














374 RADIO ELECTRONICS [Crap. 13

g is approximately 105 deg, in which case
ge = Y9Gmmax X 0.57 = 0.29¢m,max (13-59)

Note that all values of g./gmm.= are roughly the same, so that, for con-
duction angles 90 < 8 < 180 deg, the conversion-transconductance ratio
varies over the range from 0.25 to 0.30.

If an exact determination of g, for a specific tube is required, this
can be accomplished by a numerical evaluation of the Fourier coefficient
given by Eq. (13-50).
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PROBLEMS

13-1. A sinusoidal potential is applied to the average detector of Fig. 13-2, with
R; = 100 kilohms. Determine the variation of the rectified output potential
with applied signal.

13-2. The envelope detector of Fig. 13-3 has

R; = 100 kilohms and C = 200 puf

The impressed potential is
e = 12 cos 2r X 1.5 X 10% + 1 cos 2r X 1.51 X 10%

Write an expression for the instantaneous potential across C. Neglect tube drop
in the diode.

13-3. A carrier is sinusoidally modulated 80 per cent by a 7.5-kc signal. The
signal input to the envelope detector of Fig. 13-3 with RE; = 100 kilohms has a
carrier component of 12 volts peak. What should be the maximum value of C
for no distortion? Neglect the tube resistance.

13-4. The input to the detector of Prob. 13-3, with

C = 100 ppf R; = 100 kilohms R, = 1 megohm = w

T
/i:v
T

is a pulsed r-f signal, the carrier frequency being 5 Mc. Sketch the waveform of
the potential across R,.
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13-5. In the circuit of Fig. 13-3, the diode efficiency is 0.90. Calculate and
plot as a function of the modulating frequency w,. the maximum degree of
modulation of the input signal e for distortionless rectification.

13-6. Suppose that the d-c load resistance of a peak diode detector is 250
kilohms and 4 = 0.90.

a. Calculate and plot the maximum degree of modulation of a signal without
negative peak clipping as a function of the ratio of a-¢ to d-c¢ load impedances
for ratios between 1 and 0.5.

d. If the signal is 100 per cent modulated, plot the approximate distortion
under these conditions.

13-7. Determine from the rectification characteristics of a 6H6 diode the
largest permissible modulation without clipping if the d-¢ impedance of the load
is 100 kilohms and the modulation frequency impedance is 50 kilohms. If the
effective modulation is 70 per cent with a carrier of 10 volts rms, determine the
approximate percentage distortion.

13-8. A superheterodyne as indicated in the diagram in block form gives for an
unmodulated carrier-frequency signal of 5uv input to the r-f amplifier a detector

6.5'1?7—-1 6847 — 6SK7 68SK7 ——-‘ GHE

R-Farmp  Converfer [-F amp Defector

output of 5 volts. If automatic gain control is used on all tubes, what must the
carrier level be to give a 5-volt output; a 10-volt output? Assume that the full
d-c output potential is used for automatic gain control.

13-9. A receiver is provided with a square-law detector, which is represented

by the expression
1 = ke?

Calculate the form of the output, and specify whether or not an intelligible a-f
signal results when the following are applied to the input:

a. One sideband is eliminated from the transmitted wave.

b. The carrier is eliminated from the transmitted wave.

¢. One sideband and the carrier are eliminated from the transmitted wave.

13-10. A single-sideband transmitted wave is applied to a square-law detector
for which

1p = 0.5(6 + ¢,)? ma

If the input consists of a supplied carrier of 2.5 volts peak and the sideband
amplitude is 1 volt peak, calculate the signal current in the output.
13-11. A 6L7 pentagrid tube is used as a converter. A plot of the curve of

1500
T
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/
/ 9m
- 500
0

-30 -20 -10 0
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plate-grid 1 transconductance as a function of grid 3 bias is sketched in the
diagram for this problem. A beating oscillator signal of 24 volts peak, which
causes a bias of —20 volts to be developed, is applied to grid 3. The incoming
signal of 100 uv is applied to grid 1, which is maintained at a bias of —6 volts.
a. Evaluate the conversion transconductance under these conditions by a
graphical solution.
b. Compare with the results obtained by applying the appropriate results of

Sec. 13-15.



CHAPTER 14

FREQUENCY MODULATION AND DETECTION

14-1. Introduction. Chapter 12 was confined to a discussion of ampli~
tude modulation, in which the amplitude of the transmitted wave is
altered in a manner dictated by the amplitude and frequency character-
istics of the signal. It was there pointed out that in addition to such
amplitude variations it is possible to effect changes in the frequency or in
the phase of the transmitted signal. In particular, however, if intelli-
gence is to be transmitted, it is essential that the two features that
characterize intelligence, viz., amplitude, or loudness, and frequency,
must be available.

In frequency modulation the transmitting frequency is varied by an
amount depending on the signal amplitude, and the signal frequency
determines the rate at which the variation takes place. In phase modu-
Iation the phase of the transmitted wave is shifted by an amount that
depends on the signal amplitude, and the rate at which this shift occurs
is made proportional to the signal frequency. In general, any system
that can transmit the two aspects of information required for the intelli-
gence could serve as an acceptable system of communication. A variety
of pulse systems have been devised which are satisfactory and which
possess certain advantages over the a-m, f-m, and p-m systems. Certain
aspects of these systems have been discussed in Chap. 1.

