers working in the region of 100 JIcjs, the tuning
inductors are generally wound on formers of diameter of the order
of 0-25-0.5 in. The number of turns required is small, and these
are generally widely spaced to minimise losses due to prosirnity
of turns. Large diameter wire is generally employed, of the order
of 18-26 s.w.g., and this is frequently silver plated to reduce losses.
At these frequencies, skin effect is very pronounced and the current
penetration is very small; by silver plating, the current flow is
confined almost entirely to the silver. Alternatively strip conductors may be used; by employing strip, a larger surface area can
be obtained for a given amount of material, with consequent
higher Q.
The magnitude of the tuning capacitance employed varies
appreciably with different receivers. \Yith a pre-tuned r.f. stage,
tuning by stray capacitance and \-alve input capacitance only is
frequently adopted. In this case, the total tuning capacitance is
of the order of 10 pf. Where variable tuning is employed, the
tuning capacitance is of necessity larger, the total tuning capacitance including valve and stray capacitance being at the upper
limit about 40 pf. Where the receiver is tuned by variable
capacitance, the magnitude of the tuning capacitor is generally
of the order of 15-25 pf. Within limits, the larger the tuning
capacitance, the higher is the Q value likely to be realised. This
is because the dynamic resistance of the circuit is influenced
largely by the valve input resistance. If a small value of capacitance is employed, the undamped dynamic resistance of the tuned
circuit tends to a high value; under working conditions this may
be appreciably reduced by the damping imposed by the valve,
and hence the working Q value may be appreciably lowered.
By employing larger values of tuning capacitance, the undamped
dynamic resistance tends a lower value, and hence is not so severely
reduced by valve damping, with a consequent potentially higher
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working Q value. The upper limit obviously occurs when the
dynamic resistance is appreciably less than the valve input
resistance, no further potential increase of Q value being then
possible. In practice, the choice of tuning capacitance is governed
by a great many factors, the frequency coverage required and the
need to "swamp" variations of valve input capacitance generally
being the primary considerations.
I n the design of practical r.f. stages, it is most important that all
signal and decoupling paths be kept to the minimum length
possible. The reduction of signal-carrying leads to minimum
length reduces circuit losses, and hence contributes materially to
the achievement of high gain. If possible, all decoupling capacitors
should be returned directly to cathode; this minimises losses due
to cathode lead inductance discussed earlier.
The choice of 1-ariable inductance or variable capacitance
tuning is governed by a number of factors; inherently, there is
little to choose between the two methods. The decision is generally
governed by considerations of layout.
With variable capacitance tuning by means of the usual multisection ganged capacitor, appreciable difficulties may arise with
stray capacitance and losses in the connecting leads, unless the
coils can be brought close to the tuning capacitor. With variable
inductance tuning, this difficulty does not generally arise, as
the coils can be separated physically without detriment, since the
tuning slugs, whilst ganged, can be remote. The leads between the
tuning elements can be kept short, and the whole tuned circuit
can generally be situated in close proximity to the valve with
which it is working. Against these advantages of inductance
tuning must be set the mechanical problems of accurate ganging,
and the necessity for accurate tracking. Further, the fact that
dust iron slugs are employed leads t o higher coil losses, which
in turn leads to some reduction of sensitivity. However, the loss
of sensitivity due to this cause is usually very small, and may well
be less than the aclditional losses incurred with capacitance tuning
by virtue of the extra length of leads required for the latter.
The r.f. anode circuit generally comprises a parallel tuned
circuit or a z section network. With the widespread use of
additive mixers, the design of the r.f. anode circuit is intimately
bound up with that of the miser, and will be considered in more
detail in that section.
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Noise in R.F. Stages

The noise output of a receiver is determined almost entirely
by the conditions at the r.f. stage; the noise generated at this point
is amplified equally with the signal, and hence ten& to "swamp"
the noise generated in later stages.
Before considering the sources of noise in the receiver itself,
it must be noted that the aerial has a random noise output; this
noise output has the character of thermal noise, and in fact its
r.m.s. value is given by

where B is the band-width, k is Boltzmann's constant
= 1.374 x
joules per degree centigrade, R,is the aerial input
resistance, assumed constant over the range of B, and T is the
temperature of the aerial in degrees absolute (273-j-"C).
If the aerial is terminated in a resistive load equal to R,, the
noise power delivered to the load is E2/4Rr=bTB. This quantity
is independent of the aerial itself, and is the greatest noise power
output. Hence it serves as a convenient reference level for noise
quantities. It also determines the absolute limit of sensitivity of
the receiver because the signal power delivered by the aerial must
exceed this level for a signal to noise ratio exceeding unity. The
quantity lcTB is usually evaluated for a reference band-width.
watts per
Its value, at normal temperature (20" C), is 4 x
cycle. For an f.m. system with a band-width of 200 kc/s the noise
power output of the aerial is 8 x 10-l6watts. If the r.m.s. opencircuit value of the aerial signal is E , volts, then the signal power
output is Ea2/4R,;for a dipole of R,= 70 ohms, E , must therefore
be 0.5 microvolt for unity signal to noise ratio. I t must, however,
be noted that a change of radiation resistance does not necessarily
mean a change of absolute sensitivity; a folded dipole, whilst
having a higher resistance than a normal dipole, nevertheless has
no power gain over a dipole and hence the minimum usable field
strength as distinct from the minimum aerial signal output is
unchanged. If an aerial is employed which has a power gain G
over a normal dipole, the maximum open circuit aerial signal
to exceed the aerial noise output is given by E,=(Emi,/G)4
where Emi, is the aerial open circuit output for unity signal to
noise ratio.
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In practice, the nlinimunl aerial output required is greater than
that derived above because of t,he noise due to the r.f. stage and
signal input circuits.
The noise generated in the r.f. stage is due to five sources:
shot noise; this arises from the fact that the cathode current
of a valve is not uniform with time;
transit time effect; not only is the valve input impedance
reduced by this effect, but a noise component is introduced;
partition noise; this arises only in tetrodes, pentodes,
hexodes, etc., and is due to the fact that the distribution
of cathode current between anode and screen is not
uniform with time and;
the input tuned circuit; this gives a noise output equal to
that of a resistance equal to its dynamic resistance;
the noise due to the losses in the valve base, etc.; these have
a noise output; the resistive damping and noise are generally lumped with those of the tuned circuit.
The noise output due to each source can be represented as due
to an equivalent. generator, connected to a noise free valve. The
positions of each of these generators relative to the valve electrodes
is shown in Fig. 9.1 1 (a). Of necessity, the noise generators
representing the sources of shot noise (i,,) and partition noise
(i,,) are shown as constant current generators. The noise generators due to transit t,ime noise (E,) and the tuned circuit noise (E,)
are shown as voltage generators in the grid circuit, each in series
with its appropriate resistance. Additionally, the input resistance
due to feedback is shown; this resistance is, of course, noise free,
but has a pronounced effect in determining the signal to noise
ratio. For pentodes, this latter resistance is due almost entirely
to cathode lead inductance. For earthed-cathode triodes, it is
due to cathode lead inductance and Miller effect. For the earthedgrid triode, it is, of course, the input impedance of the valve;
equal approximately to 1 /g, as shown earlier. With the earthedgrid triode, Miller effect and the effect of cathode lead inductance
is generally negligible. A minor difficulty arises with the noise
generator representing the noise due to transit time effect. The
actual damping imposed on the input circuit is given by R,;the
noise due to transit time is not equal to that of a resistor R, a t the
ambient temperature. This difficulty is generally overcome by
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postulating that the resistor R, is at a temperature aT, where T is
the ambient temperature, and a is a correction factor. For
oxide-coated cathodes, a is 5 approximately.
The equivalent diagram of Fig. 9.11 (a)is somewhat inconvenient
for the purposes of calculation, and to simplify the diagram it is
usual to represent the noise output due to shot noise and partition
noise by equivalent generators in the grid circuit. This Ieah to the

0)

FIG.9.11.-Equivalent generaton for noise in r.f. stage.

equivalent diagram of Fig. 9.11 (b). The positions of the shot
noise and partition noise generators are disposed to allow for
the fact that the feedback due to the cathode circuit is effective
in reducing shot noise, but not in reducing partition noise. The
generatora are now all voltage generators. The noises due to shot
noise and partition noise are usually given in terms of the equivalent physical resistance having the same noise output, R,, and
R,,. To a good degree of approximation these are given by

Rsn=2-~I,lgm(Ia+Isc)
and
R,n=201scIa1gm2(Ia+Isc),
where I , and I,, are the anode and screen grid currents respectively
and g , is the mutual conductance of the valve.
For a triode, the resistors are given by Rsn=2.51,/g, and

R,,=O.
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For typical pentodes, R,, is generally of the order of from
2 to 5 times greater than R,,; further, the feedback due to the
cathode circuit is instrumental in enhancing the partition noise
contribution to the total noise output relative to that of shot
noise. It is this fact which leads to the abandonment of pentodes
for r.f. amplifiers at the higher frequencies.
The values of R,, and R,, are frequently added together and
quoted as the equivalent noise resistance of the valve; this is
always permissible with triodes where R,, is zero, but must be
treated with'care where the valve is a pentode, and the input
resistive component due to cathode circuit feedback is appreciable.
As a guide to the order of magnitude of the quantities involved,
the following table gives approximate values of R,,, R,,, R,, Rf
for typical v.h.f. receiver valves. The values of R, and Rf vary
inversely with the square of frequency; the values quoted are for
50 Mcls. Additionally, the value of the valve input losses which
form part of R, are given, measured at 50 Mcls; these terms vary
inversely with frequency, and hence, as will be seen from the
table, can generally be neglected at frequencies above 100 Mcls
because of the much lower values of R, and R,.
Valve

/

I
EF95

Connection

H/

Rsn

14k

600 lOOk 40k

-

) l'entode: twin

Rt
OHMS

Rjn

cathode leads
strapped
Pentode; twin
cathode leads

6AK5

}I

Pentode
Triode; earthed
cathode. Twin
cathode leads
strapped
Triode: earthed
grid

Valve input losses
OHMS

100/200k app.
look

600
0

400

27k I l k

500 lOOk

50k

In order to study the degradation of the signal to noise ratio
due to the noise sources itemised above, it is necessary to consider
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what occurs when the aerial is connected. By means of the tuned
circuit the feeder impedance is transformed into a resistance R,,
having a noise output proportional to R,. Thus the complete
equivalent diagram is then as shown in Fig. 9.12; it is assumed
that the circuit is resonant. Then assuming E,=E,=Esn=E,n=O,
and introducing gs= 1 /R,, g,= 1/Rc, g,= 1IR,, g,= 1IR,, the mean

FIG.9.12.-Equivalent noise generators in r.f. stage, including aerial circuit.

square value of the noise voltage due to the aerial at the grid of
the valve is

This quantity is a measure of the lowest noise power output
possible, and hence forms a convenient reference level by which
to measure the performance of the actual stage. If the mean
square value of the voltages due to the valve and input circuit
and E,,'2, then
sources shown in Fig. 9.12 are ECp2,E,l2, ESn'2
since the voltages are random with respect to each other,* the
total mean square noise voltage at the grid of the valve is
+4kTBRPn.
(ss+sc+9r+9f)2
We may then define the noise factor F of the receiver as being the
ratio of this latter voltage to that due to the aerial alone. Whence
4kTBg#+4kTB%+4kTBgC+4kTBRSn(g8+8C+gt)2

The noise factor is thus a direct indication of merit of the
receiver in respect of internal noise. I t is also, of course, a direct

* Strictly, shot noise and partition noise are not random with respect to each other;
the noise voltages due to these two sources are, however, in quadrature, so that the
result quoted holds.
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indication of the degradation of the signal to noise ratio by the
receiver, and determines by how much the actual lower limit of
sensitivity of the receiver exceeds the absolute sensitivity determined as indicated previously. Whilst the noise factor is independent of band-width, it is necessary to quote the actual receiver
band-width B if i t is desired to give the aerial open-circuit output
necessary for unity signal to noise ratio; this is given by

E2=16 x 10-21 FBR,,,
where E is the r.m.s. aerial open-circuit output voltage, R,, is the
aerial resistance and B is in CIS.
It must be noted that the noise factor is significant only in a
receiver of high sensitivity. If, for example, a receiver at 100 Mc/s
requires an input signal in the region of 100 ,uV for proper discriminator action, the signal to noise ratio depends only to a small
degree on receiver noise, and a statement of the noise factor for
such a receiver has little meaning. If, however, the receiver
requires an input signal of 10 pV for proper discriminator action,
and the aerial noise output is 0-5pV, then the noise factor is of
considerable importance, as in such a case the signal to noise
ratio would be largely influenced by receiver noise.
Returning to the expression for the noise factor, it is instructive
to expand the expression and regroup the terms as follows:

