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FREQUENCY MODULATION, Vol. I

PREFACE

FREQUENCY MODULATION, Volume I is the seventh volume
in the RCA Technical Book Series and the first on the subject of FM.
Previous volumes have included material on television, radio facsimile,
and ultra-high-frequency radio.

The papers in this volume cover the period 1936-1947 and are pre-
sented in four sections: general, transmission, reception, and miscel-
laneous. Each secticn includes papers reprinted in full and several
reproduced in summary form only, with appropriate original publica-
tion data indicated in each case. As additional sources of reference,
Appendix I includes a frequency modulation bibliography and Appendix
II lists papers dealing with frequency modulation station placement
and field survey techniques.

RCA REVIEW gratefully acknowledges the courtesy of the Insti-
tute of Radio Engineers (Proc. I.R.E.), the McGraw-Hill Publishing
Company, Ine. (Electronics), the Society of Motion Picture Engineers
(Jour. Soc. Mot. Pic. Eng.), the Bryan-Davis Publishing Company
(Communications), and FM and Television in granting to RCA
REVIEW permission to republish material which has appeared in
their publications. The appreciation of RCA REVIEW is also extended
to all authors whose papers appear herein.

* * * * *

FREQUENCY MODULATION, Volume I is being published for
scientists, engineers and others interested in frequency modulation,
with the sincere hope that the material here assembled may help to
speed developments and enable frequency modulation to find its true
place among companion arts and services.

RCA Laboratories, The Manager, RCA REVIEW
Princeton, N. J.
December 15, 1947
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FREQUENCY MODULATION NOISE
CHARACTERISTICS*t

By
MURRAY G. CROSBY

RCA Communications, Inc., Riverhead, L. 1., New York

Summary.—Theory and experimental data are given which show the improve-
ments in signal-noise ratio effected by frequency modulation over amplitude modula-
tton. It is shown that abcrve a certain carrier-noise ratio in the frequency modulalion
recetver which is called the “Cmprovement threshold,” the frequency modulation signal-
notse ratio s greater than the amplitude modulation signal-noise ratio by a factor
equal to the product of a constant and the deviation ratio (the deviation ratio is equal
to the ratio between the maximum frequency deviation and the audio modulation
band width). The constant depends upon the type of noise, being slightly greater for
impulse than for fluctuation noise. In frequency modulation systems with high
devialion ratios, a higher carrier level is required to reach the improvement threshold
than is required in systems with low deviation ralios; this carrier level is higher for
impulse than for fluctuation noise. At carrier-noise ratios below the improvement
threshold, the peak signal-notse raiio characteristics of the frequency modulation
recerver are approximately the same as those of the amplitude modulation receiver,
but the energy content of the frequency modulation noise is reduced.

An effect which is called “frequency limilting” is poinied out in which the peak
value of the noise is limited to a value not greater than the peak value of the signal.
With impulse noise this phenomenon effects a noise suppression in a manner similar
to that in the recent circuils for reducing impulse noise which is stronger than the
carrier in amplitude modulation reception.

When the power gain oblainable in certain types of iransmitlers by the use of
frequency modulation is taken into account, the frequency modulation improvement
Sfactors are increased and the tmprovement threshold is lowered with respect to the
carrier-noise ratio existing in a reference amplitude modulation system.

INnTRODUCTION

of frequency modulation were considered. Prior to, and during

these propagation tests, signal-noise ratio iinprovements effected
by frequency modulation were observed. These observations were
made at an carly stage of the development work and were investigated
by experimental and theoretical methods.

It is the purpose of this paper to consider that phase of the fre-
quency modulation development work by RCA Communications,

]:[N A previously published paper,! the propagation characteristics

* Decimal Classification: R630.3 < R270.

+ Reprinted from Proc. [.R.E., April, 1937.

T Murray G. Crosby, “Frequency Modulation Propagation Character-
isties,” Proc. LR.E., vol. 24, pp. 898-913; June, (1936).
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Inc., in which the signal-noise characteristics of frequency modulation
are studied. The theory and experimental work consider the known
systems of frequency modulation including that independently devel-
oped by E. H Armstrong.?

TABLE OF SYMBOLS

C =carrier peak voltage.

C/N =theory: Ratio between peak voltage of carrier and instan-
taneous peak voltage of the noise in the frequency modula-
tion receiver. Experiment: Ratio between peak voltage of
carrier and maximum instantaneous peak voltage of the
noise

(C/n=ratio between the peak voltage of the carrier and the peak
voltage of the noise component.

C./N .= carrier-noise ratio in the amplitude modulation receiver.
F,=maximum audio frequency of modulation band.
F.=carrier frequency
Fa=peak frequency deviation due to applied modulation.

F 4, =peak frequency deviation of the noise.
F,=intermediate-frequency channel width.
F,=modulation frequency
F,={requency of noise resultant or component.

F4/F . =deviation ratio.

K =slope filter conversion efficiency.
M =modulation factor of the amplitude modulated carrier.

M;=modulation factor at the output of thesloping filter.

My, =modulation factor at the output of the sloping filter when
noise modulates the carrier.

N =instantaneous peak voltage of the noise.
n=peak voltage of the noise component.

N . =noise peak or root-mean-square voltage at amplitude modu-

lation receiver output.

N;=noise peak or root-mean-square voltage at frequency modu-

lation receiver output.
p=2xF,,.

S, =signal peak or root-mean-square voltage at amplitude mod-

ulation receiver output.

S, =signal peak or root-mean-square voltage at frequency mod-

ulation receiver ouput.
w=2rl..

2 Edwin H. Armstrong, “A method of reducing disturbances in radio signal-
ing by a system of frequency modulation,” Proc. I.R.E.| vol. 24, pp. 689-740;
May, (1936).
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w,=27F,.
Wne = (w_ wn) =2W(I(1:_Fn) =27rF,.a.
Z=C/n+4+n/C.

¢(t) =phase variation of noise resultant as a function of time.

THEORY

In the following analysis, frequency modulation is studied by com-
paring it with the familiar system of amplitude modulation. In order
to do this, the characteristics of frequency modulation reception are
analyzed so as to make possible the calculation of the signal-noise ratio
improvement effected by frequency modulation over amplitude modu-
lation at various carrier-noise ratios.®* The amplitude modulation stand-
ard of comparison consists of a double side-band system having the
same audio modulation band as the frequency modulation system and
producing the same carrier at the receiver. Differences in transmitter
power gain due to frequency modulation are then considered separately.
The frequency modulation reception process is analyzed by first con-
sidering the components of the receiver and the manner in which they
convert the frequency modulated signal and noise spectrum into an
output signal-noise ratio.

The Frequency Modulation Receiver

The customary circuit arrangement used for the reception of
frequency modulation is shown in the block diagram of Fig. 1. The
intermediate-frequency output of a superheterodyne receiver is fed
through a limiter to a slope filter or conversion circuit which converts

l ReF AMR
H 8P I-F SLOPE | AF
& [ LLIMITE DET, M
HET DET] AMP FILTER AMP.

1

Fig. 1—Block diagram of a frequency modulation receiver.

the frequency modulation into amplitude modulation. This amplitude
modulation is then detected in the conventional amplitude modulation
manner. The audio-frequency amplifier is designed to amplify only
the modulation frequencies; hence it acts as a low-pass filter which
rejects noise frequencies higher than the maximum modulation fre-
quency.

3 Throughout this paper, carrier-noise ratio will refer to the ratio measured
at the output of the intermediate-frequency channel. Signal-noise ratio will refer

to that measured at the output of the receiver and will depend upon the depth
of modulation as well as upon the carrier strength.
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The purpose of the limiter is to remove unwanted amplitude modu-
lation so that only the frequency modulation component of the signal
will be received. It may take the form of an overloaded amplifier tube
whose output cannot rise above a certain level regardless of the input.
Care must also be exercised to insure that the output of the overloaded
amplifier does not fall off as the input is increased since this would
introduce amplitude modulation of reverse phase, but of equally un-
desirable character.

The main requirement of the conversion circuit for converting the
frequency modulation into amplitude modulation is that it slope lin-
early from a low value of output at one side of the intermediate-fre-
quency channel to a high value at the other side of the channel. To do
this, an off-tuned resonant circuit or a portion of the characteristic of

'
e [-F CHANNE L
1

FILTER OQUTPUT
15
\
|
@
1
i
)

'
'
1
|
18

M
F

\\\ i

M — e 2

[

£ %
FREQUENCY —
Fig. 2—Ideal sloping filter characteristics.

one of the many forms of wave filters may be utilized. The ideal slope
filter would be one which gave zero output at one side of the channel,
an output of one voltage unit at carrier frequency, and an output of
two units at the other side of the channel. Such a characteristic is
given by the curve JOC of Fig. 2. From this curve it is easily seen that
if the frequency is swung between the limits Fy and Fi, about the mean
frequency F., the output of the filter will have an amplitude modula-
tion factor of unity. The modulation factor for a frequency deviation,
4, will be given by
; 2
My—ote_Fe 2 (1)
(Fv—F) (F.—Fo) Ty
where F;=intermediate-frequency channel width.
When the converting filter departs from the ideal characteristic in
the manner of the filter of curve HGOE of Fig. 2, the modulation factor
produced by a given frequency deviation is reduced by a factor equal
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to the ratio between the distances AG@ and AJ or B¥ and BC. A con-
venient term for this reduction factor of the filter is “conversion ef-
ficiency” of the filter. Taking into account this conversicn efficiency,
the modulation factor for a frequency deviation ¥4 becomes

)

where K=AG/AJ =BE/BC = conversion efficiency of the filter.

A low conversion efficiency may be used as long as the degree of
limiting is high enough to reduce the amplitude modulation well below
the level of the converted frequency modulation. This is true since
lowering the conversion efficiency reduces the output of the noise in
the same proportion as the signal as long as no amplitude modulation
is present. Hence the signal-noise ratio is unimpaired and the only ef-
fect is a reduction of the audio gain by the factor K. If insufficient
limiting is applied so that the output of the limiter contains appreci-
able amplitude modulation, a filter with a high conversion efficiency is
desirable so that the amplitude modulation noise will not become com-
parable to the frequency modulation noise and thereby increase the
resultant noise.

A push-pull, or “back-to-back” receiver may be arranged by pro-
viding two filters of opposite slope and separately detecting and com-
bining the detected outputs in push-pull so as to combine the audio
outputs in phase. Another slope filter having a characteristic as shown
by the dot-dash line DOP in Fig. 2 would then be required.

A further type of receiver in which amplitude modulation is also
balanced out may be arranged by making one of the slope filter circuits
of the above-mentioned back-to-back type of receiver a flat-top cireuit
for the detection of amplitude modulation only. The sloping filter
channel then deteets both frequency and amplitude modulation; the
flat-top channel detects only amplitude modulation. When these two
detected outputs are combined in push-pull, the amplitude modulation
is balanced out and the frequency modulation is received. This type
of detection, as well as that in which opposite slope filters are used, has
the limitation that the balance is partially destroyed as modulation is
applied. However, if a limiter is used, the amplitude modulation is
sufficiently reduced before the energy reaches the slope filters; conse-
quently, for purposes of removing amplitude modulation, the balancing
feature is not a necessity.

Noise Spectrum Analysis

The first step in the procedure to be followed here in determining
the noise characteristies of the frequency modulation receiver will be
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to determine mathematically the fidelity with which the noise is trans-
mitted from the radio-frequency branch, in which it originates, to the
measuring instrument as a function of frequency. To do this, the waves
present at the receiver input will be assumed to be the frequency
modulated carrier and the spectrum of noise voltages. This wave and
spectrum will be combined into a single resultant whose amplitude and
phase are functions of the constants of the component waves. The
resultant will then be “mathematically” passed through the limiter to
remove the amplitude modulation. From a determination of the in-
stantaneous frequency of the resultant, the peak frequency deviation
effected by the noise will be found. A single noise component of arbi-
trary frequency will then be substituted for the resultant of the noise
spectrum, and the modulation factor at the output of the converting
filter will be obtained. This noise component will then be varied in
frequency to determine the over-all transmission of the receiver in
terms of the modulation factor at the sloping filter output. The area
under the curve representing the square of this over-all transmission
will then be determined. By comparing this area with the corresponding
area for an amplitude modulation receiver under equivalent conditions,
and taking into consideration the pass band of the intermediate- and
audio-frequency channels, a comparison will be obtained between the
average noise powers, or the average root-mean-square neise voltages
from the two receivers.*

The peak voltage characteristics of the two receivers will be com-
pared for fluctuation noise by a correlation of known crest factors with
the root-mean-square characteristics. (Crest factor=ratio between
the peak and root-mean-square voltages.) The peak voltage charac-
teristics of impulse noise will be determined by a separate considera-
tion of the effect of the frequency modulation over-all transmissions
upon the peak voltage of this type of noise.

After a comparison between the noise output voltages from the
frequency and amplitude modulation receivers has been obtained, the
respective signal output voltages will be taken into consideration so
that the improvement in signal-noise ratio may be determined.

