Fig. 1—Side-band content of as-

sumed noise voltage. Fig. 2—Noise

voltage superimposed on ampli-
tude modulated signal
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Noise in Frequency Modulation

The first published mathematical demonstration of the validity of the noise-suppression
effect in wide-band frequency modulation, by one of the outstanding authorities on modu-

lation theory, which shows the necessity of a wide band and of proper “limiter” action

EDITOR’S NOTE : The mathemat-
ical operations in Mr. Roder’s
paper are not so involved as they
appear at first glance; for the most
part only trigonometric operations
and rotating vector-diagrams are
employed. The interested reader is
invited, therefore, to ‘“dig in”. As
a preliminary, however, the follow-
ing notes may be helpful:

Noise voltages encountered in
radio frequency circuits are modu-
lated both in amplitude and in fre-
quency. When added to a conven-
tional amplitude-modulated signal,
such double-modulated noise pro-
duces disturbances in the amplitude
of the modulated signal, and these
disturbances appear in the output
of the detector. To overcome the
effect of these disturbances, the
amplitude of the desired signal can
be increased, relative to the noise,
by increasing the power and/or the
percentage modulation of the
transmitter. The practical limit to
this procedure is reached when the
power can no longer be econom-
ically increased.

When the double-modulated noise
is applied to a frequency-modu-
lated signal of constant amplitude,
however, the noise produces two
effects. First it introduces an am-
plitude disturbance to the desired
signal. By the use of an ampli-
tude-limiter in the i-f circuit of the
receiver, these amplitude disturb-
ances are removed and hence do
not affect the audio output of the

converter-detector, which is respon-
sive both to frequency and ampli-
tude variations. In the second
place the noise, because of its fre-
quency-modulated component, pro-
duces disturbances 1in the fre-
quency-swing of the desired signal.
These latter disturbances do affect
the converter-detector and are
present in the audio output. To
overcome the effect of these dis-
turbances, the frequency-swing of
the desired signal must be in-
creased with respect to the fre-
quency-swing of the noise. The
percentage modulation of the signal
is thereby increased relative to the
noise, and this can be done with-
out increasing the power of the
transmitter. Thus, the wider the
frequency swing of the desired sig-
nal, the higher the signal-to-noise
ratio. The degree of improvement
depends on the amplitude of the
noise relative to that of the signal.
When the noise amplitude is not
greater than one-half the signal
amplitude, however, and when the
frequency swing of the desired
signal is 100,000 cycles compared
with 7000 cycles for the noise, the
interference factor is not greater
than one percent throughout the
audio signal range from 100 to
5000 cycles. The same noise, ap-
plied to an amplitude-modulated
signal under the same conditions
(noise amplitude one-half signal
amplitude), would produce an in-
terference factor of the order of 50
percent or higher.

By HANS RODER

General Electric Company, Bridgeport, Conn.

HE proposal to use frequency
modulation in place of amplitude
modulation was made early in radio
development, but the hope of obtain-
ing thereby greatly reduced band-
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widths was shattered in 1922 when
Carson' published his fundamental
analysis. Despite his adverse criti-
cism, much experimental research
was done in the following years.

In 1936, Major E. H. Armstrong
announced® and demonstrated the
phenomenon of noise suppression
with wide-band frequency modula-
tion. This effect was made possible by
the use of the ultra-high frequencies,
which permitted the use of a band-
width about 10 times greater than
customary in amplitude modulation.
The explanation of the noise-suppres-
sion effect has not, to the author’s
knowledge, been given a simple and
satisfactory treatment. In view of
the contrast between the predictions
of earlier theories and the recent
experimental results, it is desirable
to extend the theory to the field of
ultra-high frequencies and to greatly
extended side-band coverage, as has
been done in the practical attack on
the problem.

This extension of theory is pre-
sented in the following paper. While
the treatment refers to a simplified
case, it will permit us to draw some
interesting conclusions in regard to
the system., The plan is as follows:
We set up a convenient type of noise
signal, which is both amplitude and
frequency modulated, and we apply
this noise signal first to a standard
amplitude-modulated signal and sec-
ond to a wide-band frequency mod-
ulated signal., We can then com-
pare the effect of the noise on the
two types of modulation.