This expression has a minimum value for

At this value of gso,,,

Thus for given values of g,, g,, g,, R,,, and R,, there exists a
certain value of g, for minimum noise factor. . I n general, this
condition does not coincide with the condition for matching, which
gives correct feeder termination and maximum gain. This latter
condition is gs=gc+g,+gf. The choice of operating condition

370

FREQUENCY MODULATION ENGINEERING

adopted is determined by the importance attached to each of the
three factors, gain, noise factor, and feeder termination. If the
input stage is a triode, and RPn=O, the value of g, for F,;, does
not involve g,; neither does the expression for F
itself. If then
g, can be altered, it is possible to obtain minimum noise factor
and simultaneous matching. This will give correct feeder termination. I t does not, however, necessarily give maximum gain; this
only occurs when g, is at its minimum value. Thus, with a triode
r.f. stage with variable feedback damping, two conditions of
operation are possible; firstly for maximum gain (g, minimum),
secondly for correct feeder termination with minimum noise factor.
For the latter condition:
gs20pt={agt+~c+Rsn(gc+gt)2)lRsn=(gc+gt+g,)2,
whence
F m i n = 1+2Rsn(gsopt+gc+gt).
The value of g, can be varied in a number of ways. If it is
necessary to increase g,, the cathode leads can be made longer.
If two cathode leads are provided, these may be strapped together,
rather than separated. If g, is to be lowered, the cathode lead
inductance can be reduced by employing a series capacitor, to
neutralise the inductive reactance; if the capacitance is made
sufficiently small, negative values of g, are obtained. If two
cathode leads are provided, these may be separated. Decreasing
the value of g, leads to higher aerial circuit gain.
It is not possible to secure minimum noise factor with a pentode
and simultaneous matching by varying g,, since the noise factor
of a pentode involves g,. It is, however, possible to obtain a
reduction of noise factor by varying gf whilst retaining matching.
At the lower frequencies, it is generally true that the expression
for gsoptcan be simplified to
~SOUF
[agc+g~l(Rsn+Rpn)j'
or to
gsout= [agtl(Rsn+Rpn)]'
ignoring g,, which is often permissible. This shows that the value
of gsOpc
tends to increase linearly with frequency, since gcincreases
with the square of frequency. The input conductance of the valve,
equal to g,+g,, increases with the square of frequency for the
earthed-cathode type of circuit. This is shown graphically in
Fig. 9.13. Thus the ratio of g, for matching to gsoptbecomes more
nearly unity as the signal frequency increases.
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I n order to assist the discussion, the following table gives the
values of g, a t matching (i.e.=g,+g,), g,,,, F a t the value of
for the valves the parameters of which
g, for matching, and F
were tabulated earlier. It is not possible to ascribe a fixed value to
g,; for the purposes of the table, g,=O is taken.

FIG.9.13.-Approsimate variation of input conductance of r.f. stage (q,+qt) and
gsopt with frequency.

68K5, EF95
g s in matched condition;
twin cathode leads strapped

1

1

YSOPI

EFSO, 6BX.7
in matched condition;
twin cathode leads strapped

g,

Ssopr

1

EF91.6AM6
g, in matched condition

I

QSOPI

I

140
450

'

30* 2.7
315 1.3

PCC84, 7Xii7
(earthed cathode)
g, in matched condition
SO PI

I

PCC84,7XS7
(earthed grid)
g , in matched condition
QSOPI

I

2.5

I

6,000
1

2.9

315

4.0 6,000
1.31 630

4.0
1.7

The values above are calculated values, and in general the values
of F are somewhat lower than the values obtained in practice.
They do, however, show the general trend for the noise factor to

* Ignoring Miller effect; see test.
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rise with increasing frequency. With the earthed-grid triode, the
degree of mismatch at g,=g,,,, becomes progressively less as the
signal frequency is increased. Unlike the other types of r.f.
circuit, the earthed-grid circuit input conductance due to feedback
cannot be altered readily, to achieve matching at gsoDt.
It is of interest to note that for the earthed-cathode and
earthed-grid type of circuit, the value of g,,,, is, for the range of
frequencies considered, less than the value of g, for matching for

FIQ. 9.11.--Circuit intermediate between
earthed-cathode and earthed-grid circuits, in
which matching is obtained simultaneously
with minimum noise factor.

the former and greater than the value of g, for matching for the
latter. This suggests that there is a form of mixed circuit intermediate between the two conditions at which gs=gsoDt,at the
matched condition. This is in fact so, and leads to the circuit of
Pig. 9.14. As the frequency is increased, the optimum tapping
point B moves progressively from A to C.
As noted in the table, the values of g, and F for the PCC84 in
the earthed-cathode condition make no allowance for Miller effect.
I n general it may be said that, even in the cascode circuit, Miller
effect is liable to be more serious t,han the feedback due to cathode
lead inductance, and it is common to find that the input conductance of the valve, without neutralising, exceeds the value of
g,,,,.
To improve the noise factor in these conditions, some form
of neutralising is necessary; a number of suitable circuits are
shown in Fig. 9.15. There is also the secondary advantage in these
circumstances that the aerial circuit gain is increased simultaneously. This may be contrasted with the position with regard to
the pentodes considered in the table. For all of these, for the range
of frequencies concerned, g,,,, exceeds the value of g, for matching. Thus improved noise factor can only be obtained at the
expense of reduced aerial circuit gain, with some degree of
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mismatch. At frequencies above 100 Mcls, this loss of gain becomes
very small. At 50 Mcls, the loss of gain does not exceed 6 db for
any of the examples quoted.

Fro. 9.15.-Three forms of neutralising circuits; that of (a) is suitable for fixed frequenoy
working only.

The Frequency Changer

Whilst a number of multiplicative type frequency changers
suitable for v.h.f. working are available, the present day tendency
is towards additive mixers. The reaaons for this are threefold:
(a) the additive type of frequency changer can be made to give a
higher conversion conductance, values of the order of 2 mA/V
being obtainable, as against 0-5-1.0 mA/V generally obtainable
with multiplicative mixers; ( b ) the input impedance presented to
the r.f. circuit is generally higher with additive mixers; and (c) the
noise level in the mixer is generally lower with the additive type
mixer. The additive mixers fall into two categories, the selfoscillating type and the type employing a separate oscillator.
Whilst the latter has the advantage of generally higher frequency
stability and usually offers the possibility of higher r.f. gain, the
former is frequently employed on the grounds of economy.
Where a multiplicative mixer is employed, this may be of
the heptode, triode-heptode or triode-hexode type; the circuit
arrangements generally follow those commonly used a t lower
frequencies. The design of the oscillator section requires some
care to secure optimum conversion conductance and good frequency stability; these points are considered in the next section.
Typical circuits are shown in Pig. 9.16.
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FIG.0.16.-Heptode and triode-hexode mixer stages.

Where an additive mixer is employed, using a separate oscillator,
the mixer may be either a triode or a pentodc, both types being
commonly met; a typical circuit is shown in Fig. 9.17. The
coupling from the oscillator is somewhat critical, and is discussed
in detail later. The oscillator and mixer are frequently in the same
envelope, thus ensuring a compact stage.
The operating conditions of the mixer are determined by a
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number of considerations. For a given set of electrode potentials,
the conversion conductance rises steadily to a maximum value as
the heterodyne voltage is increased; after the maximum value
has been reached the conversion conductance falls again, but
slowly. However, the conversion conductance does not entirely
determine the gain of the mixer stage. As the standing bias
applied to the valve is increased, the damping applied to the input

Fro. 9.17.-Additive mixer.

tuned circuit decreases, and hence increased r.f. gain may be
obtained; the final operating condition is therefore usually a
compromise between the values for maximum conversion conductance and minimum input damping. With triode mixers, a
further consideration arises; the anode slope impedance of the
valve, which effectively damps the i.f. circuit a t the anode,
generally increases as the heterodyne voltage a t the grid is
increased beyond the maximum conversion conductance figure.
Thus by employing a lower value of conversion conductance,
the i.f. se1ect.ivity and overall gain may be increased, and the
operating conditions therefore represent a compromise between
the three conflicting factors.
The choice of t,he size of the coupling capacitor C of Fig. 9.17
is determined primarily by the amplitude of heterodyne voltage
required a t the mixer grid and the oscillation amplitude a t the
oscillator take-off point. The capacitor and the tuned circuit a t the
mixer grid form a potential divider, and for constant heterodyne
voltage a t the mixer grid, the ratio of the two arms of the divider
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must be constant over the band, assuming constant oscillator output. This requirement makes this type of coupling network unsuitable for use with a pre-tuned r.f. circuit. In order to consider
the matter in more detail, we shall make two assumptions. These
are that the intermediate frequency is very much less than the
signal frequency, and that at the oscillator frequency, the impedance of the r.f. tuned circuit is almost entirely reactive. Then
the impedance of the r.f. tuned circuit is given by

where L and Ct are the elements of the tuned circuit resonant at
the signal frequency w0/2n; w1/2z is the oscillator frequency. If
the intermediate signal frequency is w/dz, then with the first
assumption made above, the expression for Z simplifies to

The sign of this reactance is positive (i.e. inductive) if the oscillator frequency is below that of the signal, and vice versa.
Considering the case where the oscillator frequency is above that
of the signal, this reactance is equivalent to that of a capacitance
C,, given by
01qq=20ct,

If, for example, the signal frequency is 90 Mcls, the oscillator
frequency 100Mc/s and the i.f. 10 Mc/s, Ce,=O-2Ct. For a practical
receiver, the value of Ct may be in the region of 30 pf, and hence
Ceqwould equal 6 pf.
The reactance of this capacitance at I00 Mcls is 250 ohms
approximately, and since this is almost certainly very much less
than the dynamic resistance of the tuned circuit, confirms the
validity of the second assumption made at the outset. The value
of Ce, will, of course, vary with C,; where, however, the band to
be covered is relatively small, the error introduced by computing
C,, a t the mid-band frequency, and assuming this value constant
over the band, is small.
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When the oscillator frequency is below that of the signal, the
equivalent inductance is given by
L,p1= 1/2wC,,

Leq= 1120 w lCt,
and since l/w,Ct may, to a first degree of approximation, be put
equal to Lw,,

i.e. the equivalent inductor for a signal frequency of 100 Mc/s
and an i.f. of 10 Mc/s is equal to 5L.
The expressions above are only approximately accurate; if it is
required to know the exact value of impedance, this can of course
be deduced from first principles. The values derived, however,
are sufficiently accurate for practical purposes when fine adjustment of the magnitude of C is generally made on test.
The necessity for the r.f. circuit to be tunable with this type
of oscillator injection is most graphically illustrated by a
consideration of a practical example. If the r.f. circuit is pretuned to a frequency of 98 Mc/s in a receiver designed to cover the
band 88-108 Mcls, and the i.f. is 10 Mcls, it is obvious that m the
oscillator frequency approaches 98 Mcls, to tune the receiver to
one end of the band, the heterodyne voltage will rise very
appreciably. Not. only will this produce a wide variation of
sensitivity over the band, but may also induce very poor oscillator
stability. A relatively small change in the r.f. circuit resonant
frequency due, perhaps to a change of valve input capacitance,
will produce very marked changes in the reactance presented a t
the oscillator take off point. This effect is most marked if the
oscillator frequency is below that of the signal; as the oscillator
frequency approaches that of the r.f. circuit, the coupling capacitance tends to produce series resonance with the effective
inductance of the r.f. circuit. At the series resonant frequency
itself, the oscillator is working into a very low impedance, and
this may cause cessation of oscillation altogether.
An alternative oscillator injection method sometimes adopted
is that of mutual inductance coupling between the r.f. and
oscillator coils. In this instance, the operation of the circuit is
similar to that occurring with the "top end" capacitance coupling

378

FREQUENCY MODULATION ENGINEERING

circuit discussed above. The e.m.f. injected in series with the
r.f. circuit is given by jcolMi,, where M is the mutual inductance
between the coils, il is the current circulating in the oscillator
circuit and oJ2n is the oscillator frequency. The e.m.f. appearing
1

, where
jw lCtzrf
Z,,= jh1+1/jwlCt+r. I t is generally legitimate to assume that
Zrf is purely reactive, and if w<ol the magnitude of the e.m.f. is
a t the grid of the mixer is given by jolMi,

-, where w/2n is the intermediate frequency.

