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CHAPTER .

GENERAL NATURE OF THE SYSTEM.

HE direct transmission and reception of speech or music

I over long distances, though not impossible, is impracticable,

and propagation of audio frequencics is usually accomplished

by using them to modulate an R.F. wavc acting as a carrier, i.e., -
the audio frequencies are used to control one of the three character-
istics—amplitude, frequency, or phasc—of the carrier. The most

common method is by modulation of the carrier amplitude, the rate -
at which the amplitude is changed being directly proportional to the
frequency of the original sound and the magnitude of the amplitude
change being directly proportional to the intensity (a low intensity
producing a small change of amplitude). This is illustrated in Figs.
la and 1b, the unmodulated carrier amplitude in each case being
constant at 1 volt. Tig. 1a corresponds to a low intensity sound,
the carrier amplitude varying between 0.9 and 1.1 volts, whilst
Fig. 1b corresponds to a high intensity sound, the carrier being
100 per cent. modulated, its amplitude varying from 0 to 2 volts.
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Fig. | (left). Amplitude modulated wave. Fig. 2 (right). A half modulation cycle of
frequency modulated wave,



In frequency modulation, the carrier amplitude remains constant
and its frequency is varied at a rate corresponding to the modulation
frequency (1,000 times per second if f,,,=1,000 c.p.s.) and the
frequency deviation (rise and fall from the central unmodulated
carrier frequency) is controlled by the intensity of the audio fre-
quency. For example, suppose a 1 ,000 c.p.s. note is being trans-
mitted on a carrier frequency of unmodulated value, 1,000 kc/s, the
variation of the carrier frequéency takes place at the rate of 1,000
changes per second and the frequency limits may be 4 100 c.p.s.
(the carrier frequency changing between 1,000.1 and 999.9 ke/s) for a
low intensity to 4-100,000 c.p.s. for a high intensity note. These
two conditions are illustrated in Figs. 2a and b for a half cycle of the
- modulation frequency. With phase modulation the amplitude of
the carrier remains constant and its phase angle with respect to its
unmodulated condition is advanced and retarded at the frequency of
the audio signal. The magnitude of the phase change is determined
by the intensity of the audio frequency. Phase modulation has an
effect on the carrier akin to frequency modulation, and whilst the
phase of the carrier is varying its frequency is also varying. There
is a difference between the two, but this is discussed later.

Until recently neither frequency nor phase modulation has been
used to any great extent, largely because more complicated apparatus
is required for reception and transmission than for amplitude
modulation and they appeared to offer fewadvantages. Armstrongl3*
has, however, demonstrated that frequency modulation can, under
. certain conditions, give better fidelity, greatly improved signal-to-
noise ratiot and larger broadcast service area than amplitude
modulation and it seems probable that frequency modulatlon may
be considerably developed in the future.

The Principles involved in Frequency and Phase Modulated
Transmission 5, 39,

For understanding the operation of any type of modulation a
vector diagram is most useful, and amplitude modulation is quite
simply illustrated if the modulation envelope is sinusoidal. The
amplitude modulated signal is represented mathematically by

* E sin 2af ¢ [1+Msin (2afmt)] . . 1)
where E is the unmodulated carrier peak Value .

f. =carrier frequency,

f w=modulating frequency, ‘

M=the modulation ratio, the maximum value of which is 1.
The vector (expression 1) rotates at a speed of f, c.p.s. and varies in
amplitude f,, times per second. An observer rotating with the

*Numbers in text refer to Bibliography.

tCredit must be given to H. J. Round, who first envisaged the possibilities
of an improved signal-to-noise ratio from a frequency modulated system
in a letter to the Radio Review (Vol. 2, p. 220), in 1921.
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carrier vector would see it as stationary with amplitude varying
between the limits £ (1+3) and £ (1~M) as shown in Fig. 3a.
Expression (1) can be expanded to ‘