The Form of the “Noise Signal”

The ‘“noise signal” on which the
analysis is based has the following
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form: Its basic carrier frequency
is w/2x. It is 100 per cent ampli-
tude-modulated by a modulation fre-
quency p/2m. It is frequency modu-
lated by the same modulation fre-
quency p/2n and the maximum fre-
quency shift involved in the fre-
quency modulation is Aw/2n. Its
mathematical form is:

o= N (14 sin ) sin (ot + AT“’sin a1

The ratio éi”., which we shall give
u

the symbol 7, is the maximum num-
ber of radians phase shift involved
in the frequency modulation. As a
convenient numerical example we
can take a modulation frequency of
1000 cycles, and a maximum fre-
quency shift of ==7000 cycles, so
that n =7 radians or 402°. With
this numerical value, Eq. (1) can be
analyzed® to determine its side-band
frequency content. It is found that
there are about 12 sidebands on each
side of the carrier, the spacing be-
tween each being 1000 cycles. The

strongest sidebands are between
2000 and 8000 cycles, and all the
relative phases and amplitudes of
adjoining sidebands are different.
Because this signal covers a wide
band (24,000 cycles total) and has
many sideband components, all of
different amplitudes and phases, it is
a good representation of a “noise
voltage.” Its side-band content is
represented graphically in Fig. 1.

“Noise” Superimposed on an Amplitude-
Modulated Signal

Having set up a typical noise volt-
age, e,, we apply it first to an ampli-
tude modulated signal e,, whose car-
rier frequency is /2w, and whose
modulation frequency u/2x, as in the
case of the noise. The percentage
modulation is K X 100 per cent, and
the phase angles of the modulation
and carrier voltages are ¢, and ¢.
respectively. The form of this am-
plitude-modulated signal is:

e.=8 (14+ K sin (ut-+¢) sin (wi+¢s) (2

The resultant voltage at the receiver,

Fig. 3—Envelopes of amplitude modulated signal with (solid) and without
(dotted) noise superimposed
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due to noise plus desired modulated
signal, is found by adding Eqgs. (1)
and (2). If this resulting signal is
detected by a perfectly linear recti-
fier, and if the electrical network
preceding the detector is wide enough
to pass all sidebands, then the out-
put of the rectifier will be a perfect
reproduction of the envelope of Eq.
(1) plus Eq. (2). The form of this
envelope is most conveniently found
by graphical means, as shown in
Fig. 2.

In Fig. 2, the projection axis P
is rotating clockwise at an angular
velocity of w radians per second. The
desired signal is given by the two
vectors S and S K sin (ut+¢,). These
two parts are at a fixed phase angle
¢.. The vector expands and con-
tracts u/2= times per second between
the limits S—SK and S + SK.

The noise voltage is likewise in
two parts, N and N sin uf, but since
it is both frequency and amplitude
modulated, is performing a pendulum
motion while contracting and ex-
panding. The instantaneous phase
angle, which measures the pendulum
motion, is n sin ut radians, the phase
changing from -+ 7 to —n radians
u/2n times per second. The length of
the noise vector expands to 2N and
contracts to zero, u/2n times per sec-
ond. During one audio cycle, the
end of the noise vector N (1 +
sin put describes a spiral. The
vector addition of both the noise
and desired signals yields the re-
sultant signal R, which may be
plotted versus time over one audio
cycle, thus giving the desired en-
velope of Egs. (1) 4 (2). Figure 3
shows the resulting envelopes for
various values of the angles ¢, and
¢, under the conditions that N = S/2
(noise amplitude one half of signal
amplitude) K = 1 (100 per cent mod-
ulation of signal carrier) and n =7
radians (as above). The heavy lines
in Fig. 3 give the resultant envelope,
the dotted lines the undisturbed sig-
nal envelope. It is evident that the
harmonic content of the resultant
envelope is excessive, that is, that
the desired signal is badly damaged
if not rendered completely useless
by the superposition of the noise
voltage.