Since
Ct2Lco
LC,= 1 loo2,this reduces to i,wO2M/h. The oscillator voltage

equal to

8 ~ +b~~~
c2

UlXEO

T'

OSC

c a>

GRID

< b)

F I ~9.18.-(a)
.
Oscillator injection circuit suitable for use when r.f. stage is fixed tuned:
(b) circuit of (a) re-drawn to indicate null point.

output is given approximately by E=i,jolLl, where Ll is the
oscillator inductance. Substituting for i, gives the mixer e.m.f. as
E,oO2M/2olL,o, which does not vary greatly over a small range
of frequency for constant El, provided that the r.f. circuit is tuned.
If, however, the r.f. circuit is pre-tuned, the same difficulty arises
as with the "top-end" coupling capacitance circuit; as the oscillator
frequency ipproaches that of the r.f. circuit, Zrf falls rapidly,
and the heterodyne voltage rises. More seriously, the impedance
reflected into the oscillator circuit, 02M2/Z,.,,also'rises rapidly;
the losses imposed on the oscillator may cause cessation of
oscillation.
With a pre-tuned r.f. circuit, a different mode of oscilIator
voltage is obviously necessary, and a suitable arrangement is that
of Fig. 9.18 (a). Here the r.f. vaIve is coupled to the mixer by a
n section network; the circuit is redrawn in Fig. 9.18 (b), to show
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the existence of a null point on the inductance branch. If the
local oscillator signal is injected at this point, the heterodyne
voltage at the mixer grid is substantially constant. If the inductor
is assumed to be perfect, i.e. there is unity coupling between turns,
the impedance presented at the injection point is equal to that of
the capacitors C , and G, in parallel. I n practice, the coupling is
likely to be well below unity, but as the reactance presented at the
tapping point is generally small compared with that of the coupling
capacitor, the current in each capacitor is virtually independent
of the magnitude of the residual inductance in the arm.
The Local Oscillator

The local oscillator may take any of the conventional forms of
Hartley, Colpitts, tuned-anode or tuned-grid circuits. I n general,

i-)

t b)

(c)

FIG. 9.19.-Three types of oscillator circuit suitable for r.h.f. working: (a) Hartley,
earthed anode, ( b ) Colpitts, earthed anode, (c) tuned anode.

the most favoured types appear to be those of Fig. 9.19, in which
one side of the tuning capacitor can be earthed. The Colpitts
circuits have the advantage that the valve stray capacitances can
be absorbed in the tapping capacitors (C, and C , of Fig. 9.19 ( b ) ) ,
but have the disadvantage that the amplitude of oscillation tends
to vary more over a given band than with the other types of
oscillator. At the higher frequencies, tuning by means of lumped
reactances becomes progressively more difficult because of the
increasing relative magnitude of strays. I t is therefore common
practice at these frequencies to employ resonant lines as tuning
elements.
The choice of whether the oscillator frequency shall be above
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or below that of the signal is governed largely by considerations
of second channel protection and interference to other bands by
radiation from the oscillator. For the v.h.f. bands in use for f.m.
broadcasting, it would appear that the chances of second channel
interference are lower if the oscillator frequency is above that of
the signal. However, from the point-of view of minimising oscillator
interference, the lower frequency is preferable.
In general, the oscillator should be such that it is as free as
possible from drift with variations of mains voltage and hat.supply
voltage, and with time. The first two sources of drift are generally
not troublesome, provided that the oscillator is hard driven.
Drift with time due to the effect of valve and components warming
up is usually the most serious problem in oscillator design.
The principal source of such drift is the change of valve
capacitance with time; the usual effect is a net increase of tuning
capacitance, with a consequent fall of oscillator frequency. Serious
drift due to this cause may persist for a period of the order of
10-30 minutes; usually the drift increases steadily for an initial
period, and more slowly thereafter. A second source of drift is the
inductor; as the temperature of this component rises, its inductance
can change appreciably. The exact magnitude of drift permissible
depends upon the design of the i.f. amplifier and discriminator;
in general, a figure of total drift from cold of less than 30 kcis is
considered satisfactory for a receiver for the r .h.f. hroadcast
bands.
This initial drift may be offset in a number of ways. Firstly, the
oscillator tuning capacitance can be made as large as possible,
consistent with the maintenance of oscillation. As the tuning
capacitance is increased, the dynamic resistance is progressively
lowered, and hence the maintenance of oscillation becomes more
difficult. This sets an upper Limit to the magnitude of tuning
capacitance permissible. Secondly, the valve connections may be
tapped down the oscillator tuned circuit, with the effect that
variations of valve capacitance become progressively less marked.
Perhaps the best known variant of this method is that due to
G. G. Gouriet, shown in Fig. 9.20. This circuit is sometimes known
as the Clapp oscillator circuit, and is basically a Colpitts oscillator.
I n common with the first method of minimising oscillator drift,
this circuit suffers from the disadvantage that as the magnitude
of the tuning capacitance ( C , of Fig. 9.20) is reduced relative to

FREQUENCY MODULATION RECEIVERS

38 1

the magnitude of the tapping capacitors (C, and C, of Fig. 9.20)
to minimise the effect of variation of valve capacitance, oscillation
becomes progressively more difficult to sustain.
The third method employs compensating capacitors having a
negative temperature co-efficient, i.e. the capacitance decreases
with increasing temperature. Where such a capacitance is
employed, it may be operated by the rise in temperature aa the
receiver warms up, by heat conducted along the lead wire from a

Fro. 9.20.-"Tapping domn" oscillator tank circuit; Gouriet oscillator.

valve pin, or it may be heated by a resistor fed from the 1.t.
supply, as shown in Fig. 9.21. The former method has the
advantage that the capacitor is heated relatively slowly, and
can therefore be selected to minimise the oscillator drift during
the whole initial period, since the totaI period for the capacitor to
reach working temperature is comparable with that of the
period of substant,ial valve capacitance charge. It has the
disadvantage that it is prone to induce oscillator drift with
changes of ambient temperature. The second method, whilst free
from the last objection, has two disadvantages. Firstly, its
compensating action is completed in a very short period after the
receiver has been switched on, due to the low thermal inertia
of the heating resistor, and hence overcompensation occurs.
Where this method is adopted, the usual practice is to select the
capacitor and heater power so that the final drift is held to an
acceptable figure, without appreciable initial overcompensation.
A second disadvantage is that the capacitor will change its
value with variations of supply voltage, and consequently heater
power.
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The method of compensation by negat.ire temperature coefficient capacitors must therefore be used with caution. Provided
that the drift to be corrected is reasonably small, improvement in
performance can be obtained by its use. However, it. is doubtful
whether the performance of a fundament,ally poor oscilla.tor can
be substantially improved in this way.

NEGATIVE
TEMPERATURE
COmlClENl

-

.

-

(a)

cb)

FIQ.9.21 .-Negative temperature co-efficient capacitors employed to correct oscillator
frequency drift: (a) capacitor heated by natural temperature rise, (b) capacitor heated
by resistor.

Oscillator drift due to the heating of the tuning inductance can
usually be minimised by care in siting the inductance so that its
temperature does not rise appreciably. I t would appear from inspection of the usual formulae for inductance of air cored coils,
that the co-efficient of change of induct,anceper degree centigrade
should be equal to the co-efficient of linear expansion. For copper,
this is 16 parts in 108 approximately, which is, at first sight, a
commendably small value. However, in practice, the co-efficient
of change of inductance is frequently very much greater than this.
The discrepancy may be due to a number of causes including the
way in which the coil is wound, the manner in which it is suspended,
and the compositioil of the coil former (if any). Further, the coefficient may suffer an additional apparent increase due to the
effect of changes of coil resistance with temperature. These effects,
in combination, may increase the effective co-efficient to a value in
the region of 100 parts in lo6. Such a value would produce a drift
of 5 kc/sl•‹C in an oscillator operating at 100 Mc/s, an unduly
large value. There are a number of ways in which the co-efficient
may be minimised, perhaps the most satisfactory being the employment of thin strip for the turns of the coil, these being cemented to
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a former having a low co-efficient of expansion. The geometry of
the coil is t.hen largely unaffected by changes of temperature, with
a corresponding reduction of the inductance temperature coefficient. The strip can be comparatively wide, to have a large
surface area, and hence low losses.
As mentioned earlier, it is possible to employ tuned line
oscillators with advantage a t the higher frequencies. A number
of circuits utilising co-axial lines for this purpose exist, two being

FIG.9.12.-Oscillators with frequency controlled by tuned lines:
(a) effective 114 line, ( 6 ) tuned anode-t,unedgrid circuit.

shown in Fig. 9.22. That of Fig. 9.22 (a) corresponds to a Hartley
oscillator circuit, whilst that of Fig. 9.22 ( 6 ) is of the tuned anodetuned grid (Hartley) type. In both cases the line is short circuited
at one end and tuned capacitively a t the other. Ignoring stray
capacitance, the line in the first example behaves as a line 114
long, alt.hough the physical length may be very much less than
this. The capacitance loading of the open end resonates with the
effective inductance of the line at this point, to determine the
frequency of oscillation.
Automatic Frequency Control

Automatic frequency control is generally provided for two
purposes, firstly to minimise the effect of oscillator drift, and
secondly to minimise the effect of mistuning. The normal method
of obtaining a.f.c. is by means of a reactance valve, the general
principles of which were discussed earlier. Since there is no need
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to aim for linearity of frequency shift with control voltage, the
circuit can usually be made extremely simple. An example of a
typical a.f.c. circuit is shown in Fig. 9.23. The triode I;, a
functions as the oscillator, whilst the triode I', b acts as the
reactance valve. The phase shift of the oscillator voltage t o the
control grid of V, b is accomplished by the anode-grid capacitance of the valve (sometimes supplemented by a physical
capacitor) in combination wit,h a low d u e resistor R,of the order

FIG.9.23.-Double triode nsed as oscillator and reactance vnlre.

of 50-500 ohms in the grid circuit of V , 6. The reactance valve
is biased t o the point where the mutual conduct.ance changes
appreciably with control voltage.
Degeneration of the control occurs because of the negative
feedback applied a t d.c. by the cathode resistor; this can be
minimised by using a relatively low value of resistor and increasing
the bias voltage by means of a bleeder resistor from the h.t. supply
(shown dotted in Fig. 9.23). By employing a double triode valve
for the oscillator and a.f.c. valve as shown, a compact and
economical circuit arrangement is achieved. It is, of course,
necessary with this type of a.f.c. circuit t o employ a discriminator
having zero output a t the centre frequency. Due attention must
also be paid to the polarity of the discriminator output, to ensure
that the a.f.c. does in fact pull into tune, and not tend to increase
the tuning error. It is also necessary to ensure that all the audio
signal is filtered from the control suppIy before application to the
control valve, as otherwise severe distortion may result, as the
oscillator frequency follows the signal. Where a.f.c. is fitted, it is
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usual to provide a means of switching it off when the receiver is
initially tuned; this usually takes the form of a switch which
breaks the output from the discriminator t o the reactance valve,
and earths the circuit t o the reactance valve grid.
Self Oscillating Mixers

The self oscillating mixer is frequently employed on grounds of
economy. I n general, i t falls below the performance of the
combination of oscillator and separate mixer, in that the requirements for oscillator stability generally conflict with those of high
r.f. gain.
The most commonly adopted technique with self oscillating
mixers is that of injection of the signal voltage a t a null point of
the oscillator circnit; this is of course the converse of the technique
discussed earlier for the injection of oscillator voltage into a fixed
tuned r.f. circuit. The basic form of two such circuits is shown in
Fig. 9.24. I n that of Fig. 9.24 (a)the oscillator is a Colpitts circuit.
Since the control grid voltage and the screen grid voltage are in
anti-phase, there is a point on the oscillator coil which is substantially a t earth potential. It is thus possible t o inject the signal
from the r.f. stage a t this point without appreciable effect on the
oscillator circuit. If the capacitors C, and C, are equal, the tapping
point for the signal injection is obviously the mid-point of the
coil. The impedance presented to the r.f. stage is rather difficult
to determine. If it is assumed that the oscillator coil has unity
coupling between turns, then the impedance is a capacitance
equal to C,+C,, and a parallel resistance. For the injection point
to remain a t earth potential a t all frequencies of a band, the
ratio of C, to C , must be constant, and hence both must be
variable.
The circuit of Fig. 9.24 (6)employs also the method of null point
injection. The capacitor C, is chosen to equal Ci,, the input
capacitance of the oscillator valve. The oscillator voltage from the
anode circuit acts in series with L, t o produce equal voltages across
C , and Ci,, but of opposite polarity. Thus the centre point of the
coil is substantially a t earth potential, and the signal from the r.f.
stage can be injected a t this point.
The input t o the mixer is taken from a tapping point on the
r.f. coil, to minimise the damping effect of the relatively low input
impedance of the mixer. The position of the tapping point is a
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compromise between the requirements of r.f. gain, maximum when
the tapping point is a t the anode end of the coil, and select,ivity,
which is a t maximum when the tapping point is a t the earthy end
of the coil.