A 5 Trc . 1/2000 sec. oscillation
) !
! ; Yﬂ'
P S, A
B(rw1)
S
(4
a ¢ b ¢
Fig. 3 (left). Vector diagram for Fig. 4a (right). Vector diagram for
amplitude modulated wave. frequency modulated wave,
EM EM
E sin 2xf 0+ €08 27 (fo—fm) t—+ cos 27 (fetfm)t .. 2)
2 2

which consists of a carrier vector £ rotating at f,c.p.s. and two equal

sideband vectorsE—zM rotating at (f . +f ) and (f .—~f..) ¢.p.s. about the

same point as the carrier vector. Since these two sideband vectors
only influence the carrier amplitude it is clear that their resultant must
always be in line with the carrier and this is shown in Fig. 38b for
successive instants of time corresponding to points A, B and C on
Fig. 1b. The upper frequency sideband vector S, is rotating round
the carrier vector in an anti-clockwise direction (the accepted
positive direction of frequency) at f, c.p.s., whilst the lower
frequency sideband vector S; rotates in a clockwise direction round
the carrier vector at the same frequency. The carrier vector in
Fig. 3b is, for convenience, shown as stationary, though actually
it moves round in an anti-clockwise direction at f_ c.p.s.

The problem of representing frequency modulation by a single
vector is complicated by the fact that the frequency of the carrier is
varying in accordance with the amplitude of the modulating
frequency, and this means that the carrier vector rotates at varying
speeds. Taking the example given above, for a frequency deviation
of £+100,000 c.p.s. the tarrier varies from 1,100 kc/s. to 900 ke/s.,
and if we, acting as observers of the carrier vector, were to rotate
at a frequency f, c.p.s. (the carrier unmodulated value) in the same
direction as the carrier vector, the latter would appear to oscillate
backwards and forwards like a metronome, at the frequency of the
modulating wave, ¢.e., 1,000 times per second. This condition is
illustrated in Fig. 4a; again, like the metronome, the vector is
stationary at the extremes, positions x4’ and %" of its stroke so that
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the carrier frequency is instantaneously at its unmodulated value
f. (this is point A in Fig. 2b), whilst it is moving at its fastest,
backwards or forwards at the centre x of its swing. Movement of
the vector in an anti-clockwise direction means that the frequency is
greater than f, and in a clockwise direction the reverse. Hence
point x when the véctor moves anti-clockwise corresponds to B in
Fig. 2b, but when the vector is travelling clockwise x corresponds
to C. In frequency modulation the carrier deviation is fixed for a-
" given amplitude of modulating input, so that the speed of the vector
asit passes through x is constant and independent of the frequency of
oscillation backwards and forwards (that of the modulating input).
Treating the problem as a mechanical one, the initial velocity at &’
or x” is zero, and the final velocity v at x is constant, so that the
distance travelled from %’ to x or 2" is proportional to v X ¢, but time ¢
is proportional inversely to the modulating frequency, so that

: : K, 1

xx=x"%=Kvt = Kit = —— ot —
. ° f m f m
Hence the angle swept out by the carrier vector is large for low
modulating frequencies and small for high modulating frequencies ;
dotted positions x* and x” correspond to a lower modulating fre-
quency than the full line positions. This again is analogous to the
metronome, which increases its angle of sweep as the frequency
decreases. The mathematical expression for a frequency modulated
wave is

Esin[21rfct—Mcos21rfmt] (3)

[ devi.tion
where M =—=————— sometimes called the modulation index, and
mod .

the angle swept out by the vector is M radians or 57.3 f../fn
degrees, which is seen to be inversely proportional to f,,. In the -
same way that expression (1) for amplitude modulation can be turned
" into a carrier and sidebands so can expression (3) be treated, but
instead of only two sidebands per fundamental modulating frequency
it is found that there is a large number 1, 2, spaced from the carrier
by frequencies of 4-f,., 42 f,., 43 f.., etc.