Noise Superimposed on Wide-band
Frequency-modulated Signal

We now apply the noise voltage e.
to a wide-band frequency-modulated
signal e;, as follows: The wide-band
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Fig. 4—Noise superimposed on frequency-modulated signal
Fig. 5—FElements of the frequency-modulated receiver

frequency-modulated signal has a
constant carrier amplitude 4, a cen-
tral carrier frequency /2=, a maxi-
mum frequency shift Aw/x, and a
modulation frequency u/2x. The
form of the frequency modulated
signal is:
Aw
e; = A sin (wt + — sin ut) (3)
I
Aw
-—, which in this case
I
iz given the symbol m, is the maxi-
mum number of radians phase shift
in the frequency-modulated signal.
In the wide-band signal used by Ma-
jor Armstrong, the frequency shift
Aw

The ratio

2w

cycles. For a modulation frequency
of 1000 cycles, therefore, the value
of m is 100 radians or 5729°.

We obtain the resultant voltage,
as before, by adding the noise with
the desired signal, that is, Eq. (1)
plus Eq. (3), and determine its en-
velope by graphical construction,
shown in Fig. 4. The projection

is of the order of = 100,000

24

vector P rotates o radians per sec-
ond. The signal vector is of con-
stant amplitude A but its phase a =
m sin ut changes from -+ m to — m,
»/27 times per second. To this vec-
tor is added the noise vector, which
is both amplitude- and frequency-
modulated. The phase of the noise
vector is B = n sin pf. The noise
and signal combine vectorially to
give the resultant vector K, whose in-
stantaneous phase is « — &  The

angle £ between 4 and R is deter-
mined by the instantaneous phase
and amplitude of the noise voltage.
In evaluating the effect of the noise
on the desired signal, the resultant
voltage vector K may be compared
with the desired signal A4 itself. In
so doing, it is necessary to consider
the manner in which the frequency-
modulation receiver operates in con-
verting the frequency-modulated sig-
nals into audio signals.

The Frequency-modulated Recetver

In Fig. 5 are shown the essential
elements of the frequency-modulated
receiver. The r-f and i-f stages,
which simply amplify all sideband
frequencies proportionately, are not
shown. The first essential element
in the receiver is the limiter which
removes any amplitude variations
from the signal. These amplitude
variations are introduced not only by
the addition of the noise signal
which is partially amplitude-modu-
lated, but to some extent also by fre-
quency discrimination in preceding
tuned circuits. The signal leaving
the limiter, containing only fre-
quency variations, enters the fre-
quency-amplitude converter (essen-
tially a tuned circuit with the maxi-
mum slope of its resonant curve
tuned to the signal carrier) which
converts the frequency variations di-
rectly into amplitude variations.
These are then detected in a linear
rectifier which produces the audio
signal. It is assumed that all con-
version and detection is perfectly
linear throughout the range of side-
band frequencies involved.

After the signal leaves the limiter
we are interested in its instantane-
ous frequency, since this instantane-
ous frequency is proportional to the
instantaneous amplitude at the out-

Fig. 6—Relative amplitudes of phase shift in signal and noise
Fig. 7—Maximum phase disturbance due to noise
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put of the converter. The instantane-
ous angular frequency of any vector
whose phase ¢ is variable is by defini-
tion w = 2 = f = d¢/dt, hence the
frequency presented to the converter
at any instant is:
1
S = ——d (a0 — £)/dt 4
s

»

gince # — £ ig the instantaneous
phase of the resultant voltage B (see
Fig. 4). To solve Eq. 4, £ must be
found in terms of the desired-signal
and noise-voltage parameters. The
vector diagram in Fig. 4 reveals
that:

gin £ N (1 + sin ui)

sin (@ — B — &) A
To facilitate the limiting process,
the maximum noise amplitude 2N
should not be greater than one-half
the signal amplitude A. In other
words the maximum value which the
ratio gin £ /sin (¢« — B — E) can
have is 1/2 and the maximum value
of £ is then 30°. We therefore make

the approximations sin § = § and
cos ¢ = 1, and write the expression
for %:
k (1 4 sin ut) sin (a — B)
£ = - (5)
14+ & (1 + sin ut) cos (er — B)
N
where k = —
A