It should be particularly noted that the amplitude of the oscillations
in the f-m system is not involved in the actual process of transmitting
intelligence. Consequently, it is possible to make the system insensitive
to any a-m disturbances. This is a particularly desirable feature since
atmospheric and man-made disturbances are largely amplitude-modu-
lated. Owing to the difference in character between a-m and f-m signals,
it is possible to separate and extract the signal from the interference.

14-2. Basic Characteristics of Frequency Modulation. To examine
graphically the fundamental principles of frequency modulation, suppose
that a telegraph dot and dash are applied to an a-m and to an f-m system.
The results have the forms illustrated in Fig. 14-1. For the a-m system,
the frequency of oscillation remains constant, but the amplitude is zero
or a constant, depending upon the time in the cycle. In the f-m system,

377
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the amplitude remains constant, but the frequency changes from a value
f» to a value f; or fs when the signal is applied.

If the applied signal is sinusoidal and of frequency f., the effect pro-
duced in an a-m system has the form illustrated in Fig. 14-2b and the

—l I ¢ Pulse

Fic. 14-1. The primary features of a-m and f-m waves.

effect produced in an f-m system has the form illustrated in Fig. 14-2c.
14-3. Instantaneous Phase and Frequency. The general expression
for an unmodulated carrier wave is given by

e, = E, sin (wt + 0) (14-1)
In this expression the period of the wave is given by
PN - _1_2r
~—" ‘ o
(a) .
The quantity
wt + 8 =09 (14-2)

is the total instantaneous ‘‘phase”
of the function. If the phase is
written as ¢(t), the value of the po-
tential at any instant is represented
by the expression

e, = E, sin ¢(t) (14-3)

F1c. 14-2. The output of a sinusoidally
modulated a-m and f-m transmitter.

But, clearly, the angular frequency
is related to the phase by the expression

_ de i
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This expression agrees with the usual definitions of frequency, and in the
unmodulated case

w=%(wct+9)=wc

14-4. Frequency Modulation. Frequency modulation is produced by
varying the instantaneous frequency of a carrier by an amount that is
proportional to the amplitude of the modulating signal and at a rate
given by the frequency of the modulating source. The amplitude of the
carrier is assumed to remain constant in the process. That is. if the
modulating signal has the form

em = B, cos wnl (14-5)
the f-m wave has an instantaneous frequency given by the expression
o(t) = w, + ksE,. cos wat (14-6)

The proportionality factor k, determines the maximum variation in fre-
quency for a given signal strength E,,..
To determine the expression for the f-m wave, use is made of Eq. (14-4).

This requires that

w = C(ii—‘; = w, + ksE, cos wyl

from which it follows that
o(t) = /;) "o dt
which yields the expression
o(t) = wd + k;% sin wnt + 6, (14-7)

The initial phase 6, is neglected in what follows, for it plays no part in the
modulating process. Thus, for the f-m wave,

e = K, sin (wct + k; —f—m sin wmt> (14-8)
The instantaneous frequency of the f-m wave is
w Em
=5 = fo+ kfﬂ COS Wyl (14-9)
which has a maximum value of
E.
Suax = fo + kf‘2_1r‘ (14-10)

and a minimum value of

E.
Saim = fo — kf% (14-11)
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The maximum swing of the frequency from its mean value is called the
frequency deviation and is denoted by fa. It is

E

fd = fmnx - fc = fc - fmin = kf%‘ (14‘12)

By analogy with amplitude modulation, the modulation index is defined as
_Ja_oa_y En

my = fc = @, = kf @, (14"13)

Also, the ratio of fs to the modulating frequency f. is called the deviation
ratio and has the value

o _wa 0 En
= fm @ my @ = kf @ (14-14)
In terms of these factors, the expression for the f-m wave assumes the
form

e = E, sin (o4 + 6 sin w.t) (14-15)

14-6. Frequency Spectrum of F-M Wave. To examine the spectrum
of the f-m wave, it is necessary to expand the expression [Eq. (14-15)] that
represents the f-m wave. This is done as follows:

e = E[sin w.t cos (8 sin w,t) + cos w.l sin (8 sin w,t)] (14-16)

Use is now made of the following expansions,

cos (6 sin wxt) = Jo(8) + 2 E J 2(8) cOS 2ncont
. n=t (14-17)
munm%o=22bmmmmu%+n%t
n=0

where the function J,(38) is the Bessel function of the first kind and of
order n. The f-m waveform then becomes

e = E, sin wt[Jo(8) + 2J2(8) cos 2wt + 2J4(8) cos 4wt + - - -]
+ E. cos wt[2J1(0) sin wnt + 2J3(6) sin Swmt + - - -] (14-18)
which may be written in the form
e = Jo(8)E, sin wt
+ J1(O)E [sin (w, + wn)t — sin (w, — wm)i]
+ J2)E [sin (w, + 2wn)t + sin (0, — 2wm)]
+ J3(8)E[sin (we + 3wn)t — sin (0, — 3wp)i]