AMPLIFIER
mF

0
(b)

F I ~9.24.Self
.
oscillating mixers, with ref. signal injection at null point.

Intermediate Frequency Amplifier

The choice of the intermediate frequency is governed by a
number of factors. Firstly, it must be sufficiently high to secure
adequate band-width; this places the minimum usable frequency
in the region of 4 Mcls. Compatible with the above requirement,
the frequency must be as low as possible to ensure high stage gain
with adequate selectivity. Secondly, the frequency chosen should
be free from strong radiated signals, to avoid direct pick-up and
amplification by the i.f. amplifier. Thirdly, the frequency should
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be chosen to provide adequate second channel rejection. If the
likely sources of second channel interference are within the band
to be covered, second channel interference can be avoided by
choosing the i.f. to be greater than half the band of frequencies to
be covered.
The above may be termed the prime requirements of the intermediate frequency; in addition to these it is desirable that the
frequency should be chosen so that spurious responses due to
certain other causes are minimised. These comprise interference
between the incoming carrier and harmonics of the i.f.; mixing of
undesired signals with oscillator harmonics and mixing of signal
harmonics with combinations of oscillator harmonics. For the
v.h.f. broadcasting band 88-108 Mc/s an intermediate frequency of
10.7 Mc/s would appear to be standard, although frequencies in
the region of 8-8.5 Mc/s have been used.
The number of i.f. stages employed is of course dependent upon
the desired sensitivity and selectivity of the receiver, and the
t-ype of detector employed. If a ratio detector is employed, it is
generally possible to obtain sufficient gain for satisfactory recept.ion with one less i.f. stage than if a Poster-Seeley discriminator
is used. In general, with receivers for the v.h.f. broadcast bands,
the number of i.f. stages employed with a Foster-Seeley discriminator is two, and sometimes three; with a ratio detector one
may be adequate to provide the necessary gain, but may not be
sufficient to provide selectivity. Typical i.f. amplifier circuits
are shown in the diagrams of the complete receivers given later.
The normal technique for i.f. amplifiers for broadcast receivers
is to employ tuned transformers, in conjunction with high-slope
straight r.f. pent-odes. By using this type of valve, high stage gain
can generally be obtained; the application of a.g.c. does not
introduce distortion, as with a.m. receivers, except by the mistuning of the i.f. circuits which may occur. This point is discussed
in more detail later.
The i.f. transformers are generally arranged to have a coupling
factor (n=KQ) in the region of unity, and usually employ equal
primary and secondary components; for these conditions, the
stage gain is given by g,R,n/(l +n2), where R, is the dynamic
resistance of either tuned circuit alone. Since R, is given by &Lo,
Q and L should be large for the highest possible stage gain. An
upper limit to the value of L is set by the minimum value of
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tuning capacitance which can be employed. Whilst it is t,heoretically possible to tune by stray capacitance alone, this is undesirable, as the variation of valve strays with operating conditions
can then cause very appreciable changes of the i.f. response curve.
I n general it may be said that the lowest minimum value of
lumped capacitance is of the order of 15-20 pf; even a t this figure,
appreciable de-tuning may occur. Where t,he highest stage gain
is not of prime importance, 60 pf may be taken as a good design
figure.
The Q value of the inductor depends upon many factors;
amongst these are wire size, coil former dinlensions and screen-can
dimensions. By careful design Q d u e s in the region of 100 a.t
10 Mcls can be realised; with a tuning capacitance in the region
of 20 pf, and allowing 10 pf for strays, this represents a stage gain
of about 200 using a valve with a mutual conductance of 8 m t / V .
This may be taken as representative of the upper limit of gain
per stage obtainable. I n practice somewhat lower Q values are
employed; with a larger value of tuning capacitance, stage gains
of 50-100 are most commonly encountered.
At a frequency near 10 RIc/s, there would appear to be little
advantage in using multi-strand wire; the usual practice is to wind
the coils in the form of single layer solenoids using wire sizes in
the range 2 6 4 0 s.w.g. The diameter of the coil former is usually
in the range 0-25-0-5 in., and the inside of the former is commonly
threaded to permit tuning by means of dust iron cores.
The requirements of the i.f. amplifier in respect of selectivity
depend upon the degree of distortion permissible, and the requirements of adjacent channel rejection. A conlplete treatment of the
evaluation of this distortion has not been given, although a number of partial treatments exist. Obviously, if the i.f. passband is
too narrow, significant side bands may be severely altered in
amplitude, with resultant distortion; further a non-linear phase
shift-frequency characteristic can also result in distortion. With a
practical transformer, of course, the phase and amplitude characteristics are interdependent. As a guide, therefore, the bandwidth of a single stage employing a tuned transformer having a
coupling factor in the region of unity, should be in the region of
180 kc/s between the points a t which the response is 3 db down
compared with that a t the centre frequency, for a signal employing
75 kc/s deviation. The resultant total harmonic distortion is then
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of the order of 0.25 per cent at worst. The signal will be amplitude
modulated as a result of the restricted passband; this is however
of minor importance, as the limiter stage will generally remove
this.
The degree of adjacent channel rejection required has an important bearing upon the design of the i.f. amplifier. If the spacing
between adjacent channels is 200 kcls, it may be extremely difficult
to secure adequate adjacent channel protection combined with a
substantially flat response in the passband. I t is impossible to give
a precise figure for the degree of attenuation desirable a t the
adjacent channel frequency, since the degree of interference is a
function of the field strengths of the wanted and interfering stations,
and frequency separation. A ratio of wanted to unwanted signals
of at least 30 db at the output of the i.f. amplifier would appear
desirable.
I n order to assist the subsequent discussion, universal curves
for t,he amplitude and phase response error characteristics for a
single tuned circuit and tuned transformers are given in Figs. 9.25
and 9.26. The phase response error is given in preference to the
actual phase-frequency characteristic, since it is only the departure
of the latter from linearity which is significant. The graph gives
the magnitude and sense of the amount by which the phase shift
departs from the value it would have if truly linear. The curves
are plotted in terms of n=KQ, Q and x=2Af/f, where Af is the
frequency difference of the frequency considered from the
resonant frequency f.
With a Q value of 50 and a coupling factor of unity, the response
of a tuned transformer at 10 Mc/s is about 0.6 db down at 75 kc/s
from resonance, about 7 db down at a frequency of 200 kc/s from
resonance, and about 18 db down a t 400 kc/s from resonance.
Thus, with two i.f. stages, the response will be in the region of
2 db down at 75 kc/s from resonance, about 21 db down a t
200 kc/s from resonance and about 54 db down a t 400 kc/s from
resonance (with two i.f. stages there are of course three i.f.
transformers, the first being that in the mixer anode circuit).
If a grid leak limiter is employed, the damping imposed on the
last i.f. transformer will almost certainly result in some loss of
selectivity; if a triode mixer is employed, there will be a further
loss due to the damping effect of the anode slope impedance of the
mixer on the primary of the first i.f. transformer.
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I n order to secure greater adjacent channel rejection at 200 kc/s
channel spacing, high Q values may be employed; to prevent
undue loss in the passband, the coupling factor must be greater
than unity. If Q values of 100 are adopted, with a coupling factor

FIG.9.25.-Universal curves for amplitude response of single tuned
circuit and a pair of coupled tuned circuits.
(From "Radio Receive7 Design," by li. R.Slurky.)

of 1.5, then with two i.f. stages the overall response rises some
2 db in the passband, the maximum occurring a t a frequency of
55 kc/s from the centre frequency; a t 75 kc/s the response is equal
to that a t the centre frequency. At 200 kc/s, the response is down
by 42 db, and at 400 kc/s down by some 78 db.
In practice, the coupling factor adopted is usually between the
extreme values of 1 and 1.5; however, it should be noted that in
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determining the degree of adjacent channel rejection, the controlling factor is the & value; outside the passband, the difference
in response between a transformer having a coupling factor of
unity, and one having a coupling factor of 1-5, is some 4 db, the
response of the latter being the greater. I n more general terms,
at a frequency well beyond the passband, the ratio of the response

Q*

--

FIG.9.26.-Universal curves for phase response of single tuned circuit and a pair
of coupled tuned circuits.
( From "Radio Reteiver Dmign," by

I.R. Slurlq~.)

at resonance to the response at the frequency corhdered is given
approximately by
4Q2AP
( 1 +n2)fc2'
where n= coupling factor= KQ.
Thus the adjacent channel selectivity is proportional to Q2,and
varies but slowly with n in the region 1 >n> 1.5. For design
purposes, therefore, the usual procedure is to select & for the
degree of adjacent channel selectivity required, assuming initially
n = 1. The value of n is then chosen to secure a substantially flat
response in the passband. Values of n greater than 1.5 are not
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generally favoured, because of the variation of response in the
passband, and the difficulty of adjusting and maintaining the
coupling factor. The choice of a coupling factor differing from
unity will, of course, alter the degree of adjacent channel rejection
slightly.
It is possible to improve the response within the passband by
employing digerent values of coupling factor through the amplifier.
This has but slight effect upon the adjacent channel response as
explained above. Alternatively, two transformers with a coupling
factor greater than unity may be used in combination with a single
tuned circuit. This latter combination has the advantage t.hat the
overall phase characteristic is made more linear in the passband.
I n fact with two transformers having coupling factors between
1 and 1.5, and a single tuned circuit of Q identical with those
employed in the transformers, the phase characteristic is substantially linear up to a frequency Af=

'&'

--

With this combina-

2

tion, the amplitude response is down by 1 db at Af= -1s
- , and the
2Q

adjacent channel selectivity is less than that obtained using
transformers throughout. The response of a single tuned circuit
a t a frequency remote from resonance relative to that at resonance
is down by a factor

I n practice stray coupling usually makes it impossible to obtain
an i.f. response curve symmetrical about the centre frequency,
and hence the adjacent channel rejection is usually appreciably
better on one side of the signal frequency than on the other. To
minimise this asymmetry, coupling between sections of the i.f.
amplifier should be kept to a minimum by screening and by the
provision of adequate decoupling; ultimately, however, the degree
of asymmetry is governed by the anode-grid capacitance of the
valves employed, and if a high degree of symmetry is required, it
may be necessary to resort to some form of neutralising.
Where a receiver is designed for both medium wave and v.h.f.
working, it is common practice to employ two distinct intermediate frequencies, using the same valves in the i.f. amplifier
for both. Where this is done, the two sets of i.f. transformers are

FREQUENCY MODULATION RECEIVERS

393

connected in series, with that for the low frequency i f . at the
"cold" end; the tuning capacitor of this transformer provides a
low impedance path to earth for the v.h.f. band i.f. transformer,
whilst the v.h.f. band i.f. transformer offers a low impedance at
the lower frequency. Because of the need to apply a.g.c. for the
medium waveband, it is usual where this technique is employed
to use variable-mu valves in the i f . amplifier. Typical examples
of this type of i.f. amplifier are shown in the circuit diagrams of
complete receivers shown later.
Gain Control

The necessity for automatic gain control and its degree of
effectiveness in an f.m. receiver depends largely upon the type of
limiter and demodulator employed. If a limiter having a fixed
threshold level is employed (e.g. a grid-leak limiter), a.g.c. should
be applied sparingly, since its sole function is to prevent stages
prior to the limiter being overloaded, whilst a t the same time
ensuring that t,he signal level applied to the limiter is sufficient to
secure adequate limiting. If a dynamic limiter or ratio detector is
employed, then there is no protection against long term fading,
and the provision of an efficient a.g.c. circuit is essential.
The application of a.g.c. presents one major difficulty, that of
change of valve input capacitance with control voltage. For a
typical pentode (EF80, 6BX7) the input capacitance charge is of
the order of 2 pf when the bias is increased from its normal value
to that approaching cut-off. The effect may therefore be serious.
If a.g.c. is applied to an r.f. stage, the de-tuning is, of course, very
pronounced, since the change of capacitance is usually large in
comparison with the total tuning capacitance. Additionally, the
input damping decreases rapidly with a.g.c., due to the increase
of the damping resistance due to cathode load inductance, which
varies directly with mutual conductance. If the r.f. stage is of the
fixed-tuned type, these effects may be tolerable in preference to
the de-tuning which may occur in the i.f. amplifier, and may be
recommended where the r.f. tuning is of this type, and the a.g.c.
is used only to prevent limiter overload. It is not usually considered
good practice to apply a.g.c. to the mixer as this may affect
oscillator stability. If a greater degree of control is required,
then it is essential that the i.f. stages should be controlled.
The effect of the charge of input capacitance in the controlled