The theoretically infinite number of sidebands is for all practical
purposes fortunately limited as the amplitudes of the sidebands more
distant from the carrier normally decrease very rapidly. It is not
only in the number of sidebands that frequency modulation differs
from amplitude, but also in their position with respect to the carrier.
All odd-numbered sideband vectors +f_, +3f,, etc., from the
carrier are so placed that their resultant falls on a line at right angles
to the carrier 4, 5 vector, and all even-numbered sidebands have a
resultant in line with the carrier vector. The addition of a carrier
and two sideband vectors (spaced 4 f,, from the carrier) having a
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resultant 90° displaced. from the carrier vector is shown in Tig. 4b.
These two sideband vectors rotate round the carrier vector point O
at f,, c.p.s., and their resultant adds to the carrier to cause the latter
to oscillate backwards and forwards along the line AB. In fact it

is the same as Fig. 4a apart from the amplitude variation of the -

vegtor; by adding suitable ampli-
tudes of wider spaced sidebands we A
can neutralise the amplitude varia-

tion causing the point of the vector X
to describe an arc &’ x” giving only
frequency modulation. Another im-
portant point, to note with regard to
frequency modulation sidebands is
that the individual amplitudes are
not directly proportional to the am-
plitude of the original modulating
frequency as in amplitude modula-
tion, but actually vary widely (some- P
times becoming zero) as the angle .
swept out by the carrier vector Fig. 4b. Frequency modulation due
changes. The amplitude of the teo 9?" phase shift in sideband vector
carrier componen t also varies wi dely, resultant with respect to the carrier.
and for certain modulation index values falls to zero. The ampli-
tudes are actually Bessel coefficient functions of the modulation

index, and the variation of the carrier and first three pairs of side-

bands is plotted against modulation index in Fig. 5. When the
modulation index is small, 7.e., the angle swept out by the vector
in Fig. 4a is small (f, high), all sideband pairs except those nearest
the carrier are so small
in amplitude that they

- A ine fro
Fig. 5. Relative amplitude of carrier and sideband the vector moving 'I‘ m
components of F.M. carrier in terms of the modulation 1,000

index. «’ to x (Fig. 4a) is

50

" can be neglected, but
g;:ll‘ l for a large modulation -
Eioar—N—Carrier index, 7., a lqrge
- st Sidebsnd angle of vector oscilla-
g ,“ S 2na, Sidebend tion (f, low), there
Sou—f NS - o g 30 SR are many sidebands of
5 / \ A TN ‘appreciable amplitude.
§‘°¢ 1A KD O N Y p; For example, if f,=

! .1="]\ moouharion ‘i 7’:"—'1 4 4 50 c.p.s. and its ampli-

2 % 2 \ \ / 6Ny 27N | tude is such as to give
£.04 VEEEL N A - | @ frequency change of
g, . | —’T"" <t carrier of 4-1,000c.p.s.,
"4 the angle swept out by



=20 radians or 1,146°, whereas for f,=5,000 c. p-s. and the same
1,000
=0.2
5,000
radians or 11.46°. It should be noted that the carrier vector may
.make a number of revolutions for low modulating frequencies. ,

Fig. 5 shows that the carrier component is zero at modulation
indexes of 2.405, 5.52, 8.654, etc. (the zero points continue at
modulation index separations of approximately =, i.e., 3.14), and
this fact is used for determining the frequency deviation®® of an
F.M. signal.

The vector representation of phase modulation is similar to that
of frequency modulation with one important difference ; the angle
swept out by the vector is constant for a given amplitude of all
modulating frequencies and is dependent only on the amplitude of
the latter. This essentially means that the velocity of the vector at
the centre x (Fig. 4a) increases as the speed of oscillation increases,
i.e., the rise and fall in carrier frequency (frequency deviation) is
directly proportional'to the modulating frequency. Itis possible to
turn phase into frequency modulation by inserting in the modulation
frequency amphﬁer a network having an amplification characteristic
inversely ~proportional to fre-
quency, giving a low frequency a

large amplitude and a high fre-

frequency change the angle swept out by the vector is

quency a small amplitude, 7.e., the

Er - phase angle is no longer constant,
: but increases as the modulation

—— frequency falls,  The mathe-
Modulation Waveform matical expression for phase

modulation is
E sin (2af t+¢ M sin 2af f) ... (4)

and the phase angle swept out is
f equal to ¢ M where ¢ is a constant
¢ and M is proportional to the
S | amplitude of f,,, but independent
Frequency Modulation of its frequency. Phase modula-

tion has an infinite number of
sidebands spaced +fn, +2fm
etc., from the carrier, but since

l | the phase angle change is constant
(unlike frequency modulation) the

wider spaced sidebands for low as
well as high modulating fre-
quencies can usually be negletced.
The resultants of all odd-
::g_.r:n“lllultratlon of the a:;um:lal numbered sidebands are 90°
modulation, " out of line with the carrier,

and those of the even-numbered

T l

Phase Modulation
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ones are in line with the carrier vector. The amplitude of each
sideband vector is dependent only on the amplitude of the modulating
frequency. -