Equation (5) may be made more
convenient to use by substituting a
change of variables and expanding
in a geries, as follows: Let y = 1 +
gin ut and y = « — B = m sin ut —

n sin ut = (m—n) sin pt. Then:
1
f=kysiny ——— (6)
14+ kycosy

This equation can be expanded in a
converging power series, since ky cos

; 50kc

FI6.9

Fig. 8—Three over-lapping frequency-modulated stations assumed for
purposes of interference analysis. Fig. 9—If R is larger than A, B, or C,
no station is received

resulting series is given in Eq. (11)
in the appendix. If as an approxi-
mation we neglect all terms contain-
ing k to the second or higher powers,
this series expression for § becomes

1
£=2 J————(sin ul—sin 3 ut+sin b ut—..)
x (m—n)

(eos (m—mn)—sin (m—n) . ky) )
If we substitute this expression for
¢ in Eq. (4), together with the ex-
pressions & = m sin ut,andy = 1 +
sin wt, and differentiate, we obtain
the instantaneous frequency fiuse
which is presented to the input of the
frequency-amplitude converter, as
follows.:

® 1
finst= i (m CcoS ﬂ.t—2 ke ——
2

™ 7 (m—mn)
(cos (m—n) — sin (m—n))
(cos uwt+ 2sin2 ut — 3 cos 3 ut — 4sin 4 ut
4+ 5¢cosd5 ut+ 6sin6 ut — 7 cos 7 ut —
sin 8 ut + ..... ) &)

Since this instantaneous frequency

v is equal to or less than 1/2. The 1is proportional to the rectifier’s
TABLE 1
No. of
Inter- intuer- Inter-
Audio Desired ference fer nce ference
Freq signal signal beats factor Notes

u/2w Aw m Aw n m-n Z %o

100 100,000 1000 7000 70 930 100 0.760 Audio frequency variable.

500 100,000 200 7000 14 186 20 0.783 Per cent modulation
1000 (A) 100,000 100 7000 7 93 10 0.810 of desired signal con-
2000 100,000 50 7000 3.5 46.5 5 0.946 stant. Bandwidth of
5000 100,000 20 7000 1.4 18.6 2 1.03 interfering signal con-

stant,
1000 100,000 100 10000 10 90 10 0.824 Audio frequency constant.
1000 100,000 100 20000 20 80 10 0.874 Per cent modulation of
1000 100,000 100 40000 40 60 10 1.01 desired signal constant.
1000 100,000 100 80000 80 20 10 1.75 Interference signal
bandwidth variable.

1000 100,000 100 15,000 15 85 10 0.848 Audio frequency constant,
1000 50,000 50 15,000 15 35 10 3.65 Per cent modulation of
1000 20,000 20 15,000 15 S 10 5.07% desired signal variable.
1000 10,000 10 15,000 15 —5% 10 10.14% Interference signal

bandwidth constant.

*Formula (8) is correct only for large values of m-n. The above ﬁgureé for m-n == 5 have been computed

from a more accurate formula.
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audio output, the term m cos ut rep-
resents the desired audio frequency,
while all the other terms are spuri-
ous frequencies introduced by the
presence of the noise voltage. It
will be seen that these spurious fre-
quencies are multiples of the orig-
inal audio frequency u/2n and that
their amplitude increases in direct
proportion to their frequency. For-
tunately only the lower frequency
components in this interference spec-
trum are of practical importance be-
cause the audio system of the re-
ceiver (and the ear) will not re-
spond to frequencies much higher
than ten .thousand cycles.