In the process of determining the over-all transmission of the noise,
the frequency modulated wave may be expressed by

e, = C sin {wt + (Fa/Fn) cos pt} (3)

4 Stuart Ballantine, “Fluctuation noise in radio receivers,” Proc. I.R.E.,
vol. 18, pp. 1377-1387; August, (1930). In this paper, Ballantine shows that the
average value of the square of the noise voltage “ . . . is proportional to the area
under the curve representing the square of the over-all transimpedance (or of the
transmission) from the radio-frequency branch in which the disturbance origi-
nates to the measuring instrument as a function of frequency . ...”
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where C =carrier peak voltage, w=2xF, F,=carrier frequency,
Fa=applied frequency deviation, p=2xF,, and F,=modulation
frequency. The noise spectrum may be expressed by its resultant,?

e, = N sin (wit 4 ¢()) “4)

where N =instantaneous peak voltage of the noise (a function of time).
¢(2) takes into account the fact that the noise resultant is phase modu-
lated, as would be the case with the resultant of a spectrum of many
noise voltages. w,=2xF,, F,= frequency of the noise resultant.

The signal voltage given by (3) and the noise voltage given by (4)
may be combined by vector addition to give

F
e= 4/02+N2+20N coS {(w—w")t—¢(t)+;cospt}

Fy
sin {(w—wn)t—qs(t) +F_‘_ coS pt}

Fq

i {+— t+tan—! (5

S ‘4 {< ) (t)+Fd ‘ ¥
N €08 § (w—wy)t—¢ chosp}

When the resultant wave given by (5) is passed through the limiter
in the frequency modulation receiver, the amplitude modulation is
removed. Hence the amplitude term is reduced to a constant and the
only part of consequence is the phase angle of the wave. The rate of
change of this phase angle, or its first derivative, is the instantaneous
frequency of the wave. Taking the first derivative and dividing by 2«
to change from radians per second to cycles per second gives

Fy
sin {wnat— o(f) +F cos pt}

m

Fq
d] wt +F cos pt-tan—*

C
—ﬁ-f—cos {wna qS(t)-!-— cos pt}

dt 27

1 do(t)
<Fna é‘; T—Fd sin pt)

=f=F,—F4sin pt— 7 (6)
—ﬁ—{—cos {wnu ¢(t)+— cOS pt}

N
6+COS {wna ¢(t)—l——— cOS pt}

8 John R. Carson, “The reduction of atmospheric dlsturbances,” Proc.
L.R.E,, vol. 16, pp. 967-975; July, (1928).
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in which w,o=(w—w,) =27 (F.—F,) =2xF ..

Equation (6) gives the instantaneous frequency of the resultant
wave consisting of the signal wave and the noise resultant voltage.
From this equation the signal and noise frequency deviations may be
obtained. In order to determine the over-all transmission with respect
to the various components in the noise spectrum, a single component
of noise, with constant amplitude and variable frequency, will be
substituted for the resultant noise voltage given by (4). This makes
N equal to n, which is not a funection of time, and ¢(f) equal to zero.
Making these changes in (6) gives

Foe — Fgqsin pt
f=Fo=Fasinpt - — ( 4 5in pl) G

Fg
— + €08 qwudl +FCOS pt}

n m

+ 1

" { L
C + c0S S Wpa chosp}

The equations for the instantaneous frequency, given by (6) and
(7), show the manner in which the noise combines with the incoming
carrier to produce a frequency modulation of the carrier. From these
equations the frequency deviations of the noise may be determined,
and from the frequency deviations the modulation factor at the out-
put of the sloping filter may be found. Hence the over-all transmission
may be obtained in terms of the modulation factor at the output of the
sloping filter for a given carrier-noise ratio. When the carrier-noise
ratio is high, (6) and (7) simplify so that calculations are fairly easy.
When the carrier-noise ratio is low, the equations become involved to
a degree which discourages quantitative calculations.

High Carrier-Noise Ratios

When C/n is large compared to unity, and the applied modulation
on the frequency modulated wave is reduced to zero (Fa=0), (7) re-

duces to
2

n n
f=F. - 6—2 Fog — —(—j— Fra COS wpdl. (8)

From (8) the effective peak frequency deviation of a single noise
component of the spectrum is

nFpafn
Fa, = — 1), 9
p C(C+> 9

But, since n/C is negligible compared to unity,
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Fna
Fan = 0. (10)
C

When this value of frequency deviation is substituted in (1) to find
the modulation factor® of the energy at the output of the sloping filter,
the following results:

(11)

Equation (11) shows that the modulation factor of the noise is in-
versely proportional to the carrier-noise ratio and directly proportional
to the ratio between the noise audio frequency and one half the inter-
mediate-frequency channel width. When this equation is plotted with
the noise audio frequency, F.,, as a variable and the modulation factor
as the ordinate, the audio spectrum obtained for the detector output is
like that of the triangular spectrum OBA in Fig. 3. Such a spectrum
would be produced by varying F, through the range between the upper
and lower cutoff frequencies of the intermediate-frequency channel.
The noise amplitude would be greatest at a noise audio frequency equal
to one half the intermediate-frequency channel width. At this noise
audio frequency, the ratio 2 F.,/F; is equal to unity and the modula-
tion factor becomes equal to n/C. If the detector output is passed
through an audio system having a cutoff frequency F,, the maximum
frequency of the audio channel governs the maximum amplitude of
the spectrum. The maximum amplitude of the detector output is there-
fore reduced by the ratio ¥;/2:F,. This can be seen by a comparison
of the spectrum OBA for the detector output and the spectrum ODH
for the audio channel output.

When the amplitude modulation reception process is analyzed with
a carrier and noise spectrum present at the receiver input, the modula-
tion factor of the energy fed to the detector is found to be equal to the
reciprocal of the carrier-noise ratio for all of the noise frequencies in
the spectrum. That is to say, the receiver transmission for amplitude
modulation will be constant for all of the frequencies in the spectrum.
Normally the upper cutoff frequency of the audio amplifier is equal to
one half the intermediate-frequency channel width (F,=F;/2). Con-
sequently the audio spectrum of the amplitude modulated noise fed to

¢ The ideal filter is used in this case since the use of a filter with a low con-
version efficiency would merely require the addition of audio gain to put the
frequency modulation receiver on an equivalent basis with the amplitude modu-
lation receiver. The audio gain necessary would be equal to the reciprocal of the
conversion efficiency of the sloping filter.



10 FREQUENCY MODULATION, Volume 1

the detector will be the same as that at the receiver output and will
be as portrayed by the rectangle OCEH.

The spectra of Fig. 3 show the manner in which the frequency mod-
ulation receiver produces a greater signal-noise ratio than the ampli-
tude modulation receiver. The noise at the output of the detector of
the frequency modulation receiver consists of frequencies which extend
out to an audio frequency equal to one half the intermediate-frequency
channel width, and the amplitudes of these components are propor-
tional to their audio frequency. Hence in passing through the audio
channel the noise is reduced not only in range of frequencies, but also
in amplitude. On the other hand, the components of the signal wave
are properly disposed to produce detected signal frequencies which
fit into the audio channel. In the case of the amplitude modulation
receiver, the amplitude of the components at the output of the audio

nle E B
<
24
8
& o F
Q
o
=
O R~ K &

Fig. 3—Amplitude and frequency modulation receiver noise spectra. OBA =
frequency modulation detector output. ODH =frequency modulation re-
ceiver output. OCEH =amplitude modulation receiver output.

channel is the same as that at the output of-the detector since the spec-
trum is rectangular. Thus the frequency modulation signal-noise ratio
is greater than the amplitude modulation signal-noise ratio by a factor
which depends upon the relative magnitudes of the spectra OCEH
and ODH. The magnitudes which are of concern are the root-mean-
square and peak values of the voltage due to the spectra.

Root-Mean-Square Noise Considerations

The average noise power or average root-mean-square voltage ratio
between the rectangular amplitude modulation spectrum OCEH and
the trangular frequency modulation spectrum ODH, of Fig. 3, may be

found by a comparison of the squared-ordinate areas of the two spec-
tra. Thus,

Wa  area OCEH (ordinates)?

W, area ODH (ordinates)?
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n 2
_> F.
c Fi\?
= =3 (12)
Fofn 20\ 2F,
f AF s
0

i

where W./W, is the ratio between the amplitude modulation average
noise power and the frequency modulation average noise power at the
receiver outputs. The root-mean-square noise voltage ratio will be

Vi (13)

a Wa
—— (r-m-s fluctuation) = = .
2F,

Nj Wf -

Equation (13) gives the root-mean-square noise voltage ratio for
equal carriers applied to the two receivers. The modulation factor of
the frequency modulated signal due to the applied frequency devia-
tion, Fg, is, from (3), equal to 2F,;/F;. The modulation factor of the
amplitude modulated signal may be designated by M and has a maxi-
mum value of 1.0. Thus the ratio between the two signals will be given

by
FM F;

— (peak or r-m-s values) =

for M = 1.0). (14
S, or, "2, 0 - (9

Dividing (13) by (14), to find the ratio between the signal-noise ratios
at the outputs of the two receivers, gives

Ss/Ny
S./Na

F
(r-m-s values) = /3 #- (15)

It is apparent that the ratio between the frequency deviation and
the audio channel, F,/F,, is an important factor in determining the
signal-noise ratio gain effected by frequency modulation. A convenient
term for this ratio is the “deviation ratio” and it will be designated as
such hereinafter.

Equation (15) gives the factor by which the amplitude modulation
root-mean-square signal-noise ratio is multiplied in order to find the
equivalent frequency modulation signal-noise ratis. Since this factor is
used so frequently hereinafter, it will be designated by the word “im-
provement.” The improvement given by (15) has been developed
under the assumption of zero applied frequency deviation (no modula-
tion) and a carrier which is strong compared to the noise. However, as
will be shown later, as long as the carrier is strong compared to the
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noise, this equation also holds true for the case where modulation is
present.

Peak Noise Considerations

In the ultimate application of signal-noise ratios, peak voltages are
of prime importance since it is the peak of the noise voltage which
seems to produce the annoyance. This is especially true in the case
of impulse noise such as ignition where the crest factor of the noise
may be very high. Thus the energy content of a short duration impulse
might be very small in comparison with the energy content of the
signal, but the peak voltage of the impulse might exceed the signal peak
voltage and become very annoying. The degree of this annoyance
would of course depend upon the type of service and will not be gone
into here. In view of this importance of peak noise considerations, the
final judgment in the comparison between the systems of frequency
and amplitude modulation treated here will be based upon peak signal-
noise ratios.

When the peak voltage or current ratio of the frequency and ampli-
tude modulation spectra is to be determined, the characteristics of the
different types of noise must be taken into consideration. There seem
to be two general types of noise which require consideration. The first
of these is fluctuation noise, such as thermal agitation and shot effect,
which is characterized by a random relation between the various fre-
quencies in the spectrum. The second is impulse noise, such as ignition
or any other type of noise having a spectrum produced by a sudden
rise of voltage, which is characterized by an orderly phase and ampli-
tude relation between the individual frequencies in the spectrum.

Experimental data taken by the author have shown that the fluctua-
tion noise crest factor is constant, independent of band width, when the
carrier is strong compared to the noise. Thus the peak voltage of fluc-
tuation noise varies with band width in the same manner that root-
mean-square voltage does, namely, as the square-root of the band
width ratio. Consequently, for the strong-carrier condition, the peak
voltage characteristics of fluctuation noise may be determined by ap-
plying the experimentally determined crest factor to the root-mean-
square characteristics. Hence, in the case of fluctuation noise, (15) ap-
plies for peak noise improvement as well as for average root-mean-
square noise improvement.

Impulse Noise Characteristics

A simple way of visualizing the manner in which impulse noise
produces its peak radio-frequency voltage is to consider the case of a
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recurrent impulse. 1t is well known that a recurrent impulse, such as
square-wave-form dots, may be expressed by a Fourier series which
consists of a fundamental and an infinite array of harmonics. The
amplitudes of these harmonics are inversely proportional to their fre-
quencies. The components of the single impulse will be similar to those
of the recurrent impulse since the single impulse may be considered as
a recurrent impulse with a very low rate of recurrence. The part of this
impulse spectrum that is received on a radio receiver is a small band
of the very high order harmonics. Since the frequency difference be-
tween the highest and lowest frequencies of this band is small compared
to the mid-frequency of the band, all of the frequencies received are of
practically equal amplitude. These harmonies are so related to each
other by virtue of their relation to a common fundamental that they
are all in phase at the instant the impulse starts or stops. Hence, for
the interval at the start or stop of the impulse, all of the voltages in
the band add up arithmetically and the peak voltage of the combina-
tion is directly proportional to the number of individual voltages.
Sinee the individual voltages of the spectrum are equally spaced
throughout the band, the number of voltages included in a given band
is proportional to the band width. Consequently, the peak voltage of
the resultant of the components in the spectrum is directly propor-
tional to the band width. Thus impulse noise varies, not as the square
root of the band width, as fluctuation noise does, but directly as the
band width.” Since the voltages in the spectrum add arithmetically,
their peak amplitude is proportional to their average ordinate as well
as proportional to the band width. This makes the peak voltage of
impulse noise, not proportional to the square root of the ratio between
the squared-ordinutes areas, as is the case with root-mean-square noise,
but proportional to the ratio between the areas of the two spectra.
Hence, (referring to Fig. 3)

* (peak val . Ise) area OCEH
—— (peak values, im =——
N, P  HHPUISE area ODH
C xFa Fi
_ /0 _E g
F. % 1 X.‘ZFa n F,
e TR T C

" The fact that the peak voltage of impulse noise varies directly with the
band width was first pointed out to the author by V. D. Landon of the RCA
Manufacturing Company. The results of his work were later presented by him as
a paper entitled “A study of noise characteristics,” before the Eleventh Annual
Convention, Cleveland, Ohio, May 13, 1936; published in the Proc. I.R.E., vol.
24, pp. 1514-1521; November, (1936).
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Dividing (16) by (14) to obtain the ratio between the frequency and
amplitude modulation output signal-noise ratios gives
SN (peak values, impulse) = 2 (17)
eak values, impulse) = 2 —-
S./N. p p

a

Equation (17) shows that the frequency modulation peak voltage
improvement with respect to impulse noise is equal to twice the devia-
tion ratio or about 1.16 times more improvement than is produced on
fluctuation noise. The peak power gain would be equal to the square
of the peak voltage gain or four times the square of the deviation ratio.