394

FREQUENCY MODULATION ENGINEERING

stages may be minimised in one of three ways. Firstly, the
lumped tuning capacitance may be made sufficiently large for the
change of capacitance to be negligible; this, of course, leads to
relatively low stage gain. Alternatively, if the valve type is
suitable, the a.g.c. may be applied to the suppressor grid in
addition to the control grid. As the suppressor grid bias increases,
the input capacitance tends to increase, and hence opposes the
change occurring due to increased control grid bins. For satisfactory operation, it is generally necessary for the voltage a.t the

FIQ.9.27.-Correction of capacitance rariation with a.g.c. voltage by cathode resistor.

suppressor grid to be of the order of ten times that at the control
grid. This necessitates dividing down the a.g.c. voltage available
to feed the control grid, and reduces the effectiveness of a.g.c.
action; it may even necessitate amplification of the a.g.c. voltage
to secure adequate control.
The third method employs a small value of undecoupled resistor
in the cathode circuit of the valve, as shown in Fig. 9.17. The
capacitor C represents the grid cathode capacitance of the valve.
When the valve is biased nearly to cut off, C is at its minimum
value; the working mutual conductance of the valve is low, and
hence the feedback due to R is negligible. At the normal working
bias, C increases to C+ AC, due to electronic effects within the
valve. There is now a voltage g, RE,, across R, where E,, is the
grid-cathode voltage appearing at the valve. The total input
The current flowing in the gridvoltage E is thus E,,(l+g,R).
cathode capacitance is E,, .jw(C+ AC), and hence the input
capacitive reactance has an apparent value
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If, therefore, g ,,R= ACIC the equivalent capacitance is substantially equal to its value near cut off. For the EF80, AC= 2 pf,
C = 4 pf, and hence g,R=$. For this value a t its normal bias,
g , is of the order of lOmA/V (t,hisis its mutual conductance as a
triode), and hence R should be of the order of 50 ohms. The
effective gain of the stage is reduced by a factor l/l+g,R,
i.e. by about 0.6. By this means, the input capacitance is maintained substantially constant with the application of a.g.c.
Tuning Indicators

I t has already been noted a t the start of this chapter that one
of the theoretical assumptions upon which the improvement in
signal to noise ratio is based is that the station shall be correctly
tuned in. I t is therefore essential that if the full advantages
offered by frequency n~odulationare to be realised, that some
means of ensuring that the signal is correctly tuned must be
included in the receiver.
Quite apart from the aspect of increased noise-level, i t is
desirable that the receiver is tuned correctly in order t o avoid the
introduction of needless distortion. Even an intelligent user will
find difficulty in tuning, unaided, a frequency modulation receiver
with sufficient accuracy t o ensure distortion-free reception. For
example, the receiver may be tuned during a period when there
is a relatively low level of modulation. Even if it is not tuned t o
the centre of the discriminator characteristic, there will be no
distortion so long as the signal remains on the straight section of
the discrinlinator curve. However, as soon as there is a deeply
modulated passage, the carrier will swing over a much wider
frequency band. Unless the station has been correctly tuned
there will be a strong possibility that it will over-swing the straight
section of the discriminator characteristic a t either one end or the
other.
Both on the grounds of interference suppression and distortion,
it is essential that an effective tuning indicator is incorporated in
all frequency modulation receivers. One source of indication is
that of the voltage developed across the limiter valve's grid leak
(to which the tuning indicator can be connected). I n general this
method is undesirable, as the top of the tuning curve will be flat
over an appreciable frequency range. Under these conditions the
user is merely informed that he has tuned his receiver t o this
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flat top-with the result that the possibility of mis-tuning is not
materially reduced. There is the further possibility that with
slight misalignment the maximum i.f. response may occur a t
some point other than the mid-point of the receiver passband.
As the most precise indication of the mid-point of the receiver
characteristic is the zero voltage frequency of the discriminator
curve, it follows that the control voltage for the tuning indicator
should be derived from this point. Perhaps the simplest way of
indicating the zero point is to connect a centre zero metre across

Fro. 9.28.-The

above circuit arrangement givea a
very sharp indication of the frequency at which the
discriminatorgivea zero voltage output.
( B y eourtcnu of tbe Brifirh Indtiiuls of Radio Engineen.)

the discriminator output terminals. As, however, there is a
marked objection to including anything which savours of the
laboratory in equipment intended for domestic use, the cathode
ray magic eye type of tuning indicator is a preferable choice. It
has the added advantage that in a properly designed circuit it,
is capable of giving an even more accurate indication of the true
mid-frequency.
Fig. 9.28 shows one of a number of possible arrangements
which permit the discriminator output voltages to be used as the
feed for a cathode ray type of tuning indicator. I t will be noted
that although the condenser C, effectively earths one end of the
discriminator output for audio signal voltages, that the earthing
of the tap between R, and R, results in balanced d.c. voltages
being applied to the two cathodes of the double diode valve D,.
As the tuning of the station is approaching the discriminator
pass-band, the voltage applied to one of the diode cathodes
will be positive, while the voltage applied to the other will be
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negative. This negative voltage will be passed on via the diode
to the grid of the tuning indicator, with the result that it will
commence to close. As. the signal frequency approaches the
discriminator mid-frequency, the voltage output falls, with the
result that the magic eye will again open. At resonance there
will be zero output voltage and the tuning indicator aperture will
be a maximum. Once past the mid-point of the discriminator
characteristic, the voltage applied to the second diode will become
negative with the result that the magic eye will again start to
close. The behaviour of the tjuning indicat'or as the receiver is

FI(CWFNCY

FIG.9.29.-When the tuning indicator circuit shown
in Pig. 9.28 i employed, the magic eye aperture will
first be reduced and then, at resonance, fully opened
.
before again being reduced as the station is tuned out.
(Bu e o u of~the Britiuislr Inntilute of Radio EnQancsta.)

tuned through a station is indicated in Fig. 9.29. It will be noted
that there is a sharp indication of the true discriminator resonant
frequency.
With the circuit in Fig. 9.28 it is necessary to use an indicator
with a sharp cut-off if sufficient sensitivity is to be available for
accurate tuning. In receivers designed for the reception of both
amplitude and frequency modulated signals, where the same magic
eye has to be used, this imposes an undesirable limitation, as the
indicator operated from the A.V.C. control voltage line normally
has to be of the remote cut-off type.
It may therefore be more convenient to use the circuit shown
in Fig. 9.30. I n this circuit a double triode having a sharp cut-off
is used in place of the two diodes. Fig. 9.31 shows the voltages
developed across the two resistances R, and R,;these voltages
are applied to the grids of the two triodes. It will be noted that
while one grid is positive the other is negative by an equal amount.
At first sight it might appear that any effect produced on the

FIG.
9.30.-By using a doul,lc triode in place of the double ~ l i $ dsh61a.n
e
in Fie. 9.2d
i t is possible t o use the remote cut-off type of tuning lndicirtur for b4~1hfrequency
and amplitude modulation reception.

FREQUENCY
TUNlkG
CLOSED

TUNING
INDICATOR
OPEN
FREQUENCY

FIG. 9.31.-Diagram (a) shows the voltages V , and V, developed a c r m the two resistances R , and R,. With the circuit
as shown in Fig. 9.30 the tuning indicator aperture will v a v as
shown in (b), while if the circuit is modified as illustrated by the
dotted line it will vary as (c).
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tuning indicator by one triode would be immediately cancelled
by the other. However, the inclusion of the resistance R, in the
common cathode line to both triodes, coupled with the fact that
they are being operated in the region of anode current cut-off,
causes the negative voltage from the discriminator t o result in
a negligible anode current, while the corresponding positive
voltage applied to the other grid produces an abrupt rise in anode
current. The two anode currents result in the same general overall tuning characteristic as that illustrated in Fig. 9.29, with
the exception that the tuning indicator will now be closed a t
the discriminator zero voltage frequency.
This type of indicator is extremely sensitive. By employing a
part of the limiter grid voltage it can be arranged that the magic
eye can be open when no station is being received and closed only
when a signal is correctly tuned. The circuit variation necessary to
obtain this result is indicated in Fig. 9.30 by the dotted lines.
If the tuning indicator used includes a remote cut-off triode
within the same envelope, provision (as is indicated in Fig. 9.30)
must be made for the biasing back of the unwanted triode. As
it is connected t o the focusing electrode internally the slightest
conduction will render the indicator circuit insensitive.
Squelch Circuits

It has earlier been indicated that as frequency modulation is
offered as a noise-free service, it is most desirable to include some
form of inter-station noise suppression. The most normal form
for this to take is that of a pre-audio amplifier stage which is
biased into cut-off when the received signal strength falls below
a given level. Such an arrangement is known as a squelch
circuit. While it is not normally included in f.m. broadcast
receivers, it is frequently included in communication receivers.
The squelch circuit may take the form of a simple arrangement
by which the audio amplifier stage is suppressed when no voltage
is developed across the first limiter grid leak, or it may be combined with a more ambitious arrangement under which the
interference occurring while the signal is being received is amplified
and rectified, and then used to suppress the audio signal. This
latter arrangement is employed in Motorola frequency modulation
communication receivers, a typical circuit being shown in
Fig. 9.32.
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The noise amplifier selects noise in the band above the audio
frequency range, and is arranged to discriminate against signals
in the audio range. The noise-level is only high so long as no
carrier is being received. As soon as one has been tuned in it will
suppress the noise. It follows, therefore, that when the set is. not
tuned to a station the amplified noise will cause the squelch
rectifier to produce a substantial d.c. voltage across the resistance
AUDIO SIGNAL

H.I+

FROM
DISCRIMINATOR

BIAS FROM
LIMITER ORlD

-

NOISE
AMDLlFlER
(6SD7GT)
NOTE:-R5,R6

H.T.+

. .

SQUELCH
IST AUDIO A M P C I ~
& SQUELCH VALVE
RECTIFIER
(6l-46)
(6C8G)
&Cl,CZ FORM DE-EMPHASIS FILTER

Fxa. 9.32.-A typical squelch circuit as used in frequency modnlation comrn~inication receivers.

R,. This voltage will be of the polarity indicated on the circuit
diagram. The application of this positive voltage on the grid of
the first triode section of the audio and squelch amplifier valve
causes the triode to draw a substantial current. This results in
a voltage drop across the resistance R2. It will be noted that this
voltage drop has the effect of lowering the voltage on the grid of
the second triode section, with respect to its cathode. This bias
is transmitted to the grid of the second triode section via the grid
resistance R,.
As the second triode of the valve V , also acts as the first audio
amplifier stage, the application of a substantial bias to its grid
drives it into the region of anode current cut-off. It thus follows
that the advent of a high noise-level results in this valve
"squelching" or suppressing the audio signal. There will thus be
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no audio signal output until a transmission has been tuned in,
and until the transmission has suppressed or "quietened" the
noise.
In order to ensure that when a signal is being received the h t
t,riode section of the valre V 3 is completely cut off (thus allowing
the second section to function as a normal amplifier), its grid
circuit is returned ria R, to the limiter grid circuit. I n this way
as soon as a signal has been tuned in there will be a negative
voltage applied via this resistance. This voltage is ample to
back-off the f i s t section of the squelch valve.
Oscillator Squelch Circuit

In trans-receivers of the "Walkie-Talkie" variety, filament-type
valves operated from a common low-tension battery have to be

157 AUDIO

-DIXRIMINATOR

5 AMPLIFIER &

-

AUDIO

cg$FT

SQUELCH

NOISE
AMPLIFIER-

RECr'FIER

-

1
D.C.

SQUELCH
AMPLIFIER -OStlLLAT?-RECTIFIER

FIG.9.33.-d block diagram of s squelch circuit employed in "WalkieTalkie" receivers, in which all the valre cathodes are connected to
a common filament battery.

employed. The squelch circuit indicated in the above section
cannot therefore be used, as it requires the cathodes of the squelch
valve to be at other than earth potential. An alternative circuit
is therefore incorporated. Fig. 9.33 shows a block diagram of
such an alternative circuit. It will be noted that, as previously,
the noise is amplified and rectified. The output from the rectifier
circuit is, however, fed to a d.c. amplifier. This d.c. amplifier
has a conlmon anode circuit with an oscillator valve, and is so
arranged that when the rectifier develops a bias voltage across
thc grid circuit of the d.c. amplifier the amplifier's anode voltage
rises. This permits the oscillator to function. The output from
this oscillator is rectified and used to bias the audio amplifier and
squelch valve into cut-off.
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Typical Frequency Modulation Receivers

In order to illustrate the design features discussed earlier,
details of two receiver units are given. These are the StrombergCarlson model SR-401 feeder unit, and the Zenith model KT25
receiver. Details of these receivers are aslc follows:
Stromberg-Carlson SR-401
Ranges P.M. 87-109 Mc/s
A.M. 535-1650 kc/s
Sensitivity F.M. 5 microvolts input signal provides 30 db
quieting
A.M. 5 microvolts signal produces 0.25 volt
output
Aerial Input Impedance F.M. 70-300 ohms
Intermediate frequencies F.M. 10.7 Mcls (see Fig. 9.34 for
selectivity curve)
A.M. 455 kc/s
The circuit diagram is given in Fig. 9.35.
))

KILOCYCLES

FIG. 9.34.-I.F.

selectivity curre of Stcomberg-Carlaon SR-401
tuner unit intermediate frequency 10.7 Mc/s.