+ - (14-19)
where use has been made of the trigonometric expansions
sin z cos y = W[sin (x + y) + sin (x — y)] (14-20)

cos z sin y = Y[sin (z + y) — sin (x — y)]
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The Bessel function J,(8) is defined by the series
> [1 e s
2"n! 22n + 2) © 2(4)(2n + 2)2n + 4)
56
— P _2
DO F @ T HE F6) ] (1421)
It follows from Eq. (14-19) that the spectrum of the f-m wave consists
of a carrier and an infinite number of sidebands all of whose amplitudes

are various-order Bessel functions. Graphs of several of these functions
are contained in Fig. 14-3. It will be noticed that Jo(8) has a root at

Ja(8) =

1.0
08
\(.=o BESSEL FUNCTIONS OF THE FIRST KIND J, (d)
0.6
04 /(‘xi-{'i\
NP0 CNNENSSY
0 2 .\\5)‘;\1z\<¢/30 11\\1|{
AL KRS
-04
-0.6

Fic. 14-3. Bessel functions of the first kind.

about 2.40. This means that the carrier will vanish when the frequency
deviation is equal to 2.4 times the audio frequency. This fact provides
a method for measuring the frequency deviation since the zero point of
the carrier can be observed by a selective radio receiver.

A list of the roots of various Bessel functions is given in Table 14-1.

TABLE 14-1
ROOTS OF J.(5)

n=20 1 2 3 4 5
2.4048 3.882 5.135 6.379 7.586 8.780
5.520 7.016 8.417 9.760 11.064 12.339
8.654 10.173 11.620 13.017 14.373 15.700
11.792 13.323 14.796 16.224 17.616 18.982
14.931 16.470 17.960 19.410 20.827 22.220
18.071 19.616 21.117 22.583 24.018 25.431
21.212 22.760 24.270 25.749 27.200 28.628
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It is instructive to examine a particular situation in some detail. Con-
sider an r-f signal that is modulated +75 ke by an a-f signal of 7.5 ke.
The corresponding deviation ratio is 10.0. The important Bessel func-
tion that occurs in the expression for such an f-m wave is J,(10.0). A
plot of J.(10.0) as a function of n is given in Fig. 14-4. Notice that

Jn(10),
0.3}

0.2r

(=)
[=)
N -
»
=2
o
sk
'3._
3
P

Fic. 14-4. A plot of J.(10.0) as a function of n.
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Fi6. 14-5. The spectral distribution in an f-m wave with 5 = 10.

16 16

J. (10.0) falls off toward zero rapidly for n greater than 10, but that the
amplitudes are significant out to about 14, which corresponds to

14 X 7.5 = 105 ke

A plot of the spectrum corresponding to Eq. (14-19) is given in Fig.
14-5. Notice that this is just a plot of the spectral lines, without regard
for sign, as dictated by the Bessel-function plot of Fig. 14-4. The
separation between individual sidebands is 7.5 ke, the modulating fre-
quency. Itis evident from this plot that the total bandwidth necessary
to include all significant sidebands is 210 ke. -

Two similar plots are also included. In Fig. 14-6 is illustrated a series
of plots for constant modulating frequency f. but for various values of
frequency-deviation ratio 8. The increasing number of sidebands with
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8 is clearly seen. Likewise, the disappearance of the carrier is plainly
seen.

The plots of Fig. 14-7 show the spectra for a constant frequency devia-
tion but for various modulation frequencies. It should be observed that
the total bandwidth required to include all significant sidebands decreases
somewhat with increasing deviation ratio. For a given frequency devia-
tion f4, except for the very small value of §, almost all significant side-
bands are contained within the range f;, The curve of Fig. 14-8 indicates
the number of significant sidebands (those with amplitudes exceeding 1

o=d_0, &=-22_30
W an

il

05 40 .II“.'."h.

10 ,l l, 80 ,||i,,|,|,|,|,,||,,
[

15 R 0.0
20l 120
A oo e
25 ..IIJ I, 50 L
e wm"L__ wd—-»l

Fic. 14-6. The spectral distribution in an f-m wave for different values of 3, different
wq, and fixed wm.

per cent of the largest sideband component) in an f-m spectrum for
different values of » and 8. In particular, if § = 5, then » must be about
8 for J,.(8) to be negligible compared with unity.

Some very important information is contained in Fig. 14-8. To
appreciate this, consider the present Federal Communications Commis-
sion (FCC) regulations on frequency modulation. These regulations
specify:

1. Maximum frequency deviation, fy = +75 ke.

2. Allowable bandwidth, B = 200 ke (including a 25-kc band at each
end).

3. Frequency stability of carrier, 2 ke.
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Remembering that the frequency deviation is related to the amplitude
and frequency of the modulating potential according to the relation

Wqg = k/Em

then for that amplitude which provides a frequency deviation of 75 ke
the bandwidth requirements increase with decreasing f,.. But from Fig.

d‘=gi—=0.-25
3 1
05 | 1
Ie--wd-—r
10 4 l I )
ke g -
3.0 | I I | I I l 1
50 IR
-
_a,d__
100 IR NN T
200 ottt Lt e,
24,0 i MR AAA KRN [T
I

Fig. 14-7. The spectral distribution in an f-m wave for different values of fixed w4
and different wm.