Low Carrier-Noise Ratios

When the expression for the instantaneous frequency of the wave
modulated by the noise component and signal, given by (7), is resolved
into its components by the use of the binomial theorem, the following
is the result:

. (Fpo — Fasinpt) [ n K
f=F;— Fysin pt — Zd P [F—<1 ZC){ -

— K ¢08 (waal — Fysin pt) 4+ K cos 2(waet — Fg sin pt)

+ Kj cos 3(wuet — Fasin pt) - - - }] (18)
C n
in which Z = — +— and
K = K. = 10 35 126 462 1716
0 = »1—<1+ +—+AG+-“+Z10+—Z7+"') (19)
1 4 15 56 210 792 3003
K2=(_“__________~___...) w
7 78 gs g1 gy o gu 713
K. = 21 84 330 1287 5005 91
3-—( + + + +_Z~;E+_Zl—2+ Pt ) (21)

Additional terms of the series of (19), (20), and (21), as well as higher
order series, may be found with the aid of a table of binomial coeffi-
cients.

Equation (18) shows that, as the carrier-noise ratio approaches
unity, the effective signal-noise ratio at the receiver output is no
longer directly proportional to the carrier-noise ratio. The effective
frequency deviation produced by the noise has harmonies introduced
and a constant frequency shift added. The effect of the harmonies and
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constant shift is to make the wave form of a single noise component
very peaked and of the nature of an impulse. Because of the selectivity
of the audio channel, none of the harmonics are present for the noise
frequencies in the upper half of the audio spectrum. As the frequency
of the noise voltage is lowered, more and more harmonics are passed
by the audio channel and as a consequence, the peak frequency devia-
tion due to the noise-is increased. This can be more easily understood
from the following calculation of the wave form produced by the in-
stantaneous frequency deviation of the single noise component.

\

TION
4
i
4
M
N

AV

{
]
]
|

Wi

i

I .
FR oJ‘E’{ CY D!
Q p

[

I
[

A Y I Y

Fig. 4—Calculated wave forms showing the distortion produced on the instan-
taneous frequency deviation of the wave composed of the combination of
the carrier and a single noise component. C'/n =ratio between the peak volt-
age of the carrier and the peak voltage of the noise component.

The curves of Fig. 4 have been calculated from (7) and show how
the instantaneous frequency deviation varies with time or the phase
angle of the wave. A wave with the instantaneous frequency given by
these curves would produce voltages in the output of the detector of
the frequency modulation receiver which are proportional to the fre-
quency deviations. It can be seen from these curves that, as the carrier-
noise ratio approaches unity, the wave form becomes more and more
peaked. The harmonics which enter in to make up this peaked wave
form are given by (18) and are completely present for all noise fre-
quencies only in the absence of audio selectivity.

In the. presence of audip selectivity, the condition portrayed by
(18) is approached as the-audio frequency of the noise approaches zero.
Thus the wave form of the noise is sinusoidal at a noise frequency high
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enough to have its harmonics eliminated by the audio selectivity, but
becomes more peaked as the frequency is made lower so that more
harmonics are included. This effect tends to increase the peak voltage
of the low-frequency noise voltages which have a large number of
harmonies present. Thus, as the carrier-noise ratio approaches unity,
the triangular audio spectrum is distorted by an increase in the ampli-
tude of the lower noise frequencies.

The above gives a qualitative and partially quantitative description
of the noise spectrum which results at the lower earrier-noise ratios.
Further development would undoubtedly make possible the exact cal-
culation of the peak and root-mean-square signal-noise ratio at the
receiver output when the carrier-noise ratio at the receiver input-is
close to unity, but, because of the laborious nature of the calculations
involved in evaluating the terms of (18), and pressure of other work,
the author is relying upon experimental determinations for these data.

Noise Crest Factor Characteristics

The crest factor characteristics of the noise can be studied to an
approximate extent by a study of (6). This equation portrays the
resultant peak frequency deviation of the wave at the output of the
limiter. From it, the crest factor characteristics of the output of the
detector may be determined since in the frequency modulation receiver
frequency deviations are linearly converted into detector output volt-
ages. However, the crest factor characteristics of the receiver output
are different from those at the detector output due to the effect of the
selectivity of the audio channel. This is especially true in the case of
the frequency modulation receiver with a deviation ratio greater than
unity, that is, where the audio channel is less than one half the inter-
mediate-frequency channel. Consequently, in order to obtain the final
results, the effect of the application of the audio selectivity must be
applied to the results determined from a study of (6).

From the curves of Fig. 4, it can be seen that the peak frequency
deviation of the wave given by (7) occurs at a phase angle equal to 180
degrees. From the similarity of (6) and (7), it can be seen that the
peak frequency deviation of (6) would also occur at a phase angle of
180 degrees. At this phase angle the noise peak frequency deviation

from (6) is
1 de¢(t
(Fna - '%tQ_FdSinpt)

2r

( =
Jan(peak) /Ny — 1
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1 de(t

- (Fna ~ 5 —Zi—) - Fdsinpt>

= - - (22)
(C/N) -1

Equation (22) shows that the peak frequency deviation of the
noise, for any value of carrier-noise ratio, C/N, is proportional
to the noise instantaneous audio frequency given by the quantity

1 do(t
(F,.,, b -.%(?2 ~ F4sin pt>, and to the quantity 1/{(C/N) — 1)}.
¥

C/N is the resultant instantaneous peak carrier-noise ratio which is pres-
ent in the output of the frequency modulation intermediate-frequency
channel. It is apparent that when this carrier-noise ratio is high, the
peak frequency deviation of the noise is proportional to N/C. When
the carrier-noise ratio is equal to unity, the peak frequency deviation
becomes infinite and it is evident that the frequency modulation im-
provement, which is based on a high carrier-noise ratio, would be lost
at this point. The term “improvement threshold” will be employed
hereinafter to designate this point below which the frequency modula-
tion improvement is lost and above which the improvement is realized.
Theoretically this termm would refer to the condition where the instan-
taneous peak voltage of the noise is equal to the peak voltage of the
carrier. However, in the practical case, where only maximum peak
values of the noise are measured, the improvement threshold will refer
to the condition of equality of the mazimum instantaneous peak volt-
age of the noise and the peak voltage of the carrier.

As the experimental characteristics will show, this increase in peak
frequency deviation of the noise is manifested in an increase in crest
factor of the noise. The crest factor cannot rise to infinity, however,
due to the limitations imposed by the upper and lower cutoff fre-
quencies of the intermediate-frequency channel. This selectivity limits
the peak frequency deviation of the resultant of the noise and applied
modulation to a value not greater than one half the intermediate-fre-
quency channel width. Hence, in the absence of applied {requency
modulation, the peak voltage of the noise at the detector output may
rise to a value equal to the peak voltage due to the applied frequency
modulation with maximum f{requency deviation. In the presence of the
applied frequency modulation, the total peak frequency deviation is
limited so that the noise peaks depress the signal, that is, they punch
holes in the signal, but do not rise above it. Thus a phenomenon which
might be termed “frequency limiting” takes place. This frequency
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limiting limits frequency deviations in the same manner that amplitude
limiting limits amplitude deviations. The resulting effect is the same
as though an amplitude limiter were placed at the detector output to
limit the output so that the peak voltage of the noise or signal, or their
resultant, cannot rise above a voltage corresponding to that produced
by the signal alone at full modulation.

Since the frequency limiting limits the noise so that its maximum
amplitude cannot rise-above the maximum amplitude of the applied
modulation, a noise suppression effect is present which is similar to
that effected by the recent noise suppression circuits® ¢ used for reduc-
ing impulse noise which is stronger than the amplitude modulated
carrier being received. The result of such limiting is a considerable re-
duction of the annoyance produced by an intermittent noise, such as
ignition, where the duration of the impulses is short and the rate of
recurrence is low. With such noise, the depression of the signal for the
duration of the impulse reduces the presence of the signal for only a
small percentage of the time; the resultant effect is a considerable im-
provement over the condition where the peaks of the noise are stronger
than the signal. On the other hand, for steady noise such as fluctua-
tion noise, as the carrier-noise ratio is made less than unity, the signal
is depressed more and more of the time so that it is gradually smothered
in the noise.

When the effect of the audio selectivity is considered in conjunction
with the frequency limiting, it is found that the noise suppression
effect is somewhat improved for the case of a deviation ratio greater
than unity. The reason for this is as follows: The frequency limiting
holds the peak voltage of the noise at the output of the detector so that
it cannot rise above the maximum value of the signal. However, in
passing through the audio channel, the noise is still further reduced
by elimination of higher frequency components whereas the signal
passes through without reduction. Consequently the over-all limiting
effect is such that the noise is limited to a value which is less than the
maximum value of the signal. The amount that it is less depends upon
the difference between the noise spectra existing at the output of the
detector and the output of the audio selectivity.

Experimental determinations, which will be shown later, point
out that as unity carrier-noise ratio is approached, the frequency

8 Leland E. Thompson, “A detector circuit for reducing noise interference
in C.W.reception,” QST, vol. 19, p. 38; April, (1935). A similar circuit for teleph-
ony reception is deseribed by the same author in QS8T, vol. 20, pp. 44-45;
February, (1936).

® James J. Lamb, “A noise-silencing I.F. circuit for superhet receivers,”
QST, vol. 20, pp. 11-14; February, (1936).
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modulation audio noise spectrum changes from its triangular shape to
a somewhat rectangular shape. Hence the noise spectrum at the out-
put of the detector when frequency limiting is taking place would be
approximately as given by OCBA of Fig. 3. When the audio selectivity
is applied, the spectrum would be reduced to OCEH and the band
width of the noise would be reduced by a ratio equal to the deviation
ratio. This would reduce the peak voltage of fluctuation noise by a
ratio equal to the square root of the deviation ratio and that of im-
pulse noise by a ratio equal to the deviation ratio. Thus, the resultant
effect of the frequency limiting is that the fluctuation noise output is
limited to a value equal to the maximum peak voltage of the signal
divided by the square root of the deviation ratio. The corresponding
value of impulse noise is limited to a value equal to the maximum
peak voltage of the signal divided by the deviation ratio. Consequently,
with fluetuation noise, when the noise and signal are measured in the
absence of each other, the signal-noise ratio cannot go below a value
equal to the square root of the deviation ratio; the corresponding
signal-noise ratio impulse noise cannot go below a value equal to the
deviation ratio. However, these minimum signal-noise ratios are only
those which exist when the noise is measured in the absence of the
applied frequency modulation. When the applied modulation and the
noise are simultaneously present, the noise causes the signal to be
depressed. When this depressed signal, with its depression caused by
noise composed of a wide band of frequencies, is passed through the
audio selectivity, the degree of depression is reduced. The amount of
the reduction will be different for the two kinds of noise. The de-
termination of the actual magnitude of this reduction of the signal
depression, as effected by the audio selectivity, will be left for experi-
mental evaluation.

In comparing frequency modulation systems with different devia-
tion ratios at the low carrier-noise ratios, the wider intermediate-fre-
quency channel necessary for the high deviation ratio receiver gives
that receiver a disadvantage with respect to the low deviation ratio
receiver. Since this wider channel accepts more noise than the nar-
rower intermediate-frequency channel of the low deviation ratio re-
ceiver, when equal carriers are fed to both such receivers equality of
carrier and noise occurs at a higher carrier level in the high deviation
ratio receiver. As a result, a higher carrier voltage is required to reach
the improvement threshold in the case of the high deviation ratio
system. Thus at certain low carrier levels, the earrier-noise ratio could
be above the improvement threshold in the low deviation ratio system,
but below in the high deviation ratio system; at this carrier level the
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low deviation ratio system would be capable of producing a better
output signal-noise ratio than the high deviation ratio system.