FIQ.9.36.-Circuit diagram of Stromberg-CarlsonSR-401 tuner unit.
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Stromberg-Carlson Model SR-401

This feeder unit is unusual in that it incorporates a ratio
detector and a limiter st.age. The latter ensures efficient a.m.
rejection a t high signal levels, whilst the inherent a.m. rejection
properties of the ratio detector are effective at lower input. signal
levels.
The receiver employs separate r.f. amplifiers and frequency
changers for the two bands; the i.f. amplifier valves are common
to both bands, separate i.f. transformers for each being employed,
connected in series in the anode and grid circuits of each ralve.
At the output of the i.f. chain, separate detectors are, of course,
employed.
The valve types and functions are as follows:
a.m. r.f. amplifier
a.m. frequency charger
f.m. r.f. amplifier
f.m. frequency charger
f.m. oscillator and rariable reactance valve
1st i.f. amplifier
2nd i.f. amplifier
f.m. limiter
ratio detector
a.m. detector and a.f. amplifier
tuning indicator
mains rectifier
Zenith Model K725

This is a relatively simple seven-valve receiver covering both
medium wave a.m. and v.h.f. f.m. bands; the circuit diagram is
given in Fig. 9.36. Economy of valves is achieved by employing
the same valves throughout in both bands; this, of course, requires
careful arrangement of layout. In the f.m. receiver condition t,he
detector is a Foster-Seeley discriminator preceeded by a limiter;
the limiter stage is not, of course, employed on the a.m. band.
Details of the receiver are as follows:
Aerial input impedance
R.F. stage gain
Mixer stage gain
I.F. gain

300 ohms

F.M.

x

1100

FIG.9.36.-Circuit diagram of Zenith model K725 receiver.
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Input signal for limiting to
commence
Input signal for 30 d b quieting
I.F. band-width

I.F. rejection a t 98 Mc/s
A.M. rejection

10 microvolts
11 microrolts
200 kc/s (6 db down)
000 kc/s (60 db down)
XO db
23 d b a t I1 microvolts input
29 d b a t 110 microvolts input
33 d b a t 1100 microrolts input

The valve types and functions are ns follows:
6 BJ6
12 AT7
12 BAG
12 BA6
12 AU6
19T8
35C5

r.f. amplifier
Mixer and oscillator
1st i.f. amplifier
2nd i.f. amplifier
f.m. limiter
f.m. discriminator, a.m. detector,
a.f. amplifier
Output valve

H.T. is supplied by a half-wave rectifier, fed directly from the
mains supply.
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Chapter Ten

MEASUREMENTS O N FREQUENCY
MODULATION EQUIPMENT
s with any other branch of electrical engineering, it is
A
necessary to refer the indicating instruments normally used
for practical work to some absolute standard. With one exception

all memurements associated with frequency n~odulationequipment are based on well-established techniques. This one
measurementthat of the carrier's frequency deviation-has
been introduced with the advent of this further branch of
engineering.
Although conventional methods may be employed to indicate
the approximate frequency deviation, such methods are not
capable of giving a precise answer. A fairly accurate idea may be
obtained by employing a discriminator, the output of which has
been previously calibrated by slowly varying the carrier frequency
and recording the output voltage readings. Under dynamic
conditions the discriminator output can be measured on a pea.k
reading voltmeter. The voltage reading thus obtained may then
be compared with that obtained by the static calibration.
Although this method has simplicity to recommend it, the
accuracy will only be in the order of some 2 to 5 per cent, after
allowance has been made for the inaccuracies and failings of the
various circuits involved. While this may be quite satisfactory for
the majority of practical purposes, it can hardly be considered as a
standard against which to calibrate instruments such as signals
generators and deviation monitors for transmitting stations. I t
therefore follows that in cases where an absolutely precise
measurement is required, this and other similar methods must
be abandoned in favour of a more basic type of measurement.
The Bessel Zero Method of Measuring Frequency Deviation

The only absolute method of measuring frequency deviation
haa as its basis the side-band spectrum which is produced when
a wave is modulated in frequency. Referring to Fig. 2.4,
408
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it will be noted that a t certain modulation indices the amplitudes
of carrier and side bands fall t o zero. The first of the modulation
indices a t which the carrier component's amplitude falls to zero is
seen from Pig. 2.9 to be 2.40, the second 5-52, and the third 8.65,
and so on. A table of the first twelve values of modulation index
a t which the carrier amplitude becomes zero is given below.

Deviation ratios d which the carrier component has zero amplitude
Zero points

4th

5th

I

nIodulation index

5.5201
8.6337
11-7915
14.9309
1S.0711

I

Zero points

9th
10th
11th
12th

I

Modulation index

21.2116
24,353
27.4935
30.6346
33.7758
40.0584

(It will be noted that the first zero is separated from the second by an amount equal
to 3,115, and that this difference approaches n or 3.1416 at the higher modulation
in dices.)

I n the same way as the carrier component amplitude passes
through a succession of zero points, the first pair of side bands fall t o
zero a t modulation indices of 3-84, 7-01, 10.17, 13.32, and so on. It
follows therefore that it is only necessary to arrange for a device
which will indicate the exact point a t which either the carrier or
any selected pair of side bands falls to zero, in order to determine t o
a very high order of accuracy modulation indices of 2.40, 5.52,
8.65, 11-79,etc., or 3.84, 7.01, 10.17, 13.32,etc.
At first sight it might seem that when employing this method
of measurement the number of calibration points is limited: in
practice, however, this is not the case. Let it be supposed that
it is necessary to calibrate the "frequency deviation" dial on a
frequency modulation signal generator, and that calibration points
are required every 1,000 cycles from 1,000 to 10,000 cycles, and
after that a t every 5,000 cycles. For simplicity of operation, it
is by far the most convenient t o work from the modulation indices
a t which the carrier amplitude falls t o zero. Taking the first of
these deviation ratios-2.40408-it
follows that the modulating
frequency whicli will result in the carrier component being
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precisely zero with a frequency swing of exactly f1,000 cycles
lyOOO -415.83 cycles.
will be 2.4048
The carrier component will again be zero with a swing of
precisely +2,000 cycles when the modulating frequency is
2 x 415-83=831-66 cycles. The table on page 4 11 gives modulating

FIQ.10.1.-The above diagram shows the way in which the amplitude of
the carrier component of a frequency modulated wave alters as the modulation
index ia varied.

frequencies which result in a number of frequency swings which
will be found useful for calibration purposes.
It should be noted that the chance of error will be smallest
when the earliest practical carrier suppression point is used. It
should be added that the accuracy of the reading obtained is
entirely dependent upon the accuracy to which the frequency of
the modulating signal is known. The accuracy will also be affected
by the means used to determine the point at which the carrier
falls to zero.
The Panoramic Monitor

By far the most convincing means of indicating the deviation
ratio at which carrier and side band components fall to zero is that
of the panoramic monitor. Fig. 10.2 shows a block circuit
diagram of such a monitor, the use of which for this purpose was
first proposed by Pieracci. The frequency modulated signal, the
swing of which it is desired to determine, is fed into a mixer
stage. Here it heterodynes with the output from an oscillator
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TABLE17
Modulating frequencies corresponding to various useful frequency
9nodulation deviations
First carrier
suppression point
(mod. index 2.4048)
Freq. swing
i l l kc/s

hlocl. freq.
in c]s

Second carrier
suppression point
(mod. index 5.i201)
Freq. swing
in kc/s

Mod. freq.
in c/s

Fourth carrier
suppression point
(mod.index 11.7915)
Breq. swing
in kc/s

Mod. freq.
in c/s

40
45
50
55
60
65
70
75
80
85
90
95
100

3,392
3,816
4,240
4,664
5,088
5,512
5,936
6,360
6,784
7,208
7,732
8,156
8,480

1

which is frequency modulated by the time base wave-form producing the horizontal sweep on a cathode ray display tube. It
therefore follows that the i.f. signal emerging from the mixer
stage will be modulated in frequency. As a result the whole
spectarurn of the incoming frequency modulated signal is caused
I i W FM-

- 4

=,-

1
LEAwLliPR
-c C HIGH 0

saEClmCBUI

FIG.10.2.--4

-c

AvRmLlK
DtTECTOR.

block circuit diagram of the panoramic monitor.
( B y cour2psy of the Bn!iah Insfifuleof Radio Engineers.)
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to successively pass through the admittance frequency of the
narrow band selector circuit included in the i.f. amplifier. This
in effect causes the signal's side band spectrum to be scanned by
the narrow passband amplifier. As a result each side band component will pass in succession "in front of" the selector circuit. In
this way the voltages resulting from the individual side bands will
be displayed across the cathode ray tube screen in graphical form.

Fro. 10.3.-A typical panoramic monitor for the display of frequency modulation
side band spectrum.
( B y courtesy of Panmrwic Radio Corpomfion.)

If, as is shown in Fig. 10.2, the monitor is used to check the
outgoing signals from a frequency modulated transmitter, a
crystal-controlled calibration oscillator having the frequency
which has been assigned to the station is arranged so that it can
be switched into circuit in order to facilitate adjustment to the
monitor's oscillator frequency. Such adjustments may be necessary in order to make the assigned carrier frequency correspond
exactly with the zero mark on the display screen.
So long as the carrier is unmodulated the display on the screen
will be simply that of the single component representing the
carrier alone. This condition is illustrated in the photograph
shown in Fig. 10.4. As the carrier is frequency modulated the
various side bands begin to appear on the screen. If the modulation
index is increased until it is 2.4 it will be found that the amplitude
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Fro. 10.4.-No frequency modulation+arrier component only.
(Bg cou7Uby of Z.R.E.)

FIO.10.5.-hloddation

index 2.4-carrier component amplitude is zero.

( B y courtesy of Z.R.E.)
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Fro. 10.6.-Mod11lation index 3-84-amplitrrde of the first pnir of side bands
is zero.

(By cottrtesy of I.R.E.)