14-8 it is clear that all of the significant sidebands or energy is contained
within f; for values of § = 10 or higher. For § lower than 10, the number
of sidebands outside of f; begins to increase rather seriously. This occurs
for frequencies of 7.5 or higher. Note, however, that with ordinary
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broadcasts the amplitude of the frequencies in the range of 7.5 ke and
higher is considerably smaller than with the frequencies in the middle or
lower registers. Clearly, therefore, K, for these higher frequencies is
smaller than for the mid-frequency band, and hence the total active f; is
materially less than the allowable 75 ke and the system is operating within
a narrower bandwidth than might otherwise be required. In fact, the
bandwidth is so much less than that allowed that it is found convenient
to include weighting or preemphasis networks in the transmitter. These
have such properties that they tend to accentuate the higher frequencies.

1000
500
100
50 7 mil
é /4
/4 *
/ //
lo ’I
5 __Jﬁ___
/
/
’ /
i 2345 10 2030 50 100 500 1000

n

Fra. 14-8. Values of n for a given value of 5 to make J,.(3) < 0.01. Note that » may
assume only integral values. (From L. Mautner, *“ Mathematics for Radio Engineers,”
Pitman Publishing Corporation, New York, 1947.)

In this way, the higher-frequency components, which ordinarily do not
contain much energy, are expanded beyond their natural level. This
proves to be a desirable practice in that it tends to give an improved
signal/noise ratio, for the noise generated within the tube circuits is
uniformly distributed over the frequency band. Of course, for fidelity in
reproduction, the receiver must have networks which deemphasize the
incoming signal to yield the proper energy distribution. More will be
said about this when the circuits for effecting preemphasis and deempha-
sis are discussed.

14-6. Phase Modulation. Phase modulation is produced by varying
the instantaneous phase of the carrier at a rate that is proportional to
the modulating frequency and by an amount that is proportional to the
strength of this modulating signal. The amplitude of the carrier remains
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unaltered in this process. If the modulating signal has the form
en = En sin wyt
the instantaneous phase of the wave is given by the expression
6 = 0o + k,E. sin w,t (14-22)

where £k, is a proportionality factor that determines the maximum varia-
tion in phase for a given signal strength.

To find the analytic expression for the p-m wave, use is made of the
fact that the instantaneous phase is given by

e(t) = wit + 8o + kB, sin w,t (14-23)
Equation (14-3) for the present case, when written in full, becomes
e = E, sin (ot + kpE, sin wyt) (14-24)

The constant phase 6, is taken as zero, as it plays no part in the modulat-
ing process. This expression is written in the form

e = E, sin (w4 + 6; sin wyl) (14-25)

where the maximum deviation in phase is
bs = kpln (14-26)

A comparison of Eq. (14-25) with Eq. (14-15) for the f-m wave indi-
cates that the two forms are identical. Consequently the entire discus-
sion of the spectral distribution of the energy contained in an f-m wave
can be extended to p-m waves. Therefore the frequency spectrum of a
p-m wave having a maximum phase deviation of, say, 10 rad will be
identical in form with the frequency spectrum of an f-m wave having a
deviation ratio of 10.

There is one very significant difference between the f-m and the p-m
waves, however. This difference is contained in the form of the phase
deviation §; and the deviation ratio § that appears in Egs. (14-25) and
(14-15), respectively. The differences lie in the definitions of 6; and 8,
namely,

6, = k,E., for p-m waves
_ kB,

Wm

) for f-m waves

Clearly, for p-m waves the phase deviation depends only on the amplitude
of the modulating signal, and all modulating frequencies of equal E,, will
possess equal values of 6, independently of the frequency w,. As a
result, the spectral distribution will be the same in each case, although
the separation of the spectral lines will depend on the modulating fre-
quency. In particular, if it is supposed that the maximum phase devia-
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tion of a particular wave is 5 rad, there will then be approximately 8
significant sideband components present. If the modulating frequency
is 5 ke, then the bandwidth is 2 X 8 X 5,000 = 80,000 cps. If the
modulating frequency for the 5-rad maximum deviation is 50 cps, then
the bandwidth is 2 X 8 X 50 = 800 cps.

In the case of frequency modulation, if the value of E,, is such that the
deviation ratio is & = 5 for a modulating frequency of 5 ke, then for an
equal E,, at 50 cps the corresponding deviation ratio is 500. The result-
ing spectral distribution in these two cases will be altogether differ-
ent, there being 8 significant sidebands for 8§ = 5, and there being in
excess of 500 significant sidebands for & = 500. The bandwidth is
2 X 8 X 5,000 = 80 ke under the first conditions and is approximately
2 X 500 X 50 = 50 ke in the second case.