The difference between the improvement thresholds of receivers
with different deviation ratios may be investigated by a determination
of the carrier-noise ratio whieh exists in the reference amplitude modu-
lation receiver when the improvement threshold exists in the frequency
modulation receiver. This carrier-noise ratio may be found by a con-
sideration of the relative band widths of the intermediate-frequency
channels of the receivers. Thus, when the deviation ratio is unity, and
the intermediate-frequency channel of the frequeney modulation re-
ceiver is of the same width as that of the amplitude modulation re-
ceiver,!? the two receivers would have the same carrier-noise ratio in
the intermediate-frequency channels., When the deviation ratio is
greater than unity, and the intermediate frequency channel of the fre-
quency modulation receiver is broader than that of the amplitude
modulation receiver, the carrier-noise ratio in the frequency modula-
tion receiver is less than that in the amplitude modulation receiver.
For the case of fluctuation noise, where the peak values vary as the
square root of the ratio between the two band widths concerned, the
carrier-noise ratio in the frequency modulation intermediate-frequency
channel would be less than that in the amplitude modulation inter-
mediate-frequency channel by a ratio equal to the square root of the
deviation ratio. Thus, when equal carrier voltage is fed to both re-
ceivers,

Co/Na = (C/N)\/F4/F, (fluctuation noise, peak or r-m-s values) (23)

in which C./N,=carrier-noise ratio in the amplitude modulation in-
termediate-frequency channel and (/N =corresponding ratio in the
frequency modulation intermediate-frequency channel,

In the case of impulse noise, where the peak values of the noise

10 In order to assume that the frequency modulation receiver with a devia-
tion ratio of unity has the same intermediate-frequency channel width as the
corresponding amplitude modulation receiver, the assumption would also have
to be made that the peak frequency deviation due to the applied frequency
modulation is equal to one half the intermediate-frequency channel width. In
the ideal receiver with a square-topped selectivity characteristic, this amount of
frequency deviation would produce considerable out-of-channel interference and
would introduce distortion in the form of a reduction of the amplitudes of the
higher modulation of frequencies during the intervals of high peak frequency
deviation. However, under actual conditions, where the corners of the selectivity
characteristic are rounded, it has been found that the frequency deviation may
be made practically equal to one half the normal selectivity used in amplitude
modulation practice without serious distortion. Receivers with high deviation
ratios are less susceptible to this distortion due to the natural distribution of the
side bands for the high values of F3/F,, which are encountered with such re-
celvers. .
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vary directly with the band-width ratio, the carrier-noise ratios in the
two receivers are related by

Co/N, = % ? (impulse noise, peak values). (24)

From (23), it can be seen that, with fluctuation noise, a carrier-
noise ratio equal to the square root of the deviation ratio would exist
in the amplitude modulation intermediate-frequency channel when the
carrier-noise ratio is at the improvement threshold (C/N =1) in the
frequency modulation intermediate-frequency channel. Likewise, from
(24), with impulse noise, the frequency modulation improvement
threshold occurs at a peak carrier-noise ratio in the amplitude modula-
tion intermediate-frequency channel which is equal to the deviation
ratio.

Effect of Application of the Modulation

For the condition of a carrier which is strong compared to the noise,
the equation for the instantaneous frequency of the wave modulated
by the noise and signal, given by (7), may be reduced to the following:

n2
f=F;~ Fgsin pt — o (Fns — Fysin pt)

n Fd
-7 (Fns — Fasin pt) cos {w,.at +F cos pt} . (25)
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By neglecting the inconsequential term proportional to n2/C?, applying
the sine and cosine addition formulas, the Bessel function expansions,
and the Bessel function recurrence formulas, (25) may be resolved into
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This resolution shows that the application of frequeney modulation
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to the carrier divides the over-all transmission of the receiver into
components due to the carrier and each side frequency. The amplitudes
of these components are proportional to the frequency difference be-
tween the noise voltage and the side frequency producing the com-
ponent. The frequency of the audio noise voltage in each one of these
component spectra is equal to the difference between the side frequency
and the noise radio frequency. Thus the application of the modulation
changes the noise from a single triangular spectrum due to the carrier,
into a summation of triangular spectra due to the carrier and side
frequencies. In the absence of selectivity, the total root-mean-square
noise would be unchanged by the application of the modulation sinee
the root-mean-square summation of the frequency modulation carrier
and side frequencies is constant; hence the root-mean-square summa-
tion of noise spectra whose amplitudes are proportional to the strength
of the carrier and side frequencies would be constant. However, since
selectivity is present, the noise is reduced somewhat. This can be seen
by considering the noise spectrum associated with one of the higher
side frequencies. The noise spectrum associated with this side fre-
quency, which acts as a “carrier” for its noise spectrum, is curtailed
at the high-frequency end by the upper cutoff of the intermediate-
frequeney channel. The region of noise below the side frequency is
correspondingly increased in range, but yields high-frequency noise
voltages which are eliminated by the audio-frequency selectivity.
Consequently when modulation is applied, the noise is slightly reduced.
The amount of this reduction may be calculated by a root-mean-square
summation of the individual noise spectra due to the carrier and side
frequencies. For the case of a deviation ratio of unity, an actual sum-
mation of the various spectra for full applied modulation has shown
the root-mean-square reduction to be between two and three decibels
depending upon the audio frequency of the noise. The same sort of
summations also shows that the reduction becomes less as the devia-
tion ratio is increased.

The weak-carrier root-mean-square noise characteristics in the
presence of applied frequency modulation do not lend themselves to
such straightforward calculation as the corresponding strong-carrier
characteristics and will not be gone into here. The same can be said
for the peak-noise characteristics in the presence of applied frequency
modulation,

Transmitter Frequency Modulation Power Gain

The above considerations, which are based upon the equivalent
conditions of equal carrier amplitude at the input of the amplitude
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and frequency modulation receivers, do not take into account the
power gain effected by the use of frequency modulation at the trans-
mitter. Since the power in a frequency modulated wave is constant, the
radio-frequency amplifier tubes in the transmitter may be operated
in the class C condition instead of the class B condition as i8 required
for a low level modulated amplitude modulation system. In changing
from the class B to the class C condition, the output voltage of the
amplifier may be doubled. Consequently a four-to-one power gain
may be realized by the use of frequency modulation when the ampli-
tude modulation transmitter uses low-level modulation. On the other
hand, when the amplitude modulation transmitter uses high level
modulation—that is, when the final amplifier stage is modulated, the
power gain is not so great. However, for the purpose of showing the
effect of a transmitter power gain, the amplitude modulation trans-
mitter will be assumed to be modulated at low levels.

As this paper is in the final stages of preparation, systems of ampli-
fying amplitude modulation have been announced wherein plate effi-
ciencies of linear amplifiers have been increased practically to equal the
class C efficiencies.!!:'? Since these systems are not in general use as
yet, it will suffice to say that such improvements in amplitude modula-
tion transmission will tend to remove the frequency modulation trans-
mitter gain in accordance with these improvements. Hence the over-
all frequency modulation gain will more nearly approach that due to
the receiver’ alone.

With a four-to-one power gain at the transmitter, a frequency
modulation system would deliver twice the carrier voltage to its re-
ceiver that an amplitude modulation system would with the same
transmitter output stage. Henee (15) and (17), and (23) and (24)
become, respectively,

S;/N,
S!; ! (peak values, fluctuation noise) = 2+/3F,;/F, @7
S;/N,
Sszv, (peak values, impulse noise) = 4Fs/Fa (28)

u W H. Doherty, “A new high efficiency power amplifier for modulated
waves,” presented before Eleventh Annual Convention, Cleveland, Ohio, May
13, (1936) published in Proc. I.R.E., vol. 24, pp. 1163-1182; September (1936).

.N. A, Hawkins, “A new, hlgh eﬂiclency linear amphﬁer, Radio, no.
209, pp '8-14, 74-76; May, (1936).

13 The receiver and transmitter gain are mentioned rather loosely when they
are separated in this way. However, it will be understood that the receiver gain
could not be realized without providing a transmitter to match the requirements
of the receiver.
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C./N = (C/2N)\/F4/F, (fluctuation noise, r-m-s or peak values) (29)
C./N = (C/2N)F;/F, (impulse noise, peak values). (30)

These equations show that this increase in carrier fed to the frequency
modulation receiver not only increases the frequency modulation im-
provement, but also lowers the carrier-noise ratio received on the
amplitude modulation receiver when the improvement threshold exists
in the frequency modulation receiver.
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Fig. 5—Theoretical signal-noise ratio characteristics of frequency and amplitude
modulation without the transmitter gain taken into account. Curve A =am-
plitude modulation receiver. The curves marked with I and F show the
characteristics of the frequency modulation receivers for impulse and
fluctuation noise, respectively. ¥Fq/F; =deviation ratio.

Theoretical Conclusions

The curves of Fig. 5 and 6 summarize the theoretical coneclusions
by means of an example in which receivers with deviation ratios of
four and one are tompared with each other and with an amplitude
modulation receiver at various carrier-noise ratios. Fig. 5 shows the
receiver gain only, whereas Fig. 6 takes into consideration a trans-
mitter power gain of four to one. The curves are plotted with peak
carrier-noise ratio in the amplitude modulation selectivity channel as
a standard of comparison. Thus the curve for the amplitude modula-
tion receiver is a straight line with a slope of forty-five degrees. The
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curves for the frequency modulation receivers show output signal-noise
ratios which are greater or less than those obtained from the ampli-
tude modulation receiver depending upon the carrier-noise ratio.

For Fig. 5, (15) and (17) were used to obtain the strong-carrier
frequency modulation improvement factors. Hence the frequency
modulation output signal-noise ratios were obtained by multiplying
the amplitude modulation signal-noise ratios by the frequency modula-
tion improvement factors. The carrier-noise ratios which exist in the
amplitude modulation receiver when the improvement threshold exists
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Fig. 6—Theoretical signal-noise ratio characteristics of frequency and amplitude
modulation receivers with the transmitter gain taken into account.

in the frequency modulation receiver were determined by substituting
a value of unity carrier-noise ratio in (23) and (24). The improvement
thresholds are designated in both Figs. 5 and 6 by the points  and 2z
for fluctuation and impulse noise, respectively. Since the theory does
not permit actual calculation of signal-noise ratios in the region be-
tween high ratios and the improvement threshold, that part of the
curves has been sketched in with a dashed line.

The part of the impulse-noise curve, for the deviation ratio of four
represented by the line z-y shows the characteristic which would be
obtained if the noise and signal were measured in the absence of each
other. Because of frequency limiting, the noise is limited to equality
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with the signal at the output of the detector and is then reduced in
peak voltage by the audio selectivity. The amount of this reduction
for impulse noise would be a ratio equal to the deviation ratio or, in
this case, twelve decibels. In the case of fluctuation noise, the reduction.
of the noise, which is present in the absence of modulation, would be
equal to the square root of the deviation ratio, or six decibels, and the
corresponding curve is shown by the line v-w. However, these lines do
not portray the actual signal-noise ratio characteristics since the noise
depresses the signal when the carrier-noise ratios go below the improve-
ment threshold. In the case of fluctuation noise this signal depression
causes the signal to become smothered in the noise as the carrier-noise
ratio is lowered below the improvement threshold. On the other hand,
with impulse noise sueh as ignition, where the pulses are short and
relatively infrequent, carrier-noise ratios below the improvement
threshold will present an output signal which is depressed by the noise
impulses, but which is quite usable due to the small percentage of time
that the impulse exists.

The curves of Fig. 6, which take into account the frequency modu-
lation transmitter gain, utilize (27) and (28) to obtain the frequency
modulation improvements at the high carrier-noise ratios. These
curves assume a carrier at the frequency modulation receiver inputs
which is twice the strength-of that present at the amplitude modulation
receiver input. The frequenc¢y modulation improvements are therefore
increased by six decibels and the improvement thresholds occur at
signal-noise ratios in the amplitude receiver which are six decibels be-
low the corresponding ratios for the case where the transmitter gain
is not taken into account.

Further conclusions of the theory are as follows: For the high car-
rier-noise ratios, the application of modulation does not increase the
root-mean-square value of the noise above its unmodulated value. Also,
in the case of the low deviation ratio receivers, the root-mean-square
value of the noise will be slightly reduced as the modulation is applied.

ExXPERIMENT

In the experimental work it was desired to obtain a set of data
from which curves could be plotted showing the frequency modulation
characteristics in the same manner as the theoretical curves of Fig: 5.
To do this it was necessary to have an amplitude modulation reference
system and frequency modulation receivers with deviation ratios of
unity and greater than unity. Equal carrier voltages and noise spec-
tra could then be fed to these receivers and the output signal-noise
ratios measured while the carrier-noise ratio was varied. Since it was
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not convenient to measure the carrier-noise ratio at intermediate fre-
quency, the output signal-noise ratios of the amplitude modulation
receiver were measured instead and were plotted as abscissas in place
of the carrier-noise ratios. This gives an abscissa scale which is practi-
cally the same as that which would be obtained by plotting carrier-
noise ratios. The validity of this last statement was checked by meas-
uring the linearity with which the output signal-noise ratio of the
amplitude modulation receiver varied from high to low values as the
carrier-noise ratio was varied by attenuating the carrier in known
amounts in the presence of a constant noise. At the very low root-
mean-square ratios the inclusion of the beats between the individual
noise frequencies in the spectrum increases the apparent value of the
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Fig. 7—Block diagram of experimental setup.

root-mean-square resultant of the noise voltages about two or three
decibels. Thus, except for this small error at the low root-mean-square
carrier-noise ratios, the amplitude modulation signal-noise ratio can
be assumed equal to the carrier-noise ratio.