We set up the interference factor
(which is the ratio of the ampli-
tudes of the interference to that of
the desired signal) directly from Eq.
(8), and obtain

. 2k 1

Interference factor = —4/ ———

m \ w (m—mn)

(cos (m—n) —sin (m—n)) ¥ 124224324, . . 22

9
Now, remembering that n = Aw/p
for the noise signal, and m = Aow/u

for the frequency modulated signal,
we can evaluate the interference fac-
tor for various combinations of au-
dio frequencies and maximum fre-
quency shifts. The greatest value
which (cos (m — n) — sin (m —
n)) can have is \/2. The numerical
value of the second root in (9) is
computed from 1* + 2° + 3* 4. ..
22 =32 (Z+ 1) (2Z + 1). Table
1 has been calculated for a value of &
= 1/2 (noise amplitude half of sig-
nal amplitude), and on the assump-
tion that all interference beat fre-
(Continued on page 60)
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A special patented process makes the
radiating area of Speer Graphite Anodes
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more than four times as much heat as
metals. Cannot melt, warp or twist. Many
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tube manufacturers. List and booklet on
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FREQUENCY
MODULATION

(Continued from page 25)

quencies higher than 10,000 cps. are
elimniated by the audio system (i.e.
the value of Z in Eq. (9) does not go
higher than 10,000/(u/2%). The
table shows that the values of the
interference factor are very small
indeed, (below 1 per cent) particu-
larly in case m is large compared
with n. We may compare one case
(marked (A) in the Table) directly
with Fig. 3. The distortion in Fig.
3, in which the noise is added to an
amplitude-modulated 1000-cycle sig-
nal, is excessive. When the same
noise is added to a frequency-modu-
lated 1000-cycle signal having a fre-
quency shift of 100,000 cps., the
interference factor is only 0.8 per
cent. It will be noticed, however,
that when the maximum frequency
shift in the desired signal is not so
great, the interference factor in-
creases, being about ten per cent
when the frequency shifts of noise
and signal are approximately the
same.

That the suppression of noise in-
terference in frequency modulation
thus depends on the use of a signal
modulated over a wide frequency
band can also be shown by consid-
ering equation (4), which states that
the instantaneous frequency (propor-
tional to audic output) is propor-
tional to the derivative of a« — ¢&.
The phase shift of the desired signal
o = m sin wpi, can be made to have
any desired maximum value; in the
example a maximum value of 100 ra-
dians has been assumed. The angle
£ which is the phase disturbance pro-
duced by the noise, cannot have a
maximum value higher than 30° =
0.52 radians, if the noise amplitude
is kept lower than 1/2 the signal
amplitude. The disturbing phase
shift is thus never more than about
1/200 of the legitimate phase shift,
as shown in Fig. 6, where « and &
are plotted against time. This small
disturbance cannot produce much in-
terference. The secret of interfer-
ence suppression thus depends on
making «, the phase shift of the
legitimate signal, large compared
with &, the phase disturbance pro-
duced by the noise. If we decide that
o should be ten times as great as §,
which is 0.52 radians if the noise
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amplitude is not more than 1/2 the
gignal amplitude, then o must be
0.52 X 10 = 5.2 radians. Thus, if
the highest audio frequency to be
transmitted is 10,000 cycles, then
the maximum frequency shift re-
quired is == 52,000 cycles.

Even when the maximum ampli-
tude of the interfering noise is equal
to that of the desired signal, the
maximum value of § is comparatively
small. This follows from the dia-
gram in Fig. 7 which shows that sin
Emax = NJA where N, is the maxi-
mum noise amplitude and A the sig-
nal amplitude. For N,/JA = 1,
therefore, £... = 90° = 1.57 radians.
If the desired signal phase shift is
made 20 or more radians in this case,
a very effective reduction of inter-
ference is obtainable.

The only additional requirement is
that the difference A — N, must be
large enough to permit operation of
the limiter, i.e. it must be larger than
E. in Fig. 5. So long as this is true,
the noise may be almost any kind of
a signal. It may be wide-band or
narrow-band, amplitude or frequency
modulated, but its interference ef-
fect will always be small. Thus to
eliminate noise by frequency modu-
lation, it ts mecessary to combine
wide-band-frequency modulation with
an effective limiting device at the

i recewver.