Owing to the simple difference in form between 6, and 3§, it might appear
that it should be possible to use p-m waves to produce f-m waves. This
would be possible if one could arrange, by means of appropriate circuits,
to cause the apparent phase deviation to vary inversely as the modulating
frequency. Such circuits are possible, and the Armstrong method of
producing frequency modulation operates on this principle. The details
of this method will be discussed below.

14-7. F-M Transmitters—Reactance-tube Types. A variety of meth-
ods for the production of frequency modulation exist, although they do
not all enjoy very great flexibility. In principle at least, the most direct
way of producing an f-m wave is to alter the capacitance in the tank
circuit of an oscillator. This might conceivably be done by incorporat-
ing a capacitor microphone as part of the tank capacitor in an oscillator
circuit. A considerably more satisfactory method, and one which accom-
plishes the same result in substantially the same way, is to incorporate a
reactance tube in the tank circuit.

A reactance-tube circuit is an electron-tube circuit which is so designed
that the effective output-terminal impedance is largely reactive, either
inductive or capacitive depending upon its manner of connection, the
magnitude of the reactance being varied by varying the potential on one
grid of the tube. By incorporating such a circuit as part of the tank
circuit of an oscillator, the effective tank-circuit inductance or capaci-
tance, and so the resonant frequency of the oscillator, may be varied
by electrical means. Moreover, it will be shown below that the instan-
taneous carrier frequency of such a reactance-tube transmitter is directly
proportional to the instantaneous potential on the control electrode of
the reactance tube. As a result, therefore, the instantaneous frequency
of the transmitter is directly proportional to the amplitude of the control
signal, which is proportional to the modulating-signal amplitude.

A block diagram of a simple reactance-tube f-m transmitter is shown
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in Fig. 14-9. The essential features of certain of the elements of the
circuit are examined below in some detail. In particular, the operation
of the reactance-tube circuit, and the operation of the preemphasis circuit,
will be examined analytically.

. £o=7 97,:';
Modulatin Audio Vanty| Pre- | Pectance . 1fy=3/2
5,'9_”71) amplifier [ [5p- ‘;fgj:-‘;’s modulator] Oscillator,
15000
cps)
_797MC] " Q5 M - MC
Buffer 3T Three S Trinler 25 power =754
amplifierif, =1 o doublers e = 054C » £, =754 |amplifiér) £ 754C

Fic. 14-9. A simple reactance-tube f-m transmitter.
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F1c. 14-10. The reactance tube and its equivalent circuit.

14-8. The Reactance Tube. A schematic diagram of a simple react-
ance-tube circuit and its equivalent circuit is given in Fig. 14-10. It is
desired to determine the effective output-terminal impedance of this
circuit. This is readily accomplished. Note from the equivalent circuit
the following relations:

L=
Ii — iXe (14-27)
with Xeo = ==
Also, the grid potential is
B _ RE, , ~
E, = RI, = B = jXq (14-28)
The plate current is
L = El -+ #Ea
, =
rl’

which may be expressed as
[, - Eix RE (14-29)

The total current is then

_ __E E, RE, )
IL—Ip+Ic—R_jXC+rp+ng_jXC (1430)
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The output-terminal admittance of the circuit is given by the relation

1 I 1 1 R
R A A R RS Esi
which may be expressed in the form
gE— ! ! (14-32)

———— — = 4 :
B —j1/wC) 1, (1/gn) — j(1/gnRCw)
This expression indicates that, in so far as the output circuit of the
reactance tube is concerned, it may be represented by the circuit of
Fig. 14-11, Clearly, if the imped-

ances r, and R — jX¢ are large T L
compared with R 1 {
1 1 K n —Z

Om J gmRCw Tc Tg”'RC Txl
and i 1/0CR s large compared 515 L1 The stelent oyt i
with unity, the output-terminal
admittance becomes purely capacitive and arises from an equivalent cap-
acitor having a capacitance ¢..RC.

Since the output impedance of the reactance-tube circuit above may be
made to appear as a pure capacitance g,RC, then if the modulating sig-
pal is made to vary the g.. of the tube, and this is readily accomplished
by applying the modulating signal to the grid of the tube, the effective
capacitance will then change with changes in grid potential. The circuit
of such a reactance-tube f-m oscillator is given in Fig. 14-12. Also

|

3 65T7 0

(9,2 3000+500g ) L2000 2

E

11500 §

11000 Eé

L 1500 ®
i AN S | 0

VB+ 8 -6 -4 -2 0

C-Reactance tube  Tuned plate osc. Grid volts
Fia. 14-12. A reactance-tube f-m oscillator, and the curve showing the variation of g¢,,
with grid potential.

included is a curve showing the variation of g, of the tube with changes
in grid potential.