The clearest distinction between frequency and phase modulation
has been indicated by Professor Howe2?, He considers a square-
shaped modulating wave as in Fig. 6 so that for frequency modula-
tion the carrier frequency varies above and below its unmodulated
value in accordance with the amplitude of the modulation. Phase
modulation, however, shows that apart from the sudden instan-
taneous changes of phase when the carrier frequency becomes -0
or —oo the latter is constant at its unmodulated value.




CHAPTER 11

THE ADVANTAGES AND DISADVANTAGES OF
FREQUENCY AND PHASE MODULATED
TRANSMISSION.

‘ x Y E can now consider the particular advantages to be gained
from frequency and phase modulation, and its limitations.
Since frequency modulated transmission is more likely to

be widely adopted we will deal with it first and in more detail.

Four. important advantages!3 can be realised by frequency
modulation in comparison with amplitude moduldtion, viz., greater
signal-to-noise ratio; lower transmitter power for a given audio
frequency output from the receiver, less amplitude compression of
the audio modulating voltage, and larger service area with little
interference between stations having adjacent carrier frequencies.
These advantages can, however, be realised only under certain
conditions of operation, chief of which is that reception must be
confined to the direct ray from the transmitter. Indirect ray
communication, as in short wave transmission over long distances,
is subject to selective fading of carrier and sidebands due to several
rays arriving at the receiver by different routes ; the time delay on
the longer path rays may result in certain frequency components
arriving partly or completely out of phase with the same components
in the shorter path ray, thus causing a reduction in amplitude of
these components. This selective fading causes serious distortion 3
of the audio frequency signal at the receiver and it is worst when a
large number of sidebands is being transmitted. One of the
characteristics of frequency modulation is the large number of
sidebands produced by low modulating audio frequencies and
selective fading makes the output almost unintelligible. This effect
and the need for a large pass band to accommodate the frequency
deviation render frequency modulation impracticable except on
ultra short waves 13,14, Phase modulation has fewer low-frequency
sidebands so that selective fading is much less serious and it may be
employed for short wave transmission 20, Amplitude modulation is
least affected by multipath selective fading because there are only
two sidebands per modulating frequency.

To understand the reason for the greater signal-to-noise ratio
obtained from a frequency modulated system it is necessary to state
the characteristics of noise. Disturbances in or external to the
receiver can produce noise in its output. Noise from sources
outside the receiver is mainly of the impulse type and is due to
atmospheric disturbances or interference from electrical machinery
(the ignition system of a car, switching surges transmitted by the
mains supply wiring, etc.) ; it often has high peak voltages and may
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be periodic, continuous or spasmodic.

In a well-designed receiver

(with no faulty contacts) internal noise is due to the random motion

of electrons in the conductors and in the valves ;
sources being the first tuned circuit and R.F. valve.

the important
Thermal

agitation (conductor) and shot (valve) noise usually cause a hissing
sound and the frequency components cover a very wide range and

are continually varying in amplitude and phase.

In a receiver for

amplitude modulation these noise voltages (if no carrier is being
received) beat amongst themselves, the beats being made audible by

detection, and the wider the band the worse is the noise.

For

example, suppose the receiver has a band width of 900 to 1,100 kc/s,
a beat of 5 kc/s is produced by two noise voltages at 900 and 905
kc/s as well as by two at 1,095 and 1,100 kc/s and this can be

repeated for all the noise components.

- If a carrier is applied and is

large enough to ensure linear detection, the noise voltages act as
sidebands to the carrier and audible beats are now only produced
between carrier and noise, 7.¢., beats between the noise components
themselves are suppressed. Hence only those noise components
within audio range of the carrier contribute to the noise output, and

the noise output should fall ;

in practice we more often find that the

application of a carrier increases noise and this may be due to noise

on the carrier itself (i.e.,

from the transmitter) and also to the fact

that the noise voltages alone are not large enough to cause linear

detection.