The block diagram of Fig. 7 shows the arrangement of apparatus
used in obtaining the experimental data. The frequency modulated
oscillator employed a circuit which was similar to that used in the pre-
viously mentioned propagation tests.! The modulated amplifier con-
sisted of a signal generator which was capable of being amplitude
modulated, but whose master oscillator energy was supplied from the
frequency modulated oscillator. Thus a signal generator was available
which was capable of being either frequency or amplitude modulated.
A two-stage radio-frequency amplifier, tuned to the carrier frequency,
but with no signal at its input, was used as the source of fluctuation
noise. For the impulse noise measurements, the radio-frequency output
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of a square-wave multivibrator was fed to the input of this radio-
frequency amplifier.

In order to make available frequency modulation receivers with
different deviation ratios, a method was devised which made possible
the use of a single intermediate-frequency channel and detection sys-
tem for all receivers. The method consisted in the insertion of a low-
pass filter in the audio output of the receiver so as to reduce the width
of the audio channel and thereby inecrease the deviation ratio of the
receiver. This procedure is not that which might be normally followed
since to increase the deviation ratio, the audio channel would normally
be left constant and the intermediate-frequency channel increased.
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Fig. 8—Band-pass characteristic of receiver intermediate-frequency
amplifier, and characteristic of sloping filter.

However, since it is only the ratio between the intermediate- and audio-
frequency channels which governs the frequency modulation improve-
ment, such an expedient is permissible for the purpose of the experi-
ments.

The band-pass filter of the receiver intermediate-frequency ampli-
fier was adapted from broadcast components and gave an output which
was about one decibel down at 6500 cycles off from mid-band fre-
quency. (See Fig. 8.) Hence maximum frequency deviation was limited
to 6500 cycles. The audio channel of the receiver cut off at 6500 cycles
and the low-pass filter cut off at 1600 cyeles. Thus the following four
different types of receivers were available: Number one, a frequency
modulation receiver with a deviation ratio of unity which would re-
ceive a 6500-cycle modulation band. Number two, an amplitude modu-
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lation receiver which would receive a 6500-cycle modulation band.
Number three, a frequency modulation receiver with a deviation ratio
of about four (6500 1600) which would receive a 1600-cycle modula-
tion band. Number four, an amplitude modulation receiver which would
receive a 1600-cycle modulation band.

With these four receivers, a comparison between number two and
number one would produce a comparison between amplitude modula-
tion reception and frequency modulation reception with a deviation
ratio of unity. A comparison between receivers number four and num-
ber three would produce a comparison between amplitude modulation
reception and frequency modulation reception with a deviation ratio of
four. Thus both frequency modulation receivers had as a standard of
comparison an amplitude modulation receiver with an audio channel
equal to that of the frequency modulation receiver.

The limiter of the frequency modulation receiver consisted of four
stages of intermediate-frequency amplification arranged alternately to
amplify and limit. The sloping filter detectors utilized the same circuit
as used in the propagation tests! except that only one sloping filter was
used in conjunction with a flat-top circuit as described in the theoreti-
cal section of this paper. Thus a balanced detector type of receiver was
available which would also receive amplitude modulation by switching
off the frequency modulation detector and receiving the detected out-
put of the flat-top eircuit. The characteristic of the sloping filter is
shown in Fig. 8.

The output of the detectors was fed to a switching system which
connected either to a low-pass filter and attenuator or directly to the
attenuator. The output of the attenuator passed to an audio-frequency
amplifier having an upper cut-off frequency of 6500 cycles. The indi-
cating instruments were connected to the amplifier output terminals.
For the root-mean-square fluctuation noise measurements, a copper-
oxide-rectifier type meter was used. A cathode-ray oscilloscope was
used for all peak voltage measurements.

In the procedure used to obtain the data, the carrier-noise ratio was
varied over a wide range of values and the receiver output signal-noise
ratios were measured at each value of carrier-noise ratio. To do this,
the output of the noise source was held constant while the carrier was

14 In the preliminary measurements, a thermocouple meter was connected in
parallel with the copper-oxide-rectifier meter in order to be sure that no particular
condition of the fluctuation noise wave form would cause the rectifier meter to
deviate from its property of reading root-mean-square values on this type of
noise. It was found that the rectifier type of instrument could be relied upon to
indicate correctly so that the remainder of the measurements of root-mean-

square fluctuation noise were made using the more convenient rectifier type of
instrument.



30 FREQUENCY MODULATION, Volume I

varied by means of the signal generator attenuator. The output peak
signal-noise ratios were obtained by first measuring the peak voltage
of the tone output with the noise source shut off and then measuring
the peak voltage of the noise with the tone shut off. The mazimum
peak voltage of the noise was read for its peak voltage. The root-mean-
square signal-noise ratios were measured by reading the root-mean-
square voltage of the tone in the presence of the noise and then reading
the voltage of the noise alone. The signal was then separated from the
noise by equating the measured signal-plus-noise voltage to 1/S*+N?,
substituting the measured noise voltage for N, and solving for the sig-
nal, S. In these measurements, a 1000-cycle tone was used to modulate

s RN
ld do I [
=ik 1 i I
(! i i i
i i ;
B [ N
A i [ —C
12 |
3 \ a
< Al S A
_'g' i B "/‘01__‘___
J L/ AL T
L g il i AT
[ R i T 7
"k”';‘ oy RENN "’4' ) REEEN
7"5'17"' T ‘i ‘7*\* | .
18y i T Y4 i
] I T i A AT 0 LT
T9 |7
i ianmnn
5] 0 i |
IO Wl d i i
[ 3 1 i : H H
i f i [ ]
i 1T 1 [ 1
g - T ST 3
AME r\;nrr) EAK| cuTPUT_SI1G IT/NQJ_S IN n[
j [ Iy b
T N O B A 11

Fig. 9—Measured peak signal-noise ratio characteristics for fluctuation noise,
Curve A =amplitude modulation receiver. Curve B =frequency modulation
receiver with deviation ratio equal to unity. Curve C =frequency modula-
tion receiver with deviation ratio equal to four.

at fifty per cent the amplitude modulator or to produce one-half fre-
quency deviation (3250 cycles) on the frequency modulator. The out-
put signal-noise ratios were corrected to a 100 per cent, or full modula-
tion, basis by multiplying them by two. The radio frequency used was
ten megacyecles.

Fluctuation Noise Characteristics

The curves of Fig. 9 show the fluctuation noise characteristics, in
which peak signal-noise ratios were measured. These curves check the
theoretical curves of Fig. 5 as nearly as such measurements can be ex-
pected to check. With the deviation ratio of four (low-pass filter in), the
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theoretical strong-carrier improvement should be 4X1.73=6.9 or 16.8
decibels; the measured improvement from Fig. 9 is about 14 decibels.
With the deviation ratio of unity (low-pass filter out), the measured
improvement was about 3.5 decibels as compared to the 4.76-decibel
theoretical figure. The full frequency modulation improvement is seen
to be obtained down to carrier-noise ratios about two or three decibels
above the improvement threshold (equality of peak carrier and noise).
The fact that the frequency modulation improvement threshold oceurs
at a higher carrier-noise ratio in the case of the receiver with a devia-
tion ratio of four than in the case of the receiver with a deviation ratio
of unity, also checks the theoretical predictions. In this case of fluctua-
tion noise, the improvement threshold for the receiver with the devia-
tion ratio of four should occur at a carrier-noise ratio in the amplitude
modulation intermediate-frequency channel which was twice the corre-
sponding ratio for the receiver with a deviation ratio of unity. The
curves show these two points to be about seven decibels apart or within
one decibel of the theoretical figure of six decibels.

The data for the curves of Fig. 9 were obtained by measuring the
peak value of the noise alone and signal alone and taking the ratio of
these two values as the signal-noise ratio. Hence the signal depressing
effect, oecurring for carrier-noise ratios below the improvement thresh-
old, does not show up on the curves. In order to obtain an approxi-
mate idea as to the order of magnitude of this effect, observations were
made in which the carrier-noise ratio was lowered below the improve-
ment threshold while the tone modulation output (100 per cent modu-
lation in the case of the amplitude modulation observation and full
frequency deviation in the case of the frequency modulation observa-
tion) was being monitored by ear and oscilloscope observation. It was
found that the fluctuating nature of the instantaneous peak voltage
of the fluctuation noise had considerable bearing upon the effects ob-
served. Due to the fact that the instantaneous value of the peak volt-
age is sometimes far below the maximum instantaneous value, fre-
quency modulation improvement is obtained to reduce still further the
peak voltage of these intervals of noise having instantaneous peak volt-
ages lower than the maximum value. This effect seems to produce a
signal at the output of the frequency modulation receiver which sounds
“cleaner,” but which has the same maximum peak voltage character-
istics as the corresponding amplitude modulation receiver. Thus, as far
as maximum peak voltage of the noise is concerned, the frequency
modulation receiver produces about the same output as the amplitude
modulation receiver for carrier-noise ratios below the improvement
threshold, The reduction of the peak voltage of the noise during the
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intervals of lower instantaneous peak value reduces the energy content
of the noise in the output; hence some idea of the magnitude of this
effect can be obtained from the root-mean-square characteristics of the
noise.

The curves of Fig. 10 are similar to those of Fig. 9 except that the
root-mean-square signal-noise ratios are plotted as ordinates. Since the
crest factor of the signal is three decibels and that of fluctuation noise
is about thirteen decibels (as later eurves will show), the root-mean-
square signal-noise ratios are ten decibels higher than the correspond-
ing peak ratios. It can be seen that the root-mean-square characteris-
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Fig. 10—Measured root-mean-square signal-noise ratio characteristics for fluc-
tuation noise. Curve A =amplitude modulation receiver. Curve B =fre-
quency modulation receiver with deviation ratio equal to unity. Curve
C =frequency modulation receiver with deviation ratio equal to four.

tics differ from the peak characteristics in the range of carrier-noise
ratios below the improvement threshold; above the improvement
threshold, the characteristics are similar,

Since the root-mearn-square and peak signal-noise ratios display
different characteristics below the improvement threshold, it is quite
evident that the crest factor of the noise changes as the carrier-noise
ratio is lowered below this point. The crest factor can be obtained from
the curves of Fig. 9 and 10 as follows: By adding three decibels to the
ordinates of Fig. 10 they will be converted to peak signal to root-mean-
square noise ratios. Hence by subtracting from these ratios the corre-
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sponding ordinates of Fig. 9, the crest factor of the noise is obtained.
The results of such a procedure are shown in Fig. 11.

In the case of the frequency modulation receiver with a deviation
ratio of four, Fig. 11 shows that the crest factor increases by about 14.5
decibels at the improvement threshold. Hence the frequency modula-
tion improvement, which is about fourteen decibels by measurement
and sixteen by calculation, is counteracted by an increase in crest fac-
tor. This same situation exists in the case of the receiver with a devia-
tion ratio of unity. Here the increase in crest factor is about four deci-
bels; the measured frequency modulation improvement is about 3.5
decibels and the calculated value 4.76 decibels.
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Fig. 11—Crest factor characteristics of frequenecy and amplitude modulation
receivers. Curve 4 =amplitude modulation receiver with 6500-cycle audio
channel. Curve B =frequency modulation receiver with deviation ratio
equal to unity. Curve C =frequency modulation receiver with deviation
ratio equal to four.

Curve A of Fig. 11 shows the crest factor characteristics of the
amplitude modulation receiver. It is seen that this crest factor is about
equal to that for frequency modulation above the improvement thresh-
old. The average value of the crest factor for both amplitude and fre-
quency modulation in this region is thirteen decibels or about 4.5 to
one. This value checks previous measurements of crest factor where a
slide-back vacuum tube voltmeter was used in place of an oscilloscope
to measure the peak voltage and a thermocouple was used to measure
the root-mean-square values.
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The point where the crest factor of the noise increases, which occurs
at the frequency modulation improvement threshold, has a rather dis-
tinctive sound to the ear. When fluctuation noise is being observed,
as this point is approached the quality of the hiss takes on a more
intermittent character, somewhat like that of ignition. This point has
been termed by the author the “sputter point,” and since it coincides
with the improvement threshold it is a good indicator for locating the
improvement threshold. It is caused by the fact that the fluctuation
noise voltage has a highly variable instantaneous peak voltage so that
there are certain intervals during which the instantaneous peak voltage
of the noise is higher than it is during other intervals. Consequently,
as the maximum peak value of the noise approaches the peak value
of the signal, the higher instantaneous peaks will have their crest fac-
tor increased to a greater degree than the lower instantaneous peaks.
Fig. 12 shows oscillograms taken on the fluctuation noise output of the

Fig. 12—Wave form of the fluctuation noise output at unity carrier-noise ratio
in the frequency modulation receiver. F =frequency modulation receiver.
A =amplitude modulation receiver.

frequency and amplitude modulation receivers with the 1600-cycle low-
pass filter in the audio circuit and with the signal-noise ratio adjusted
to the sputter point. These oscillograms also tend to show how the
frequency modulation signal would sound “cleaner” than the amplitude
modulation signal when the carrier-noise ratio is below the improve-
ment threshold.