The Effect of Interference Between
Two or More Desired Signals

If two frequency-modulated trans-
mitters are synchronized (carrier
frequencies exactly the same) and
are transmitting the same program
simultaneously, the two signals will
arrive at the receiver together. The
question is what effect the two sig-
nals will have upon one another. By
referring to Fig. 4, we see that o —
B is constant, since both the radio
and audio frequencies of the two
signals are the same. Hence § is a
constant also, and df/dt is zero. The
two signals therefore do not produce
any mutual interference, except in
localities where they are of precisely
the same amplitude and opposite
phase, in which case they would can-
cel each other out. Thus in fre-
quency modulation two synchronized
signals will not interfere with one
another so long as one signal is
stronger than the other. This must
not lead us to believe that transmit-
ters may be set up, separated by 10
or 20 ke. in frequency, and operate

May 1937 — ELECTRONICS




ANNIVERSARIES

T H E N
O N E oOF
OUR FIRST
VARIABLE B
CONDENSERS

*TODAY
OUR NEW-
EST MID-
GET TYPE
VARIABLE

DUR 25 YEAR.TOO!

W7E ARE deeply proud, too, to be

celebrating our silver anniversary
at the same time as that grand
engineering organization—the IR.E.
The world knows how the LR.E.
gained international fame so rapidly
because of their high ideals and pur-
poses. Their distinctive efforts to
build for the advancement of the
science of radio has proven a stir-
ring symbol throughout the profes-

sion. Hammarlund, who a quarter
of a century ago, opened “shop”
similarly achieved instant acclaim

with their products also bearing the
high ideals and skill of their designer
and manufacturer. And over the
span of years, Hammarlund’s careful
application of their conscientious and
skillful talents has similarly made
Hammarlund one of the foremost
names in radio.

Hammarlund today manufactures
over 400 radio products, among which
are precision standard, midget and
micro variable condensers; trimming
and padding condensers; plug-in
coils; coil forms; sockets; I.F. trans-
formers; R.F. chokes; couplings;
shields; “Comet-Pro” and “Super-
Pro” professional receivers and
special laboratory equipment for ultra-
high frequency, high frequency and
broadcast receiving and transmitting.

In celebration of its 25th year,
Hammarlund has produced a special
catalog with numerous mechanical
drawings, curves, and illustrations.
Mail the coupon below for your copy,
free of charge.

MAIL THIS COUPON

HAMMARLUND MFG. CO., Inc.
424-438 W. 33rd St., N.Y. City

[J Please send me copy of new
‘37" HAMMARLUND catalog.

HAMMARLURDS 257 YEAR |

64

simultaneously W“h 4 bandwidth of
== 100,000 cycles lwﬁﬂhout interfering.

To show the faiiacy in this case,
ossume three sfaﬂor{s A, B and C
each capable of 100 per cent modu-
lation, producing g total bandwidth
in each case of 200,000 cycles with
carriers separated by 50,000 cycles,
as shown in Fig. é If A operates 50
per cent modulated, the bandwidth is
then 100,000 cycles. Now if station
B comes on with a signal strength
only 70 per cent of that of station A4,
station B cannot be tuned in because
station A is stronger. This will oc-
cur even with the 50 ke. separation
between carriers, since the receiver
acceptance band must be 200,000 ke.
to accept 100 per cent modulation.
Now if station C(joins in on the air,
with a signal only 60 per cent as
strong as A, in this case no station
at all is received, because the sum
of any two signai components is
larger than the other, as shown in
Fig. 9. To eliminate this effect,
the carriers of the stations must
be separated by a frequency inter-
val equal to the pass-band of the
receiver, namely 200,000 cycles in
this case, which is the same require-
ment that exists in simple ampli-
tude modulation. To bring in a week
signal adjacent to a strong one re-
quires a certain amount of selec-
tivity in the receiving set. The ef-
fect of this selectivity on reception
is an interesting problem which yet
remains to be investigated.