Fra. 10.7.-Modulation index approximately 4.8.
( B y courfey oJ I.R.B.)
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of the carrier component will fall to zero. This condition is shown
in Fig. 10.5. As the modulation index is still further increased a
point will be reached a t which, as shown in Fig. 10.6, the amplitude of the first pair of side bands falls t o zero. The modulation
index a t this point is 3.8. If the modulation index continues to be
increased the number of side bands is multiplied until, as shown
in Fig. 20.8, they are so numerous that it is very difficult to

Fm. 10.8.-Modulation index approximately I-this display gives an idea
t h t obtained nn normul programme material.
( B y courtesy of I.R.1.)

derive much useful informatian from the resulting display. This
last diagram also gives an idea of the type of display which may
be expected from the average programme material.
The Single Frequency Method of Measuring Frequency Deviation

As an alternative to the panoramic monitor, the single frequency
method proposed by M. G. Crosby will normally be found more
accurate. The general arrangement is indicated in Fig. 10.9.
The oscillator, mixer, and i.f. amplifier can for convenience be
those incorporated in an amplitude modulation receiver, provided
that this receiver includes a "C.W." or beat oscillator, and is
capable of tuning over the frequency modulation band. It is first
necessary to tune the receiver t o the carrier of the frequency
modulated signal, while that signal is unmodulated. The receiver
beat oscillator frequency should then be so set that it produces
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a low audio frequency note in the headphones or loud-speaker.
It is immaterial whether the beat-note is produced between the
"C.W." oscillator and the incoming carrier or the i.f. signal. I n
order to ensure that all other signals are eliminated, an audio
frequency filter should be arranged to pass the audio beat-note
frequency only.
If now the carrier is frequency modulated with, say, a 1,000cycle signal, the amplitude of whlch is gradually increased, it will
be found that the carrier component's amplitude, as indicat.ed by

-
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FIG.10.9.-In the single frequency method of indicating the Dessel Zero points,
the carrier is heterodyned with an oscillator of the type used to m i s t in the
separation of continuous wave signals in communication receivers. The audio
beat-note thus produced is selected by means of an audio band-pass filter. When
this beat-note faUs to zero the carrier amplitude is at a null point.

the volume of the audio beat-note, will fall until it finally reaches
a null point. The modulation index a t this point will be 24048
and the actual swing f2,405 cycles. A further increase in the
deviation ratio applied to the carrier causes the audio note to
rise again to a maximum, after which it falls until a second zero
point is reached. The modulation index a t this point is 5.5201.
The band-pass filter included in the audio output circuit does
not have to meet any very rigid requirements. The selectivity
obtainable from a single-tuned audio circuit, using a paper condenser and an iron-cored inductance, is quite sufficient. It has
even been found possible to observe the null points with the aid
of a poor pair of headphones having a pronounced natural
resonance. If a high modulating frequency of, say, 10,000 t o
15,000 cycles is used, the selectivity of the average amplitude
modulation receiver's i.f. channel will be sufficient t,o reduce
the side band amplitudes to a satisfactorily low level. A high
selectivity audio band-pass filter will, however, be necessary if
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satisfactory results are to be obtained with low modulating
frequencies in the order of 1,000 cycles or less.
It may be found that the frequency of the carrier component
shifts as the modulation is applied. When this occurs the modulation must be raised slowly and the receiver carefully retuned
to follow the shift. A small amount of shift may occur with a
modulator which in all other respects gives negligible distortion.
The Quieting Signal

The measurement of the quieting signal is of importance in
that it indicates in a single figure that a receiver has sufficient
gain, that excessive regeneration is absent, and that the amplifier
stages are correctly aligned. I n short, it is an overall figure of
merit for the whole set. It should, however, be noted that it is only
applicable to high sensitivity frequency modulation receivers.
The measurement actually consists of determining the input
voltage a t which the incoming carrier commences to suppress the
interference. This voltage will vary from receiver to receiver, but
for any given frequency modulation system it provides a means
of laying down a figure of merit by which the standard of both
design and manufacture of sets produced by different makers may
be assessed. For example, the standard for a receiver operating
in the 70 to 80 Mc/s band, and designed to receive a frequency
deviation of plus and minus 15 kc/s, would be about 0.5 microvolts. If this figure is greatly exceeded it means either that the
receiver has been poorly designed in the first place, and is as a
result picking up an excessive noise voltage, or that its alignment
is imperfect. Unbalance of the discriminator will also result in
high quieting signals.
If it is noticed that an increase in signal input results in an
increased noise voltage a t very low inputs, this indicates that
regeneration is present and is also contributing noise. A high
quieting signal may also be due to a high local interference level
due t o electrical disturbances resulting from such causes as
fluorescent lighting.
By definition the quieting signal is that signal which is necessary
to reduce the output noise, a t the loud-speaker, by 20 db or, sometimes, 30 db. The measurement has to be made in a well-screened
room in which extraneous noises are a t a low level, and may conveniently be used as a factory acceptance figure for high sensitivity
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frequency modulation communication receivers. The actual
measurement is made by first observing the noise voltage developed
across the loud-speaker without any carrier input to the aerial. This
condition may for convenience be obtained by connecting the signal
generator t o the receiver aerial input terminals, and temporarily
setting the attenuator between the two lowest taps. The volume
control should be adjusted t o give a convenient reading on the
output meter. A signal should next be applied to the aerial
sockets; this signal should be increased until the noise voltage has
fallen to one-tenth or one-thirtieth approximately of its former
value. The signal input a t this level is known as the quieting
signal for 20 d b and 30 db quieting respectively.
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Chapter Eleven

PRACTICAL USES OF FREQUENCY
MODULATED SIGNALS
largest single use to which frequency modulation has as
yet been put is the provision of low interference high-fidelity
T
broadcasting services. This being so, it was decided a t the outset
HE

that this book should present the accepted technique employed
for this particular purpose, and that in order to avoid confusion
the various other applications should be grouped together for
discussion in the last chapter.
I t should be noted that the applications discussed are those in
which frequency modulation is technically the correct choice. It
should also be noted at this point that frequency modulated
signals are sometimes employed for reasons entirely apart from
the improvement in signal to noise ratio. Examples of such
uses are radio altimeters, various radar applications (i.f.f., etc.),
circuit alignment oscillators, and panoramic monitors. As the
use of frequency modulated signals is in these cases dictated by
entirely different technical considerations, these applications are
not considered.
Frequency Modulation Broadcasting

The medium- and long-wave broadcast bands-which up to
the introduction of frequency modulation were the only bands
extensively employed for the transmission of material intended
for entertainmentsuffer from various fundamental shortcomings.
Such services have as their object the provision of music and
speech which will give pleasure to the listener. It therefore follows
that distortion and interference must both be maintained at the
lowest possible level. This being so, any band on which ionospheric reflections occur will, due to the resultant distortion, be
unsuitable for broadcasting services. A survey of the radiofrequency spectrum shows that such reflections have a maximum
severity over the band from approximately 1.5 to 30 Mcls.
It will be apparent, therefore, that local broadcast services can
only be operated below 1-5 Mcls and above 30 Mcls. I n the early
419
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days when there was very little known about the band above
30 Mcls, attention was confined to that below 1.5 Ncls. It was,
however, found that during the hours of daylight communication
was confined to the area covered by the surface ray although,
after dark, there was a considerable reflection from the ionised
layers with the result that signals were transmitted over considerable distances. This increased night range could not be
utilised as the mutual interference between the surface and
reflected waves resulted in considerable fading and distortion.
The useful range of a medium-wave broadcast station is therefore quite a short distance-some
100 or so miles-while its
interference range is that experienced a t night as a result of
reflection from the ionised layers. This range may extend up to
some 500 or more miles. This unfortunate phenomenon meant
that it was frequently impossible to have more than one station
on a particular frequency in any given continent. I n congested
areas such as Europe, where many different languages are spoken,
this results in a most serious limitation. I n order to provide each
country with a bare minimum of broadcast stations, the maximum
channel width which could be allowed was 9 kc/s.
This meant that the quality of reproduction obtained was very
severely restricted, it being necessary to limit the receiver's upper
frequency response to some 3,000 to 5,000 c;'s in order to secure
adequate adjacent channel selectivity. It therefore follows
that so long as broadcasting is confined to the band below
1.5 Mc/s, it will not be possible t o realise the full entertainment
value which could otherwise be provided. Even after the band
above 30 Mc/s had been opened up-as a result of improvements
in equipment-it was still not found possible to utilise it widely
owing to the high interference level produced by automobile
ignition systems.
The advent of frequency modulation, however, makes i t possible
to provide the ideal broadcast service. Frequency modulation
permits a very high fidelity reproduction standard, low interference levels, and coverage without any large areas in which the
transmission is not of a high enough standard to provide entertainment, but has a sufficiently high field strength t o mar reception
from other stations. Compared with the interference area produced by a medium-wave broadcast station, that produced by a
frequency modulated station is negligible.
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By using frequency modulation broadcasting it is therefore
possible to provide a very large number of local programmes,
each transmitter having almost the same useful range as the old
medium-wave stations. The fringe of this useful range is, however,
sharply defined, and i t is possible to operate another station
carrying a different programme within 200 t o 300 miles without
mutual interference.
Frequency Modulated Radio Telephones

There is a wide demand for communications between mobile
units and fixed control points, and also between one mobile unit
and another. The need for this type of communication is felt by
police, fire services, tram and bus companies, railway, gas and
electric supply undertakings, t o name but a few.
I n America frequency modulation has been widely employed
for such services, and the advantages it shows have been proved
beyond all doubt. For example, the Connecticut State Police
operate such a system. Where previously they could only employ
15-watt amplitude modulation mobile transmitters, the replacement frequency modulated equipment gave an output of 25 watts.
Due t o the greater transmission efficiency obtained with frequency
modulation, this increase in power output was possible without
increasing the power drawn from the battery.
I n car-to-car tests carried out in New York one car was parked
while the other was driven slowly away. With the amplitude
modulation equipment i t was not found possible t o go more than
nine or ten city blocks (up to half a mile) before the signal was
lost in the general noise-level. When similar tests were carried
out with the f.m. system, it.was found possible to maintain communication for a distance of approximately five miles.
I n two-way communication tests between a central control
station, two patrol cars set out together, one fitted with an
amplitude modulation and the other with frequency modulation
equipment. At a distance of 7 miles from the central station the
amplitude modulation system had lost contact due t o the heavy
noise conditions. The second car drove into New York, a distance
of 45 miles, and was able t o maintain two-way contact over the
entire trip, despite the fact that it travelled through some of the
heaviest ignition interference areas in the city.
The above results were obtained a t a transmission frequency
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of some 39 Mcls. While they clearly demonstrate the advantages
resulting from the use of frequency modulation, such very great
improvements may not always be obtained. The range will
naturally vary with the height of the central station aerial and
the noise conditions existing at both the central station and the
mobile unit. The ranges obtained will normally vary between
10 miles under heavy noise conditions and severe intervening
terrain, to some 30 to 35 miles under low noise conditions and
favourable terrain. Favourable terrain, in the latter cme, would
assume flat country, or in the case of hilly country, that the
mobile units were located on high ground. Transmitter power of
between 25 and 50 watts is assumed.
Central station transmitter powers of 50 to 250 watts are the
most common. The 50-watt stations are normally used when
reliable two-way communication of up to some 20 miles is desired.
The usual aerial is a half-wave co-axial dipole. Directional aerials
are rarely used because the central station is normally near the
middle of the area to be covered, and uniform transmission and
reception in all directions is generally desired. The average central
station has an aerial height of about 100feet above the surrounding
terrain (or buildings in the case of a town).
For police or public utility applications a much greater range
is usually required, and the use of 250-watt central stations is
common. In addition, every attempt is made to locate the central
station in a rural area or on a hill-top where noise is at a minimum.
This procedure allows the central station receiver to make full
use of its inherent sensitivity, so that the talk-back range from
mobile unit to central station will more nearly equal the range of
the central station. The high power of the central station is offset
to some extent by the high noise conditions under which mobile
units are normally forced to operate. The central station transmitter is usually remotely controlled by means of wire lines or,
in some cases, by an auxiliary radio control circuit. Two-way
ranges up to 60 miles are commonly reported for such installations, but conservative estimates for system design purposes
usually average 40 to 45 miles. The installations reporting
consistent ranges up to 60 miles are using central station aerials
250 to 300 feet above the general level of the surrounding country.
Some installations embodying 3-kW. central stations have been
made, with ranges to mobile units of 100 to 120 miles. The

PRACTICAL USES OF FREQUENCY MODULATED SIGNALS

423

talk-back range is, of course, not increased by raising the central
station power.
The advantages shown by frequency modulation over amplitude
modulation are also amply borne out in tests made between
aircraft and ground stations. In typical tests of this type, using
a 4-watt frequency modulated transmitter in an aircraft, it was
found to be possible to obtain a fairly reliable talk-back range of
between 150 and 175 miles. Up to the threshold of improvement
reception was almost perfect: at this point, however, it suddenly
became impossible. The transmitter used in these tests had a
3-kc/s maximum audio frequency signal and a peak deviation of
12 kc/s. One of the most interesting points of comparison was
that the signals from an amplitude modulated transmitter of the
same power became gradually worse until at about two-thirds
the maximum range of the frequency modulated transmitter,
reception became so unreliable and fading so bad that regular
con~municationhad to be regarded as impossible.
Frequency Shift Radio Telegraph Systems