A reactance tube may be connected to yield an effective inductance,
rather than an effective capacitance, across the output terminals. Such
a circuit, with its electrical equivalent, is given in Fig. 14-13. By pro-
ceeding in the same general manner as for the capacitive reactance-tube



390 RADIO ELECTRONICS [CHaP. 14

Fic. 14-13. An inductive reactance tube and its equivalent circuit.

circuit, it can be shown that the equivalent output admittance has the
form

1 1 1
Y= 1 RlieC +E+3_+ R aCR (14-33)
R, + 1/juC gm gnlly J gm

for which an equivalent circuit exists. This equivalent circuit has the
form illustrated in Fig. 14-14. By the proper choice of the various
elements in the circuit, the circuit
reduces to the simple form, com-
prising only an equivalent induct-
ance CR/gn.

A reactance-tube oscillator that
incorporates an inductive react-

- . - ircui
Fic. 14-14. The equivalent output circuit ance-tube (j,r(:lnt ‘a§ part of _a
of an inductive reactance tube. Hartley oscillator is illustrated in

Fig. 14-15. Also included is a
graph showing the variation of g, with changes in grid 3 potential.

An approximate expression for the variation of the frequency of a
reactance-tube oscillator as the potential on the control electrode is varied
is readily possible. The transconductance may be expressed analytically
as a function of the potential of the control electrode. Note from the

S0k é @
% < . L7 —1600 8
Ik (g2 870+ 95, g
6L7 . 0/( gﬂl Ca) /] lzoo‘g
i
! P f - 800N~°
E,.f K o <
im0 fom ot S e 400§
; DT oo T N
Y L I S | 0 ©
’ =20 <16 =12 -8 -4 0
L=-Reactance tube Hartley oscillator E, (volts)
(a) ®

Fra. 14-15. An inductive-reactance-tube f-m oscillator, and the curve showing the
variation of g, with grid 3 potential of the 6L.7 heptode.
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curve that
G
gm = Eﬁ e. + Go (14-34) %
But since Go
ec = Ecc + em ——-—gcc
= E. 4+ E,. cos wnl (14-35) :
then )
Ecc GO x : ‘ré-‘c
gm = Gogme +Go+ 5 Encos vt (14-36) 0 E..
E() EQ

For the capacitive reactance-tube circuit, the effective output capacitance
is

C. = g.CR =GR (1 4+ Ee + By cos w,,.t) (14-37)
E, ' E,
If it is assumed that the frequency of oscillation of the oscillator is that of
the tank circuit alone, then
_ 1
2r V' Lo(Co + Co)
f=

f

1 (14-38)

o \/LOCO + LiGCR (1 + % n g—“ cos w,,,t)
0 0

The carrier frequency is evidently the value of the frequency of the oscil-
lator when the modulating-signal potential is zero. This is

1

fe= (14-39)
2 \/Lo [CoEo + GCR <1 + g)]
0
The frequency ratio f/f. is given by
! 1 (14-40)

L \/1 +_ LG.CRE, cos wnt
Lo[CoEo + G()CR(EO + Ecc)]

By expanding this expression by the binomial theorem and retaining only
the first term in the expansion, since the total frequency shift is small,

then

f . 1 E., cos wnl (14-41)

L1 —

fe 2 CoEo/GCR + E.. + E,
This expression may be written in the form

/= »fc(l + my cos wnt)
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where the modulation index is

1 E..
= T 3 CEyJGCR + E. + Eo

14-9. Preemphasis Circuits. As discussed in Sec. 14-4, there is a
relatively small amount of energy contained in the h-f portion of the audio
spectrum. As a result, the deviation at these high frequencies is far less
than the maximum allowable value of 75 ke. The corresponding band-
width requirement is correspondingly less than the allowable 150-kc
total. In fact, the relative h-f amplitudes are so low that it is customary
to include preemphasis networks in the circuit to accentuate the h-f
terms. In this way the relative signal strength at these higher frequen-
cies is improved relative to tube and eircuit noise, which has a uniform
distribution over the entire audio spectrum. Of course, corresponding
deemphasis must be incorporated in the receiver in order to bring the
relative amplitudes of all frequencies to their proper levels.

Preemphasis circuits are chosen to satisfy the equation

(14-42)

E, .1 14-43
E: V1F (0/w)? ( )

The value of w; was originally chosen to be 1/w; = 100 usec, but it is now
taken as 75 usec. With such a preemphasis circuit the amplitude of a
2,100-cps signal is increased in the ratio 4/2/1 over the normal level, and
the relative amplitude of a 21-ke signal is increased in the ratio 10/1.

C=75uuf
T

+( » ¥ + n + 2
EI{ z }Ec E, rodias (Ee

F1c. 14-16. Two different preemphasis cireuits.