Data were also taken to show the fluctuation noise characteristics
as frequency modulation is applied. These data were taken by inserting
low-pass or high-pass filters in the audio system and then applying a
modulation frequency to the frequency modulated oscillator which
would fall outside the pass band of the filters. The low-pass filter cut
off at 1600 cycles so that modulating frequencies higher than 1600
cycles were applied. The output of the filter contained only noise in
the range from zero to 1600 cycles and the change of noise versus fre-
quency deviation of the applied modulation could be measured. The
high-pass filter also cut off at 1600 cycles so that measurements of the
roise in the range from 1600 to 6500 cycles were made while applying
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modulation frequencies below 1600 cycles. In the case of the high-pass
filter, the harmonics of the modulating frequencies appeared at the
filter output in addition to the noise. Consequently, a separate meas-
urement of the harmonics in the absence of the noise was made so that
the noise could be separated from the harmonies by the quadrature
relations. The results with the low-pass filter are shown in Fig. 13. The
results with the high-pass filter are shown in Fig. 14.

The curves of Fig. 13 are representative of a system with a devia-
tion ratio of four. They point out the fact that when the peak carrier-
noise ratio in the frequency modulation intermediate-frequency channel
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Fig. 13—Variation of frequency modulation receiver output noise as frequency
modulation is applied. 1600-cycle low-pass filter in audio output. Modula-
tion frequency: for curve X =6000 cycles, ¥ =3000 cycles, and Z =2000
-cycles. C/N =peak carrier-noise ratio in the output of intermediate-fre-
quency channel.

is greater than unity, the root-mean-square noise is substantially un-
changed due to the application of modulation. The one curve for a
carrier-noise ratio less than unity shows a gradual increase of the
noise, which would effect a decrease of the signal-noise ratio as the
modulation is applied; this increase in the noise is displayed to a
greater extent on the lower modulation frequency of 2000 cycles than
on the higher modulation frequencies of 3000 and 6000 cycles.

Fig. 14 is approximately representative of a receiver with a devia-
tion ratio of unity. This is because the range of noise frequencies from
zero to 1600 cycles, which were eliminated by the high-pass filter, were
a small part of the total range extending out to 6500 cycles. At the
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highest carrier-noise ratio, the noise is decreased as the modulation is
applied. This is in accordance with the deductions of the theory in the
section Effect of Application of Modulation. As the carrier-noise ratio
is lowered this tendency is eliminated.

Data similar to that for Fig. 13, with the low-pass filter in the audio
circuit, were taken measuring the output peak voltage of the noise.
The characteristics obtained were identical to those obtained with
root-mean-square measurements.

Since the harmonies of the tone present in the output of the high-
pass filter could not readily be separated from the noise for the peak
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Fig. 14—Variation of frequency modulation receiver output noise as frequency
modulation is applied. 1600-cycle high-péss filter in audio output. Modula-
tion frequency =1000 cycles.

voltage measurements, the high-pass filter data were taken by root-
mean-square measurements only.

Measurements were also made to determine how much the audio
selectivity reduced the degree of signal depression present at the out-
put of the detector of the frequency modulation receiver. The carrier-
noise ratio was set so that the maximum peak voltage of the fluctuation
noise was equal to the peak voltage of the carrier. At this carrier-noise
ratio the maximum noise peaks depressed the signal down to zero at
the output of the detector. At the output of the 1600-cycle low-pass
filter, the maximum noise peaks depressed the signal five decibels.
Thus, without the audio selectivity, the signal was depressed by an
amount equal to its total amplitude; with the audio selectivity, the
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signal was depressed to five decibels below full amplitude or down to an
amplitude of 56 per cent. Hence the reduction of the depth of the sig-
nal depression was from a 100 per cent depression to a depression of
(100—56) =44 per cent or a reduction of about seven decibels. The
theoretical reduction of the fluctuation noise in the absence of the
modulation would be equal to the square root of the ratio of band
widths or six decibels. Thus the reduction of the signal depression is,
for all practical purposes, the same as the reduction in the peak voltage
of the noise alone.

Impulse Noise Measurements

The first measurements on impulse noise were made using an auto-
mobile ignition system driven by an electric motor. However the
output from this generator proved to be unsteady and did not allow a
reasonable measurement accuracy. Consequently a square-wave multi-
vibrator was set up. This type of impulse noise generator proved to
be even more stable than the fluctuation noise source and allowed ac-
curate data to be obtained. On the other hand, the output of the re-
ceiver being fed by this noise generator was not as steady as would be
expected. In the absence of the carrier the output was steady, but as
the carrier was introduced the output peak voltage started to fluctuate.
Apparently the phase relation between the components of the noise
spectrum and the carrier varies in such a manner as to form a resultant
wave which varies between amplitude modulation and phase or fre-
quency modulation. Hence the output of a receiver which is adjusted
to receive either type of modulation alone will fluctuate depending
upon the probability considerations of the phase of combination of the
carrier and noise voltages,

The preliminary impulse noise measurements were made on an
amplitude modulation receiver by comparing the peak voltage ratio
between the two available band widths of 6500 and 1600 cycles. The
6500-cycle channel was fed to one set of oscilloscope plates and the
1600-cycle channel to the other. Thus, when the peak voltages at the
outputs of the two channels were equal the oscilloscope diagram took
a symmetrical shape somewhat like a plus sign. The two channel levels
were equalized by means of a tone. Hence, when the noise voltage was
substituted for the tone, the amount of attenuation that had to be
inserted in the wider band to produce a symmetrical diagram on the
oscilloscope was taken as the ratio of the peak voltages of the two band
widths. In this manner a series of readings was taken which definitely
proved that the peak voltage ratio of the two band widths was propor-
tional to the band width ratio. These readings were taken on both the



38 FREQUENCY MODULATION, Volume I

ignition system noise generator and the multivibrator generator. As a
check, readings on fluctuation noise were also taken which showed that
the peak voltage of fluctuation noise varies as the square root of the
band width.

The final measurements on impulse noise were made using the same
procedure followed for the fluctuation noise measurements of Fig. 9.
Only peak voltage measurements were made on this type of noise. The
curves are shown in Fig. 15. It can be seen that the peak voltage char-
acteristics of impulse noise are similar to those of fluctuation noise
except for the location of the improvement threshold. For the receiver
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Fig. 15—Measured peak signal-noise ratio characteristics of impulse noise.
Curve A =amplitude modulation receiver. Curve B ={requency modula-
tion receiver with deviation ratio of unity. Curve C =frequency modulation
receiver with deviation ratio of four.

with a deviation ratio of four, the improvement threshold occurs at a
carrier-noise ratio slightly above sixteen decibels as compared with
slightly above eight decibels for fluctuation noise. The difference be-
tween the improvement thresholds for the two frequency modulation
receivers is about fourteen decibels; the corresponding theoretical fig-
ure, which is equal to the ratio of the two deviation ratios, is twelve
decibels. The theoretical difference between the strong-carrier fre-
quency modulation improvements for impulse and fluctuation noises,
as indicated by the difference between the factors two and the square
root of three respectively, is too small to be measurable with such varia-
ble quantities as these noise voltages.
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Since the signal-noise ratios for the curves of Fig. 15 were obtained
by measuring the noise and signal in the absence of each other, the
signal-depressing effect of the noise does not show up. However, in the
case of impulse noise, these curves are more representative of the actual
situation existing, because the noise depresses the signal for only a
small percentage of the time. In the listening and oscilloscope observa-
tions conducted with carrier-noise ratios below the improvement
threshold, it was observed that at unity carrier-noise ratio the noise
peaks depressed the amplitude of the signal to zero at the output of
the detector. When the low-pass filter was inserted in the audio circuit,
the impulse noise peaks depressed the signal about 2.5 decibels or re-
duced the amplitude from 100 per cent to 75 per cent. The effective sig-
nal-noise ratio is then increased from unity to 100/(100—75) =4 or 12
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Fig. 16—Over-all transmission oscillograms of the frequency and amplitude
modulation receivers. 1600-cycle low-pass filter in audio output. Top row =

amplitude modulation, bottom row =frequency modulation. C'/n =ratio be-
tween the carrier and the variable-frequency heterodyning voltages.
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decibels. This is equal to the theoretical reduction in peak voltage of
impulse noise which would be effected by this four-to-one band width
ratio. It is then evident that the reduction of the depth of the signal
depression caused by the impulse noise is of the same magnitude as the
reduction of the peak voltage of the noise alone.

Over-all Transmissions

The oscillograms of Fig. 16 show the over-all transmissions of the
amplitude and frequency modulation receivers at various carrier-noise
ratios. These oscillograms were taken by tuning the receiver to a car-
rier, and then, to simulate the noise, manually tuning a heterodyning
signal across the intermediate-frequency channel. The audio beat out-
put of the receiver was applied through the low-pass filter to the verti-
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cal plates of the oseilloscope. A bias proportional to the frequency
change of the heterodyning voltage was applied to the other set of
oscilloscope plates. Consequently the spectra obtained are those which
would be produced by the combination of a single noise component of
variable frequency and the carrier. At the higher carrier-noise ratios,
the speetrum is rectangular for amplitude modulation and triangular
for frequency modulation. The dip in the middle of the amplitude
modulation spectrum is where the audio output is near zero beat. As
the carrier-noise ratio is decreased, the frequency modulation spectrum
deviates from its triangular shape and the wave form of the receiver
output has increased harmonic content at the lower audio frequencies
where the audio selectivity does not eliminate the harmonics.

The amplitude modulation spectra of Fig. 16 also show the pres-
ence of added harmonie distortion on the lower modulation frequencies
and lower carrier-noise ratios. However, the effect is so small that it is
of little consequence.

The spectra of Fig. 16 allow a better understanding of the situation
which is theoretically portrayed by (7) of the theory.

Ezperimental Conclusions

It can be concluded that the experimental data in general confirm
the theory and point out the following additional information:

The improvement threshold starts at a carrier-noise ratio about
three or four decibels above equality of peak carrier and noise in the
frequency modulation intermediate-frequency channel. Hence the full
frequency modulation improvement may be obtained down to a peak
carrier-noise ratio in the frequency modulation receiver of three or four
decibels.

The root-mean-square fluctuation noise characteristics differ from
the peak fluctuation noise characteristics for carrier-noise ratios below
the improvement threshold. The improvement threshold starts at
about the same peak carrier-noise ratio, but the improvement does not
fall off as sharply as it does for peak signal-noise ratios. Thus, for car-
rier-noise ratios below the improvement threshold the energy content
of the frequency modulation noise is reduced, but the peak character-
istics are approximately the same as those of the amplitude modulation
receiver. The characteristics are not exactly the same due to the fre-
quency limiting which allows the noise peaks to depress the signal, but
does not allow them to rise above the signal.

The crest factor of the fluctuation noise at the outputs of the fre-
quency and amplitude modulation receivers is about thirteen decibels
or 4.5 to one for the strong-carrier condition. The crest factor of ampli-
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tude modulation fluctuation noise remains fairly constant regardless
of the carrier-noise ratio. At equality of peak carrier and peak noise in
the frequency modulation intermediate-frequency channel, the crest
factor of the noise in the output of the frequency modulation receiver
rises to a value which counteracts the peak signal-noise ratio improve-
ment over amplitude modulation; the improvement threshold mani-
fests itself in this manner.

At the improvement threshold, the application of the audio selec-
tivity reduces the signal depression due to a noise peak by the same
ratio that it reduces the noise in the absence of the signal. Thus the
depth of a noise depression in the signal is reduced by a ratio equal to
the square root of the deviation ratio in the case of fluctuation noise,
and equal to the deviation ratio in the case of impulse noise.

GeNerAL CONCLUSIONS

The theory and experimental data point out the following conelu-
sions:

A frequency modulation system offers a signal-noise ratio improve-
ment over an equivalent amplitude modulation system when the
carrier-noise ratio is high enough. For fluctuation noise this improve-
ment is equal to the square root of three times the deviation ratio for
both peak and root-mean-square values. For impulse noise the corre-
sponding peak signal-noise ratio improvement is equal to twice the
deviation ratio. When the carrier-noise ratio is about three or four
decibels above equality of peak carrier and peak noise in the frequency
modulation intermediate-frequency channel, the peak improvement
for either type of noise starts to decrease and becomes zero at a carrier-
noise ratio about equal to unity. Below this “improvement threshold,”
the peak characteristics of the frequency modulation receiver are ap-
proximately the same as those of the equivalent amplitude modulation
receiver. The root-mean-square characteristics of the frequency modu-
lation noise show a reduction of the energy content of the noise for
carrier-noise ratios below the improvement threshold; this is evidenced
by the fact that the improvement threshold is not as sharp for root-
mean-square values as for peak values.