However, the fact is still true that in the presence of a

carrier only those noise components within audio range of the

carrier contribute to the output.

A device (a limiter) is always incorporated in a frequency

modulation receiver to suppress any amplitude changes of carrier so.

that noise cannot have the same effect as in an amplitude modulated

receiver.

For the sake of clarity, let us consider the action of a single

noise frequency component f, kc/s spaced an audio frequency

fu=Ffn—Ff. kc/s from the carrier.
NOISE I
VECTOR 'y I:IAMPLITUDE
ROTATING | I iMODULATION
o
AT f(-—~ ! iDUE TO NOISE
e ' g
ok ' PHASE_MODULATION
- DUE |
0
NOISE
Fig. 7.

By taking the carrier vector as

stationary the noise is a
vector rotating round the
carrier at f. kc/s as
illustrated in Fig. 7. We
see that there is ampli-
tude and phase change of
the carrier vector; the
former, which causes the
noise output in the ampli-
tude modulation receiver,
is suppressed by the
limiter, and the latter,
which produces phase

modulation and hence frequency change of the carrier, gives noise

at the output of the frequency modulation receiver.

An important

feature of phase modulation is that the carrier frequency deviation is

11
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directly proportional to the frequency of a constant amplitude
modulating signal so that noise sidebands near to the carrier give
much less frequency deviation and consequently much less audio
output from a frequency modulation receiver than those distant from
the carrier. This “triangular” distribution of effective noise makes
the signal-to-noise power ratio with a maximum frequency deviation
equal to the audio range -+ 15 kc/s., 2.9 times higher than for an
amplitude modulation receiver working under corresponding
conditions.1® In the case of impulse noise from motor car ignition .
systems, the signal-to-noise ratio is four times that of amplitude
modulation. It is not necessary to confine the frequency deviation
of carrier to the audio range and by increasing this the signal output
can be increased ; hence the signal-to-noise ratio may be further
raised by the ratio frequency deviation/maximum audio modulating
frequency, e.g., if the carrier deviation is 4- 75 kc/s and the maximum
audio frequency 15 kcfs, the signal-to-noise ratio is increased 25
times. Taking the conservative figure of 2.9 to 1 improvement due
to “triangular” noise distribution we have a total improvement in
- signal-noise ratio of 72.5:1 (18.6 db). The increase in receiver -
band width to accommodate the greater frequency deviation
introduces extra noise sidebands, but if the carrier is large in com-
parison with the noise (at least twice the peak value of noise) there
is no increase in noise output because the phase modulation of the
carrier by the additional sidebands is outside the audible range.
When the peak carrier-to-noise ratio is less than 1, inter-action occurs
between noise components, and noise is increased and signal-to-noise
ratio decreased by increasing the frequency deviation. This causes
a well-defined threshold area20 to appear round a frequency modu-
lated transmitter ; outside this area better reception is obtained
with a lower frequency deviation and narrower receiver pass band 43,
Inside this area the reverse is true.

Signal-to-noise ratio can be still further improved by the use of
‘“‘pre-emphasis,”’40 increased amplitude of the higher modulation
frequencies, at the transmitter followed by ‘‘de-emphasis,” restora-
tion of aural balance by reduced amplification of the high modulation
frequencies, at the receiver. Pre-emphasis and de-emphasis can
also be applied to amplitude modulated transmission, but the
improvement in signal-to-noise ratio is not so great as in the case of
frequency modulation which, because of phase modulation of the
carrier by the noise, produces greatest noise in the higher audio
ranges. An unprovement in 31gnal-to-n01se power ratio of
about 5.5/1 (7.4 db) is realised by pre-emphasis giving a totali increase

of 400 to 1 (26 db) for frequency in comparison with amplitude
modulation.

The second advantage of frequency modulation i is that less power
is taken from the mains supply for a given audio power at the
receiver output. In the power amplifier stage of an amplitude
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