Appendix: Derivation of Series for &

If we substitute in Eq. (5) ¥y = 1 +
sinut, y = « — B = (m — n) sin ut
we obtain for £:

1

1+ ky cosy

= ky siny (1 — ky cos v + (ky cos v)?
— (ky cosv)*+ . . .
¢ =hysiny —ky?1/2sin 2y
. + Ky? 1/4 (sin 3y + sin )
— k*yt 1/8 (sin 4 v+2 sin 2 %)
+ k595 1/16 (sin 5 v + 3 sin
3y + 2sinvy)

¢ = kysin vy (6)

By rearranging
£ =4 kysiny (1 4+ 1 k%2 4+ 2/16 k*y* -+
5/64 ks + . . )

— 3 (ky)?sin 2+ (1 + 2/4 k2 -+ 5/16
kKt + 14/64 k55 + . . )

—1/8 ()t sin 4 v (1 + 4/4 k2 +
14/16 k4t + . . )

+ 1/16 (ky)*sin 5y (1 + 5/4 k24 ...)
(10)

Using a well known expansion due

to Neumann, the terms sin vy = sin
((m — n) sin ut) can be developed
into the following series:
siny = 2J, (m—n) sin put + 2 J3 (m—n)
sin3 ut+2Js (m—n)sin b ut+ . . . .
The terms J, (m — n) are Bessel’s
functions of the first kind, order p,
argument (m — n). Now, the term

(m — n) is large for instance, m
= 100 and n = 7) therefore the co-
efficients J, (m — =n) can be ex-

pressed by trigonometric functions
as is shown in the theory of Bessel’s
functions:

1
Ji (m—n) =+V———— (cos (m—n) —
w (m—n)

sin (m—mn) )

1
Js (m—n)=— \/—— (cos (m—n) —
x (m—mn)

sin (m—mn) )

1
Js (m—n)=‘/————‘ (cos (m—n) —
w (m—n)

sin (m—mn) )

and so on. We then have
T
siny = ‘/—————— (cos (m—n) — sin
(m—n) =

(m—mn)) (sin pt—sin 3 ut+sin 5 ut . . .)

(co8 2 (m—mn)— sin

in 2 2/ !
Slny=~

2 (m—n)r
2 (m—n)) (sin wt—sin 3 ut-+sin 5 wuf)
1
sin 3y =2 4/ — cos 3 (m—n)— sin
3 (m—n)r

3 (m—mn)) (sin ul — sin 3 ut-+sin § ut)

By substitution of these three ex-

pressions into (10) and by re-ar-

ranging, one obtains the following:
(sin ut —sin 3 ut+sin

1
fm 2y
w (m—n)
Sut—sin7 ut+ .. .)

1
[-{———— (cos (m—n) — sin (m—n) ) ky (1+

V1
1 (ky)? + 2/16 (ky)* + 5/64 (ky)®

— — (cos 2 (m—n) — sin 2 (m—n)) 3
2y (142/4 k2y*+5/16 kyr4-14/64 k5ys

+ — (cos 3 (m—n) — sin 3 (m—n) } Ky’
Ve (1+ 2 2 + 9/16 ey —
— — (cos 4 (m—n) — sin 4 (m—n)) §
¥ lc“y“,(1+4“ k*y?*+-4/16 kiy*
+ \/% (cos 5 (m—n) — sin 5 (m—n) ) 1/16

Py (14+5/4k*+ . .. .— ... )
(1)
References:

1. Carson, J. R., Notes on the theory of
modulation. Proc. I. R. E. Feb., 1922,
page 57.

2. Armstrong, B. H., A Method of Reducing
Disturbances in Radio Signalling by a
System of Frequency, Modulation. Proc.
I. R. BE. May 1936, page 689.

3. Roder, Hans. Amplitude, Phase,

Frequency Modulation. Proec. I. R. .
Dec. 1931, page 2145, Equation (22).

May 1937 — ELECTRONICS

and
B



	Electronics-1937-05-22
	Electronics-1937-05-23
	Electronics-1937-05-24
	Electronics-1937-05-25
	Electronics-1937-05-60
	Electronics-1937-05-62
	Electronics-1937-05-64