Either an RL or a CR circuit may be used to accomplish preemphasis.
Two different circuits are illustrated in Fig. 14-16. In the RL circuit,
the potential ratio E./E,; is readily found to be

E. _  juL 1 _ /tan~! (—R/wL)  (14-44)

E. " R+jol 1+ (B/wl)

By writing w; = R/L, this becomes

E 1
= = - 14-45
B~ ViF e (14-45)

Similarly, for the CR circuit, the mathematical development becomes

E, R )
E = R /a0 (14-46)
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which is
E. _ 1
E. - T ¥ 1/joCR (14-47)
By writing w; = 1/CR;
E. 1
E =T jova (14-48)
or
b 1 (14-49)

B " V1T (e

14-10. Frequency Stabilization of F-M Transmitters. Just as in the
case of the a-m transmitter, it is necessary that the average or carrier
frequency of an f-m transmitter be maintained very nearly constant, even
though the instantaneous frequency of the f-m transmitter varies with
the modulating signal. When a reactance-tube modulator is used to
modulate the carrier, the carrier cannot be crystal-controlled and the
average frequency will depend to some extent on the temperature, the
tube characteristics, and the various potentials. Slight drifts in the
operating characteristics of the reactance tube or slight changes in any of
the circuit elements will be accompanied by an appreciable change in the
average frequency. It is possible to minimize the effects of the drift in
the reactance-tube characteristics by employing two such tubes in a
balanced connection. Nevertheless the stability is not sufficient without
employing some type of stabilization to maintain the carrier frequency
within the 2-kc deviation specified by the FCC regulations.

Two basically different methods of stabilizing a reactance-tube modu-
lator are in present-day use. In both cases a standard reference fre-
quency is provided by a crystal-controlled oscillator, and the fundamental
or some subharmonic of the transmitter frequency is compared with this
reference frequency. Deviations between the two serve to actuate con-
trol circuits which operate in such a manner as to reduce these deviations.
The RCA and Federal Telecommunications Laboratory schemes employ
somewhat similar all-electronic methods to effect the frequency stabiliza-
tion, and the Bell Telephone Laboratories method employs a frequency-
sensitive servomechanism which drives a small motor to which is geared
the tuning capacitor, the direction of rotation of the motor being deter-
mined by the relative frequency of the transmitter and the reference
standard.

The RCA method of stabilizing a reactance-tube f-m modulator! is
shown schematically in Fig. 14-17. In this circuit the frequency of the
reference crystal differs from the center frequency of the f-m transmitter
by some definite amount, say 1 Mec. The two frequencies are mixed,
and the difference frequency is applied to a discriminator (the operation
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of the discriminator will be discussed in Sec. 14-16). The d-¢ output
from the discriminator, which is a direct measure of the difference
frequency, is then applied to the grid of the reactance-tube modulator in
such a manner as to make the net control potential equal to zero when the
difference frequency is exactly 1 Me. Any frequency drifts can then be
appreciably reduced. Clearly, the method cannot yield perfect stability,
for unless there is a slight frequency difference, no control potential is
applied to the modulator. However, the improvement that results is
sufficient to maintain the frequency stability within the FCC regulations.

Signal | Reactance Variable Multiplers | Outout
fube frequerrcy and >
modulator oscillator power amp.
(Drscrimmator] Mixer a.s‘i,/-' /};‘Z?o/r

Fi1c. 14-17. RCA method of stabilizing a reactance-tube frequency modulator.

The Federal center-frequency-stabilization system is shown schemati-
cally in Fig. 14-18. In this system the frequencies of the erystal oscillator
and the master oscillator are each divided to a common frequency and are
then combined in a balanced phase detector. The d-¢ output potential,
which is a measure of the phase difference between the two oscillators, is
used to actuate the reactance-tube modulator in a manner to lock the
oscillator mean frequency to that of the crystal reference frequency.
This system maintains the center frequency constant within about 1 ke.

— | Reactance Variable Multpliers
Srgnal tvbe frequency and Tt
l_“ rmodulator oscillator power amp. vIpu
Low ;F'c:/?
pass vider
Fifter Bolarced Crystal
T | Jetector yzo I osc/llator
divider

F16. 14-18. The Federal center-frequency stabilization system.

The schematic diagram of the Bell Laboratories method of stabilizing
the frequency of an f-m transmitter? is illustrated in Fig. 14-19. Here
the output is frequency-divided, and the resulting subharmonic is then
modulated by the output of the crystal-controlled oscillator in such a
manner as to produce two-phase beat currents. These currents are used
to operate a small synchronous motor to which is geared a tuning capaci-
tor, which is part of the f-m oscillator circuit. If the subharmonic
remains in synchronism with the crystal reference, the motor does not
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move. If the carrier frequency drifts, the armature rotates, the direction
of rotation being set so as to readjust the carrier to the correct frequency.
This method of stabilization proves to be very satisfactory and operates
over a very wide range of drifts to yield satisfactory results.

Reactance Variable Multblers
—>  fube frequercy and L
Sigral | modylator osc//fator power amp, Outpurt
Geared ..--" )T
to funing g
condenser |SY7Chronous
motor
Crystal Stabrlizing Frequency
oscrllator modulator divider

Fic. 14-19. The Bell Laboratories method of stabilizing a reactance-tube frequency
modulator.

14-11. F-M Transmitters—Armstrong System. The Armstrong phase-
shift method of obtaining frequency modulation incorporates a crystal-
controlled oscillator as a basic element of the system. Consequently this
system has an intrinsic stability as good as that of its crystal, and no
additional frequency stabilization is required.