At the lower carrier-noise ratios, frequency modulation systems
with lower deviation ratios have an advantage over systems with
higher deviation ratios. Since the high deviation ratio system has a
wider intermediate-frequency channel, more noise is accepted by that
channel so that the improvement threshold occurs at a higher carrier
level in the high deviation ratio system than in the low. Hence the
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low deviation ratio systems retain their frequency modulation improve--
ment down to lower carrier levels. _

The peak voltage of fluctuation noise varies with band width in the
same manner as the root-mean-square voltage, namely, as the square
root of the band width. The peak voltage of impulse noise varies di-
rectly as the band width. In frequency modulation systems with a
deviation ratio greater than unity, this difference in the variation with
band width makes the improvement threshold occur at a higher carrier
level with impulse noise than with fluctuation noise. Hence frequency
modulation systems with higher deviation ratios are more susceptible
to impulse noise interference.

Because of a phenomenon called “frequency limiting” the peak fre-
quency deviations of the noise or the noise-plus-signal are limited so
that the peak value cannot rise above the maximum peak value of the
signal at the output of the detector. The application of audio selectivity
reduces this maximum value of the noise so that fluctuation noise can-
not rise to a value higher than the maximum value of the signal divided
by the square root of the deviation ratio; the corresponding value of
impulse noise cannot rise to a value higher than the maximum peak
voltage of the signal divided by the deviation ratio. Inherent with this
limiting effect is a signal-depressing effect which causes the fluctuation
noise gradually to smother the signal as the carrier-noise ratio is lowered
below the improvement threshold. However in the case of impulse
noise, the signal depression is not as troublesome, and a noise-suppres-
sion effect is created which is similar to that effected in the recent cir-
cuits for suppressing impulse noise which is stronger than the carrier
in an amplitude modulation system. When the deviation ratio is
greater than unity, this frequency limiting is more effective than
the corresponding amplitude modulation noise-suppression ecircuits;
this is caused by the audio selectivity reducing the maximum peak
value of the noise so that it is less than the peak value of the signal.

For carrier-noise ratios greater than unity, the application of fre-
quency modulation to the carrier does not increase the noise above its
value in the absence of applied frequency modulation.

At the transmitter, a four-to-one power gain is obtained by the use
of class C radio-frequency amplification for frequency modulation in-
stead of the customary class B amplification as is used for low level
amplitude modulation. Therefore, for the same transmitter power in-
put, a frequency modulation system will produce at its receiver a car-
rier which is twice as strong as that produced at the receiver of an
amplitude modulation system. This results in two effects: first, the
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frequency modulation improvement is doubled for carrier-noise ratios
above the improvement threshold; second, when the improvement
threshold occurs in the frequency modulation receiver, the carrier-
noise ratio existing in the amplitude modulation receiver is one half
of what it would have been without the transmitter power gain.
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FREQUENCY MODULATION*{
By

S. W. SEELEY

RCA License Laboratory, New York

Summary—This paper, which contains generalized theory of the prin-
cipal characteristics of frequency-modulation systems, is purposely made
broad in its attack in order to achieve simplicity of presentation of funda-
mentals. Detailed treatment of specific problems associated with this type
of modulation is given in the articles listed in the appended bibliography.

I. FREQUENCY AND PHASE MODULATION

OMBINATION of discussions of frequency modulation and
C phase modulation into one treatment may seem improper, at

first glance, when the subject to be treated is frequency modu-
lation alone. It has been done in this section of the paper because the
two are so related that an understanding of both is necessary for a
true picture of either.

The simplest conception of a frequency-modulated wave is of one
with unvarying amplitude whose frequency is altered cyclically above
and below its mean unmodulated value. However, if we consider phase
modulation in its simplest form, it can be seen that frequency modula-
tion also results therefrom. Consider the case of Figure 1, in which a
carrier wave of unvarying amplitude A has its phase advanced and
retarded sinusoidally between values of +¢ and —¢, with respect to
its unmodulated phase. In this case the peak-to-peak phase modulation
is, of course, 2¢. At the end of its excursions at either 4+¢ or —¢ the
frequency of the wave is identical to that of its unmodulated value.
However, as it progresses from —¢ toward +¢ and back again, its
frequency is alternately increased and decreased, with frequency
maxima and minima occurring at the point P. Thus it can be seen
that the instantaneous periods of maximum phase displacement and
maximum frequency deviation are misplaced from each other by 90° at
‘the modulating frequency. In otber words, if the phase modulation is
assumed to be a cosine function, the frequency modulation is inherently
the rate of change of phase, which is the first derivative of that cosine
function and thus is a sine function. This assumed example is of the
simplest case where the modulating component is a pure sinusoidal
frequency. If the modulating frequency is raised, but the amount of

* Decimal Classification: R148.2.

1 Reprinted from RCA REVIEW, April, 1941.

I Now Manager, Industry Se1v1ce Laboratory, RCA Laboratories Divi-
sion, New York, N. Y.
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phase modulation maintained constant (deviation between +¢ and —¢
maintained) the rate of rotation of the vector A as it passes point P
will be increased, which means that the maximum and minimum fre-
quencies occurring when the vector is at point P are also increased.
Thus constant phase modulation at all modulating frequencies results
in more frequency modulation when higher modulating frequencies
are used than for lower ones.

Figure 2 shows another simple relation between frequency and
phase modulation. In the upper plot the frequency is shown to vary as
a square wave, first above and then below its mean value. As long as
the frequency remains at its increased value, the phase must be
advancing, as shown in the plot immediately beneath. Then when the
frequency is reduced on the other part of the square wave, the phase
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is progressively retarded. The square wave will be instantly recog-
nized as the first derivative of the triangular wave below. This is
another simplified means of illustrating the fact that frequency modu-
lation is a function of the first derivative or rate of change of any
existing phase modulation.

From these considerations it is evident that if an end product is to
consist of a frequency-modulated wave whose frequency deviation is
proportional to the instantaneous amplitudes of a complex modulating
wave, and if that frequency modulation is to be derived from a phase-
modulating process, the complex modulating wave must first be inte-
grated. In other words the applied modulating components must have
amplitudes inversely proportional to their frequency, since a small
amount of phase modulation at a high modulating frequency will
result in the same amount of frequency modulation as a greater phase
displacement at a lower modulating frequency.
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II. DEVIATION AND BAND WIDTH

The simple conception of a frequency-modulated wave, in which
the frequency of a carrier wave of unvarying amplitude is altered
cyclically about its mean value, is sufficiently adequate if the maximum
frequency excursions of the carrier-wave frequency are large compared
to the modulating frequency, for example, in the case of a wave being
varied between limits separated by, say, 150 ke with the variation
occurring sinusoidally at a 100-cycle per second rate.

If, however, the maximum frequency excursion is of the same
order of magnitude, or equal to, or less than the frequeney of change,
the case is not so simple. It has often been proposed in all good faith
that a communication channel could be narrowed by the use of fre-
quency modulation in which the deviation in cycles per second is less
than the modulating frequency. However, it is axiomatic that any side-
band energy (and consequently the necessary intelligence component)
in any type of modulation, whether frequency, phase, or amplitude, will
not approach the carrier closer than a frequency interval equal to the
modulating frequency. Therefore, if a narrow-band receiver is used
to intercept a small deviation frequency-modulated wave whose modu-
lating frequency is greater than one-half of the band width of the
receiver, none of the modulation will be received. If we assume the
case of a frequency-modulated wave with a modulating frequency of
10,000 cycles per second, which causes a deviation of + and — 10,000
cycles in the frequency of the carrier, a receiver with theoretically
perfect band pass in its r-f and i-f circuits 19.9 ke wide with perfectly
perpendicular sides, tuned with the carrier at the center of the band
to receive that frequency-modulated wave, would not give any evidence
of what modulating frequency was being used. A pure unvarying
carrier with neither frequency, phase, nor amplitude modulation would
be applied to its demodulating detector. It is true that in the example
cited the received carrier would be somewhat decreased in value (actu-
ally to about 76 per cent) from its unmodulated amplitude, but this
need not concern us for the moment. The example is cited simply to
emphasize the fact that in frequency and phase modulation, as well
as in amplitude modulation, the intelligence components are carried
in side-band energy, and that that side-band energy must be received
in order to interpret or reproduce the original modulation.

In the example cited above, side bands will exist not only at fre-
quencies of + and — 10 kc with respect to the carrier, but also at
+ and — 20 kc, as well as at 30 ke, ete.! If the theoretically perfect

1 See publications listed in the bibliography for more complete explana-
tion of this characteristic.
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band pass of our receiver were just sufficiently wide to pass only
those side components at + and — 10 ke, we would have the condition
shown in Figure 3A. In this figure the first three side bands are
shown with their relative amplitudes when the peak frequency excur-
sion divided by the modulating frequency is equal to unity. The theo-
retically perfect pass band is shown just including the carrier and the
first two side bands. The resultant wave is as represented vectorially
in Figure 3B, with the upper and lower side bands revolving about the
point P, first causing a phase displacement to point P’ and then to P”.
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Under these conditions it can be seen that the resultant instantaneous
scalar magnitude of the carrier will vary between .76 and 1.16. In
other words, amplitude modulation at twice the mcdulating frequency
has resulted from deletion of all but the first side bands. This ampli-
tude modulation contains no components at the 10,000-cycle frequency,
is chiefly second harmonic, and contains small amounts of other even
harmonics.

If now this wave shown emerging from our perfect 20-kec band
pass filter is passed through a limiter stage which denudes the carrier
of any amplitude modulation, the vector A will oscillatza between the
point A" and A”, which means that additional side bands have been
recreated to cancel the amplitude modulation. It so happens that all
of the even harmonic side bands are reinserted by a limiter stage, but
that the odd harmonic side bands are not so reinserted, and thus a
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small amount of distortion (principally third harmonie) in a demodu-
lated wave which had been subjected to the process above described
would result.

I11I. NOISE REDUCING PROPERTIES OF FREQUENCY MODULATION

If a single, sharp, interfering impulse is applied to a band pass
receiver, the resultant wave train which ensues is a function of the
upper and lower frequencies of the pass band, and, for purposes of
this discussion, can be assumed to be at one frequency only, namely
that at the center of the pass band. An idealized mathematical expres-
sion for the wave train takes the form of

A cos (wy —wy)t (wy + wo)t
cOos
t 2
where A is a coefficient and w, and w, correspond to the upper and

Cos &
lower limits of the pass band. The expression of the form

(similar to the first part of the above expression) indicates a fallai:ng
amplitude of wave envelope for positive and negative values of “t” as
shown in Figure 4. Most of the energy of this wave train is, of
course, under the large middle portion of the envelope, but the signifi-
cant point is that for purposes of analysis the frequency can be
assumed to be constant and equal to the mean frequency of the pass
band, as shown by the second portion of the expression. Thus if this
peak of interference, emerging from the pass band filters, is applied
to a perfectly balanced back-to-back frequency-modulation detector
or discriminator, its effect on both halves of that circuit is identical,
and the net result is zero output.

If, however, a carrier wave at the mean frequency of the pass band
is also present, the instantaneous phase of the interference energy and
of the steady state carrier may take on any random value. Thus if
the phase of the wave train due to the interfering impulse is, say 90°
ahead of the carrier-wave phase and the interfering impulse is much
stronger than the carrier wave, the instantaneous phase of the resultant
of the two is altered considerably during the transmission of the inter-
fering pulse. Therefore, even though the two waves together are
passed through a limiter stage, the output of which is unvarying in
amplitude, a certain amount of phase modulation (and consequently
frequency modulation as well) has been developed, and the frequency
modulation detector interprets it in the form of an output voltage or
current. The same phenomenon may occur if recurrent interfering
pulses overlap.
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IV. INTERFERENCE BETWEEN CARRIERS

If two transmitted carriers are received at one time and the beat
between the two is at audible frequency, the sum of the two produces
both amplitude and phase (or frequency) modulation. If one is twice
the amplitude of the other, the resultant phase modulation amounts
to = 26.5 degrees regardless of the frequency of separation.
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This is shown in Figure 5. However, as pointed out in the first
part of this discussion, the amount of frequency modulation resulting
from a given amount of phase modulation is a function of the modu-
lating frequency, which in this case can be assumed to be the frequency
of separation.of the two waves. Thus if the two frequencies are
separated by 15,000 cycles, the equivalent frequency deviation of the
frequency modulation amounts to approximately 7000 cycles per second.
However, if the frequency of separation is only 100 cycles, the same
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amount of phase modulation produces a frequency excursion or devia-
tion of only 45 cycles per second.? Since the output of the frequency-
modulation detector of a frequency-modulated wave receiver is depend-
ent only upon the deviation, or excursion, from the mean frequency, it
can be seen that the output will be 150 times greater when the earriers
are separated by 15,000 cycles than when the separation is only 100
cycles. It is for this reason that the beat note between two frequency-
modulated carrier wave stations becomes inaudible as the frequencies
are brought closer and closer together.

V. FREQUENCY-MODULATION METHODS

A freaquency-modulated wave transmitter should emit a wave of
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unvarying amplitude with a frequency deviation about its mean
(carrier) frequency in perfect conformity with the speech or program
modulation. This neglects the matter of high-frequency pre-emphasis
which will be discussed shortly.