The advantages of frequency modulation are not confined to
the transmission of speech and music. When employed on a radiotelegraph circuit, as much as 20 db signal to noise improvement
can be expected by changing over to frequency shift transmission. To take a practical example: during the war a mobile
400-watt frequency shift transmitter on the beachhead in France
transmitted press traffic direct to the United States a t a rate of
500 words a minute-over a million words a month. I n former
days a 50-kilowatt transmitter would have had trouble in
maintaining the circuit.
Several types of carrier shift equipment are being used. One
commercial transmitting equipment takes energy from a crystal
oscillator and beats it against an extremely stable self-excited
200-kc/s oscillator. The frequency of this self-excited oscillator
is shifted or modulated in frequency by the signal which is to be
transmitted, being increased in frequency on mark and decreased
on space. The resultant beat signal is selected and forms the
outgoing carrier.
The signal which it is desired to transmit is usually in the form
of a square wave. It is first filtered to eliminate frequencies higher
than the third harmonic of the highest keying frequency required.
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The filter used for this purpose must be so designed that the
phase relations of the harmonics up to the third are not altered
with respect to the fundamental. In practice it is possible to
design filters introducing less than 1.5 per cent distortion. This
filtering stage is included in order that the band-width transmitted
may be a minimum.
The normal amplitude modulated teletype signal has a fundamental of 23 cycles and a third harmonic of one-third the
fundamental's amplitude. If the carrier amplitude is keyed
"make and break" by this signal, the ideal band-width would
be twice the third harmonic frequency or, say, 138 cycles. In
practice, however, such a narrow band would never be attained,
as the power amplifier stages of the transmitter tend to square
the keying signal. The best possible transmitter adjustment
requires a band-width of approximately 1,200 cycles. Only sidebands greater than 40 db below the unmodulated carrier level
are considered in this value.
If on the other hand the carrier is frequency shifted by 850
cycles (by the same teletype signal) the side bands of the emitted
signal would occupy a band-width of 1,100 cycles (see Chapter
Two). Were the carrier shift reduced to 250 cycles with the same
signal, the band-width would be only 480 cycles. Thus frequency
shift telegraph transmission can result in a smaller band-width
than the normal amplitude modulated make-and-break keying of
the carrier.
A typical commercial system, that of Press Wireless, has
adopted a frequency shift of 850 cycles as standard. It is claimed
that this gives the best compromise between signal to noise level
and band-width. However, the frequency shift is varied between
400 cycles and 1,200 cycles for special services. For example,
when, as is discussed in a later section, it is used for high-speed
facsimile and photograph services, tt 1,200 cycles frequency shift
is used. I n frequency shift transmission the signal varies symmetrically about the assigned frequency. A frequency shift of
1,200 cycles would be a shift of from 600 cycles above the assigned
frequency to 600 cycles below the same frequency.
Frequency Shift Receivers

The receiving systems of the various commercial companies
using frequency shift transmission are similar in principle, but
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differ in circuit details. For example, Press Wireless use an
amplitude modulated communication receiver which delivers an
audio beat-note to a band-pass filter. This beat-note shifts in
frequency about a mean of 2,550 cycles in accordance with the
transmitter's frequency variations. The band passed by the filter
must be wide enough to pass not only the two frequencies between
which the audio beat-note shifts, but also all frequency modulation side bands which are 10 per cent or more of the carrier
amplitude. The passband must also be wide enough to tolerate
possible transmitter or receiver drift.

FIG.11.1-A transient-free limiter in which the first
section of t,he double triode limits the negative peaks,
and the second section, cathode coupled to the first,
limits the positive peaks.

From the filter, the signal goes to a limiter. As the "carrier"
is in the audio frequency range it is comparable in frequency with
the intelligence it carries. The requirements of this limiter are
therefore somewhat more stringent than those of the normal
"i.f." limiter used in frequency modulation broadcast receivers.
Thus, unlike the broadcast receiver limiter, where transients only
need to be short as compared to the intelligence, the transients
of the limiter in question must be extremely short compt~redwith
both the carrier and the intelligence frequencies.
The outline circuit of a suitable limiter is shown in Fig. 11.1.
The valve used is a dual high-mu triode. Considering, Grstly, the
effect of a signal applied through the condenser C , to the grid
of the first triode section. As small negative potentials will cut
off the valve, it follows that the voltage across R2 due to the
current in the k t triode section is zero during most of the
negative half-cycle. The input resistance of the limiter is only R,.
As the grid swings positive with respect to ground, the current
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drawn by the valve increases, so increasing the voltage across R,.
R, is sufficiently large to ensure that a t no time will the grid
voltage exceed the cathode voltage. Thus the grid never goes
positive with respect to its cathode; as no grid current flows, no
charge which would subsequently leak off through R, is developed
across C,. I t follows that as there is no time constant effect
involving R, and C,, the circuit is instantaneous in its action and
no transient effects can result.
As the voltage across R, increases due to the positive swing of
the first grid, the second triode passes into the region of cut-off.
This second triode is essentially a cathode drive stage excited by
the first triode. The gain of the second triode is low because its
plate resistance R, is small. It cuts off at about the same positive
swing of the f i s t triode grid, as does the first triode for negative
swings of its own grid. Therefore, the action of the limiter is
symmetrical about the zero axis, and is both transientless and
instantaneous for any abrupt level or frequency change. This
circuit gives about 30 db of limiting. Two limiter stages separated
by a class A amplifier supply the 60 db of limiting normally
necessary.
Discriminators for Teletype, Telephoto, and Facsimile

I n many commercial types of receiver the limiter is followed
by a single-ended slope circuit. No attempt is made to eliminate
noise side bands outside the deviation spectrum. When such a
discriminator is employed it must be of the extended range type,
i.e. it must be linear far beyond the deviation band so as not
to discriminate against noise components, otherwise undesired
amplitude modulation will result in noise.
Experiments have shown a definite advantage in the use of a
double slope circuit type of discriminator filter. Its use is therefore
recommended in all terminal equipment for teletype, telephoto,
and facsimile. Two forms of such a frequency discriminating
filter are shown in Fig. 11.2. The input impedance of both is a
constant over the working band and is equal to R. The values of

1

L and C are given by LC= -and
o2

L

- =2R2,

c

where o is 2n times

the cross-over frequency. The output characteristic of the circuit
shown in Fig. 11.2 (a),although it does not give a linear response
over as vide a frequency range as does that of the circuit shown
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in Fig. 11.2 ( b ) , delivers a higher output voltage and is perfectly
symmetrical.
Following the discrinlinator there is a detector from which the
signal is fed to a low-pass filter in order to eliminate noise caused
by phase modulation of the signal a t frequencies higher than the

FILTER

BALANCED
OUTPUT

,,
R

R
1

1
--

O BALANCED
0 OUTPUT

L

-

(b)

Frc. 11.2-Two forms of discriminator. The discriminator for
frequency shift reception must be linear over a band far wider
than the deviation limits, so as to avoid amplitude modulation
in the output being produced by noise in the input.

desired intelligence frequency. This filter passes frequencies up
to the third harmonic, which for teletype signals may be 70 t o
100 CIS; for high-speed Morse, 250 c/s and for telephoto and
facsimile (as discussed later), some 600 c/s.
Sub-carrier Frequency Modulation Systems
Prior to 1939 long-distance radio-telephoto services operated

on the constant frequency variable depth method. As it is possible
to obtain a substantial improvement by the use of frequency
modulation in one field it is natural t o expect that this improvement could be obtained in all similar fields. This has, in fact,
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been found to be the case. By May 1939 Cable and Wireless, Ltd.,
and R.C.A. Communications, Inc., acting co-operatively, made
available for public service a sub-canier system of frequency
modulation. This system made possible the following irnprovements over the earlier method:
1. The speed of operation was increased t,hreefold. Facsimile
matter was sent a t 60 revolutions per minute with a line
advance of 120 lines per inch.
2. Linear amplitude recording was obtained and resulted in
much improved detail, fidelity of tonal values, and elirnination of the screen pattern associated with the older CFVD
method.
3. Usable pictures were obtained through very much poorer
signal conditions.
4. Streaks caused by multipath or selective fading were
minimised.
The advantages in signal to noise ratio normally associated
with frequency modulation of a radio-frequency carrier are equally
applicable in the case of a frequency modulated carrier in the
audio frequency range. If such a frequency modulated note is
itself used as the modulating signal for an amplitude modulated transmission, the process is known as sub-carrier frequency
modulation. When receiving such signals the audio note is
first demodulated in the normal manner, after which it is passed
through a limiter stage and then fed t o a frequency demodulation
filter.
I n the sub-carrier system just referred to, black corresponded
to a frequency of 1,600 cycles and white t o a frequency of 2,000
cycles. The use of this narrow band of frequencies permitted as
much noise as possible t o be removed by the audio band-pass
filters preceding the frequency discriminating filter. It also
ensured that any undesired harmonics of the sub-carrier which
were inserted by selective fading were filtered out before the signal
was applied t o the limiter.
It is desirable that the lowest sub-carrier frequency possible
should be used in order that the components of the transmitted
carrier may be confined to the smallest practical band-width. The
lowest frequency limit is determined by the smallest picture detail
t o be transmitted. It must be such that the narrowest vertical
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line or space will contain at lemt one full cycle of the sub-carrier.
Theoretically, it should contain even more cycles, but it has
been found in practice that generally one complete cycle will
suffice.
Picture Transmission by the Frequency Shift Method

The sub-carrier method of transmission for long-distance telephoto circuits has now been largely displaced by the frequency

Fra. 11.3.-A

commercial radiophoto picture transmitted from
London to New York by the CFVD method.
( B y c o u ~ f e qof I n h m c i o n a l Newspholo.)

shift method already outlined in connection with telegraph
transmissions. This method requires less transmission band-width
than the sub-carrier system. When receiving the frequency shift
telephoto signals it is normal to demodulate the received signal
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after limiting, by beating it against a fixed oscillator, after which
the resultant is fed to a frequency discriminating filter. There
are two methods normally used to maintain the stability of the
beat oscillator frequency. Firstly, it may be crystal-controlled,
and, secondly, its frequency may be determined from the mean

Fro. 11.4.-The same commercial radiophoto picture transmitted
by the sub-carrier frequency modulation system.
( B y cmbrtcsy of In(nnatianal Newsphdo.)

of the frequency deviations of the received signal. In this latter
case it haa been found possible to maintain the zero point accurate
to within some f 100 cycles.
Combined Frequency and Amplitude Modulation Transmission

There are sometimes cases where both frequency and amplitude
modulation may be used in a single transmission with advantage.
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One such example occurs when it is desired to obtain the advantages of frequency shift transmission for long-distance telegraph
circuits, without having to replace all the receiving equipment.
In one such case a keyed "make and break" amplitude modulated
transmission was frequency modulated to the extent of 400 cycles
peak to peak, and at the same time amplitude modulated by a
400-cycle note. A most marked reduction in fading was obtained
in this way.
Phase Modulated Signals

Phase modulation has been used for at least one mobile radiotelephone system.* A study of the latter part of Chapter Two
shows, however, that for all such systems a direct relationship
between the carrier frequency variations and the initial audio
signal utilises the frequency band allocated to the transmitter in
the most efficient way.
If the carrier's phase variations are proportional to the initial
audio signal, it follows that a given angle of phase modulation
will result in a greater frequency deviation at the higher audio
frequencies than the lower. It follows, therefore, that the depth
of modulation will have to be such that the maximum frequency
deviation is not exceeded in the higher audio frequency region.
As, however, the mean amplitude of the audio signal is substantially uniform over the restricted audio band used for
radio-telephone channels, it follows that the use of phase modulation must result in a reduction in the general deviation amplitude
of the signal. For radio-telephone, telephoto, and facsimile services
phase modulation therefore results in a definitely inferior signal
to n o k ratio to that obtained with frequency modulation.
In the case of high-fidelity broadcasting the audio frequency
range is greatly extended and the average amplitude of the higher
audio frequencies is considerably smaller than that of the lower
frequencies. It follows, therefore, that the use of the frequency
modulation relationship up to some 2,000 to 3,000 cycles and
beyond that of phase modulation will result in the most efficient
use of the available band-width. I n practice this modified form of
phase modulation is known as pre-emphasised frequency modulation, and is discussed under this heading elsewhere in the book.

* "P.M. Communication System for Chicago Surface Lines" (Beverly Dudley),
Eketroniw. January 1944.
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Receiving aeria.1, 161
Reflections, 119
RF amplifier, 346
- - noise in, 364

SELECTIVEfading, 106
Selectivity of F.M. receivers, 346
Sensitivity of F.M. receivers, 346

INDEX
Service range of transmitter, 122
Side bands, F.M., 20
Slot aerials, 171
Slotted cylinder serial, 203
Squelch circuits, 399
Suppression of weaker signal, 91
T
THRES~OLD
of Improvement, 81. 93
Transmitters, F.M., 261

Transmission service range, 122
Transmission lines, 180
Triangle, noise, 85
Tuning indicators, 395
Turnstile aerial, 192

U
UNIPOLE
aerial, 160
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