There are two basic methods of producing this desired result. In
either case, however, and unlike amplitude-modulated wave transmit-
ters, the modulation takes place at the source of the transmitter
frequency-determining circuits. Thereafter, the original oscillator-
frequency energy may be amplified, multiptied in frequency, or
heterodyned to any other frequency without altering the modulating
components except to the extent that any multiplication of the source

2 Actually when a single side component “phase modulates” an existing
carrier, as in this case, the frequency modulation is not symmetrical. How.
ever, with a two to one ratio of original amplitude the “peak to peak”
fr(eiquency shift is nearly equal to the values which the above figures would
indicate.
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frequency increases the deviation by an equal factor. Thus a doubler
stage not only doubles the carrier frequency but also doubles the
deviation width.

VI. MODULATION OF PHASE TO PRODUCE FREQUENCY MODULATION

One means of producing frequency modulation is first to “integrate”
the program material and then phase modulate some low-frequency
source of energy; subsequent frequency multiplication can increase
the resulting frequency deviation to any desired amount. After the
desired band width has been obtained, the carrier with its modulating
components can be heterodyned either directly to the transmitter
frequency or to some sub-multiple thereof. In the latter case, additional
deviation and band width are obtained by the subsequent multiplica-
tion to the transmitter frequency.

The integrating process usually consists of obtaining the potentials
across a pure capacitive reactance in the plate circuit of a high
impedance vacuum tube whose grid is supplied with the normal audio
components. This causes a phase delay of 90° at all modulating fre-
quencies and gives the program material an amplitude characteristic
which is inversely proportional to frequency. If high-frequency pre-
emphasis is to be used, the plate circuit may have a resistance in serics
with the capacitance with the output potentials taken across both.
This allows more of the high-frequency components to enter the
modulating circuit than would otherwise be the case. Present-day
practice in pre-emphasis of both amplitude and frequency-modulated
wave transmitters is to use a pre-emphasizing circuit equivalent to a
series L/R network having a time constant of about 100 microseconds.
Therefore, if the program integrating circuits for a phase-modulating
frequency-modulated wave transmitter are to perform the pre-emphasis
function also, the CR series combination must have a time constant of
that value. Of course, the integration and pre-emphasis functions may
be performed in separate stages, but it seems desirable to combine the
two and thus prevent the extremely wide discrepancies between the
levels of the low-frequency and high-frequency components of the
program material at any point in the preparatory networks.

If the original frequency which is to be phase modulated by the
prepared (integrated) program is produced by a crystal oscillator or
other stable source of oscillations, the usual method of procedure is to
amplitude modulate some of the energy at that frequency in a balanced
modulator and then to re-insert carrier energy with an exactly 90°-
phase rotation. The result is the same vectorially as is shown in
Figure 6. The output contains both phase and amplitude modulation.
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The amplitude modulation has little or no significance since it is
always “limited” off in subsequent stages, but it is interesting to note
that at least with sine-wave modulation, all amplitude modulation is
at even harmonics of the modulation frequency without any of the
fundamental being present. This is shown by the fact that the vector
representing the carrier maximizes at each end of its phase excursion
or twice each modulating cycle.

The developed phase modulation can be seen to be a function of the
amplitudes of the horizontal vectors in Figure 6, which have been
derived from the balanced modulator. As long as the angle, whose
tangent is equal to the sum of the modulating vectors divided by the
carrier vector, does not exceed 30° (the range through which the
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Fig. 6

tangent is approximately equal to the angle) .the phase modulation can
be said to vary linearly with the modulating components.?

The peak-frequency deviation of a frequency-modulated wave is
related to the peak-phase deviation by the expression

360 Frequency Deviation

= X
27 Modulating Frequency
in which ¢ is the peak-phase deviation in degrees.

If it is desired to produce a frequency deviation of = 75,000 cycles
with a 50-cycle modulating frequency, the phase displacement would
amount to = 86,000 degrees. If the assumption of 30 degrees for the

3 Actually 80° phase modulation by this process results in nearly 10 per
cent harmonic distortion, but since the resulting frequency modulation is
a function of the product of the phase deviation and the modulating fre-
quency the maximum phase displacement is required only for full modula-
tion at the lowest modulating frequency.
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maximum permissible-source modulation is divided into 86,000, the
required carrier-frequency multiplication is seen to approach a value
of 3000 times. If the original phase-modulated frequency is, say, 200
ke, eight “doubler” stages, providing a multiplication of 256 times,
would give an output frequency of 51.2 megacycles. This frequency
might then be heterodyned down to one-twelfth of the desired final-
transmitter frequency. Two additional doubler stages and a tripler
stage would then provide the correct carrier-output frequency and an
overall multiplication of 8072. Obviously the heterodyning process has
no effect on the absolute frequency deviation.

A sytem for phase modulation capable of producing phase devia-
tions of several hundred degrees was described by Mr. R. E. Shelby
of the National Broadcasting Company in a paper presented at the
annual meeting of the Institute of Radio Enginers in New York in
July, 1939. This system utilizes a cathode-ray tube of special design
having a spiral target, which is scanned by a circularly deflected beam
rotating at the carrier frequency or some sub-multiple thereof. The
diameter of the circular pattern is varied in accordance with the
desired modulation, and thereby alters the phase of the cycle at which
the beam strikes the spiral anode. Output circuits connected to the
spiral electrode can then extract the phase-modulated energy. This
energy requires less frequency multiplication to produce a desired
frequency deviation.

VII. DIRECT FREQUENCY MODULATION

A more direct system for producing frequency modulation utilizes
a “reactance tube”, similar to those used for automatic-frequency
control, directly across the tank circuit of an oscillating vacuum tube.
With this arrangement the transmitter-output frequency may be modu-
lated directly without the need for frequency multiplication. However,
it is usually convenient and desirable to use some doubler or tripler
stages similar to those employed in a high-frequency amplitude-
modulated wave transmitter. Of course, the source frequency cannot
be crystal controlled directly, but carrier-frequency control can be
maintained by heterodyning the carrier wave with a crystal-controlled
oscillator to some low value, which is caused to operated a sensitive
diseriminator circuit. The output of the discriminator in turn affects
the d-c bias of the original reactance control tube in the proper manner
to correct for mistuning or frequency drift of the source oscillator.
Carrier-wave stability within the limits of a few hundred cycles, even
for a 40-Mc transmitter, can be maintained in this manner.
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VIII. GENERALIZED FREQUENCY-MODULATED-WAVE
RECEIVER CONSIDERATIONS

The radio frequency, first detector and intermediate frequency
circuits of a frequency-modulated-wave receiver are identical basically
with those in an amplitude-modulated-wave receiver. The only impor-
tant difference is in the width of the pass band, which is generally
several times greater in the frequency-modulated-wave receiver.

A detector of amplitude modulation, of and by itself, is immune to
variations in the frequency of the applied wave. There can be no
exact counterpart in the form of a frequency-modulation detector
immune to amplitude variations. Zero amplitude is bound to produce
zero output from any detector, so the output of all detectors must
be some function of amplitude.

For this reason the second detector of a frequency-modulated-wave
receiver is usually preceded by a limiter stage whose output is constant
for wide variations in the amplitude of the applied signal. However,
this is necessary only because of the inherent limitations of the detector
and thus it might properly be considered as an integral part of the
detection circuit.

Another characteristic of the usual frequency-modulation detector
still further reduces its output response to amplitude variations. This
is occasioned by the common practice of using so-called back-to-back
or “push-pull” detectors., These are so arranged that a frequency
deviation in a given direetion causes an increase in the current or
voltage output of one, while simultaneously causing a decrease in the
output of the other. Both detectors, however, respond similarly to
changes in amplitude of the applied wave. Thus with the output
circuits of the two connected in series oprosition, amplitude variations
can act only to increase or decrease the “sensitivity” of the combina-
tion to frequency modulation, and cannot produce output in the
absence of frequency deviations.
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BAND WIDTH AND READABILITY IN
FREQUENCY MODULATION*Y}

By

MURRAY G. CROSBY

RCA Communications, Inc., Riverhead, L. 1., New York

Summary—The signal-to-noise ratio characteristics of frequency modu-
lation are considered with reference to the effect of band width on read-
ability in voice communication. Results of listening tests are described
which indicate the optimum deviation ratio to be unity for maximum read-
ability and distance of transmission. Other tests show the superiority of
frequency modulation over amplitude modulation with respect to readability.

tion is chosen for a communication system is that of the band

width or amount of frequency deviation to be used. Among
the many factors which affect the choice of band width is the subject
of quality or readability of signal required. It is the purpose of this
article to consider that subject and to attempt to show the relation-
ship between band width and readability.

@NE of the first questions which arises when frequency modula-

When the term readability is mentioned, consideration is limited
to types of service in which the primary object of the system is the
bare transfer of intelligence. This confines the consideration to serv-
ices where the desire is to transmit voice the maximum distance with
full readability for, while a high signal-to-noise ratio is desirable
in the reception of voice, increasing the ratio above a certain value
does not improve the readability. Consequently if the high signal-to-
noise ratio is obtained at the expense of the ability to receive weaker
signals, which is the case when the band width is made too wide in a
frequency modulation system, the system is not working at its best
efficiency. As will be shown here, when the primary object is the trans-
mission of intelligence, the maximum distance will be covered when the
band width is made the minimum possible.

* Decimal Classification: R148.2.
T Reprinted from RCA REVIEW, January, 1941.
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Fig. 1—Peak signal-to-noise ratio characteristics for frequency-modulation
systems using maximum frequency deviations, Fu, of 20 and 6 kilocycles,
respectively. The audio band width was b kilocycles. The noise was internal
receiver noise and the signal-to-noise ratios were measured on an oscilloscope.
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Fig. 2—Root-mean-square signal-to-noise ratio characteristics for the same

systems used for Fig. 1. The signal-to-noise ratios were measured on 2
rectifier-type meter.
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The reason for this superiority of a system using a low frequency
deviation over one using a high frequency deviation, when maximum
distance is the consideration, can best be shown by a study of the
curves of Figures 1 and 2. These curves compare the peak and root-
mean-square signal-to-noise ratio characteristics of two frequency
modulation systems having maximum frequency deviations* of 6 and
20 kilocycles, respectively. The curves were taken by varying the
carrier strength of the frequency-modulated signal generator and
measuring the signal-to-noise ratio at the output of each receiver for
the full frequency deviation that each receiver was capable of. The
radio-frequency input circuit of the two receivers was common so
that both receivers were on an equal basis as far as carrier strength
and input noise were concerned. The noise consisted of the thermal
agitation and tube hiss within the receiver. For the curves of Figure
1, the signal and noise in the receiver output were measured by means
of an oscilloscope which indicates peak voltages. For those of Fig-
ure 2, an ordinary rectifier-type meter was used so that root-mean-
square signal-to-noise ratios were obtained.

From these curves, it can be seen that, for carriers below a certain
value, the low-deviation system produces a greater signal-to-noise ratio
and is therefore more capable of “reaching down” into the noise to
receive a signal. It will be noted that both systems give a signal-to-
noise ratio which is approximately proportional to the carrier strength
down to a certain carrier strength. Below that strength there is a
rather sudden drop-off in signal-to-noise ratio. This drop-off is due to
a phenomena which is peculiar to a frequency modulation system! and
which is called the “improvement threshold” effect. Any frequency
modulation system has an improvement threshold above which the fre-
quency modulation gain or improvement is realized and below which
the signal becomes submerged in the noise. The threshold occurs when
the peak voltage of the carrier is equal to the peak voltage of the noise
in the intermediate-frequency channel of the receiver. The full fre-
quency modulation improvement is not realized until the carrvier is
about twice as strong as the noise.

It will be noted that the improvement threshold for the wider
systems of Figures 1 and 2 occurs at a stronger carrier strength than
that for the narrower system. Hence, other things being equal, the
wider system requires more transmitter power to produce a signal
which will be above the threshold. The reason for this will be appar-
ent when it is realized that the wider receiver must have a wider

* “Deviation” in this paper refers to the amount of frequency shift
to one side of the carrier.

1 Murray G. Crosby, ‘“Frequency Modulation Noise Characteristies”,
Proc. of 1.R.E., Vol. 25, No. 4, April 1937.
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intermediate-frequency channel which inherently accepts a wider
spectrum of the noise. The wider spectrum of noise has a larger peak
voltage so that the improvement threshold distance for the wide system
oceurs at a higher carrier strength. Thus the threshold for the wider
system of Figure 1 occurs at a carrier strength which is about twice
the corresponding strength for the narrower system.

The differenee between the shapes of the curves of Figures 1 and
2 is due to differences in crest factor (the ratio between the peak and
root-mean-square voltage) of the noise. For carrier strengths above
the improvement threshold, the crest factor is constant at a ratio of
about 4.5. When the carrier is on the improvement threshold, the crest
factor is higher by an amount which depends upon the deviation ratio
(the ratio between the maximum frequency deviation and the maxi-
mum audio frequency of the system) of the frequency modulation
receiver. This increase in crest factor is caused by the fact that the
higher peaks of the noise approach equality with the carrier so that
these peaks are at the threshold while the lower peaks produce a
carrier-to-noise ratio which is above the threshold. When the peak
voltages of the carrier and noise approach equality, the effective fre-
quency variation of the resultant wave rises to very high values and
the stronger of the two voltages assumes control of the receiver. Thus,
if the noise is stronger than the signal the noise assumes control and
depresses the signal. Hence as the c