Before the specific features of this method of producing frequency
modulation are examined, it is pertinent to examine the spectrum of p-m
waves with small value of maximum phase deviation. For the particular
case where §; = 0.5, which is illustrated in Fig. 14-6, the significant terms
depend on the following values of Bessel functions,

J¢(0.5) = 0.9385

J1(0.5) = 0.2423

J1(0.5) = 0.0306
J.(0.5) =0 forn > 2

and the modulated wave has the explicit form

e = E, sin (vt + 0.5 sin w,t) (14-50)
which is

e = 0.9385E, sin w.t + 0.2423E [sin (w, + wn)t — 8in (w, — wm)i]
+ 0.0306E[sin (w, + 2wwm)t + sin (0, — 2w,.)t] (14-51)

Note, however, that the second sideband components are quite small and
that the expression may be written approximately as

¢ = 0.9385 | E, sin wd + % [Sin (0o 4 w@n)t — sin (@, — wm)t]} (14-52)

Clearly, this expression will be more accurate for values of 8; less than 0.5.
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Now consider the corresponding a-m wave, having the form
e = E.(1 4+ m, sin wyi) sin w.t (14-53)

which may be written as
e = B, sin wt + 52 [— 005 (@ + wn)t + 08 (w, — wn)f] (14-54)

Note specifically that, if m, = 64, the only essential difference between the
a-m and the p-m waves is in the relative phase of the carrier and the side-
bands. Evidently for small values of 6; if the sidebands of the a-m
wave can be shifted by 90 deg with respect to the carrier, a p-m wave
results. It is immaterial, of course, whether the phase of the carrier or
the phase of the sidebands is shifted in order to achieve the p-m waves.

The process here discussed can be given graphically in a manner that is
quite illuminating. It was shown in Sec. 12-2 that amplitude modulation

F1a. 14-20. The sinor representation of an Fre. 14-21. The sinor represen-
a-m wave. tation of a p-m wave.

could be represented by means of a sinor diagram. In this diagram, the
carrier potential is represented by a fixed sinor, and the sideband com-
ponents are represented by two sinors which rotate in opposite directions.
This sinor representation is redrawn for convenience in Fig. 14-20. The
resultant sinor e represents the a-m wave at any instant.

A corresponding sinor representation of the process of p-m production
is possible. Here, as shown in Eq. (14-52), the carrier must be shifted
in phase by 90 deg relative to the sidebands. The resultant sinor diagram
then has the form shown in Fig. 14-21. It is evident from this diagram
that a p-m wave does result. Moreover, since 8; is chosen to be small,
the amplitude variations that result in this process are very small. For
large deviations 64, distortion is introduced. Figure 14-22 shows the
percentage distortion vs. maximum phase deviation which results.

A block diagram of an Armstrong type f-m transmitter is given in Fig.
14-23. The essential features of the system are the following: A stabilized
200-kc primary frequency oscillator is used to control the mean or carrier
frequency of the radiated wave. Part of this 200-ke signal is mixed in a
balanced modulator with a signal representing a frequency-distorted ver-
sion of the audio signal, the predistorted signal being such that the ampli-
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Fre. 14-22. Per cent distortion vs. maximum phase deviation in degrees, which results

in the Armstrong modulator.
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F1a. 14-23. Block diagram of an Armstrong f-m transmitter.

tude is made to vary inversely with its frequency. The output from the
balanced modulator is the a-m sidebands with the carrier-frequency
component missing. The modulation products are shifted through 90 deg
in phase and are then combined with the carrier in the combining buffer
amplifier. The result is an f-m wave, which has been achieved from the
p-m wave, the phase deviation of which has been made to vary inversely
with the modulating frequency. The resulting frequency modulation is
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multiplied in frequency until it is brought to the desired frequency level for
200% final amplification and transmission.

—_— 14-12. Predistorter Circuit. The
+ R + . . . oy

0t function of the predistorter circuit is to

E; C==  R3/™ tEc provide an output potential the ampli-

tude of which varies inversely with the

frequency of the input potential. A

circuit which achieves the desired re-

sults is given in Fig. 14-24. The ratio of the output to the input poten-

tial is given by

Al

Fig. 14-24. A predistorter circuit.

Rl/ij R1
E1 R + Rl/_]wC R + Rl 1 + R 71 —f—]wCR
R+ 1/j0C 1+ jwCRy R,
or
E. 1

E: ~ 1F B/R: F joCR (14-56)

This becomes, for the specific circuit constants indicated on the diagram,

E, 1

E, - 1.02 5250 (14-57)

Note particularly that for all frequencies in excess of 50 cps the results
are given within 1 per cent by the expression

E . 1
E,  j2.51f
14-13. F-M Transmitters—The Phasitron. A cutaway sketch of the
General Electric GL-2H21 phasitron is shown in Fig. 14-25. It consists
of a cathode, an electrostatic focus and deflection system, and an anode
structure. The electrons that are drawn from the cathode surface to
the anode assembly are acted on by the focus elements to form a tapered,
thin-edged disk, whose axis is the cathode and whose focus is at anode 1
of the anode assembly. The deflection system consists of 36 rigidly
mounted elements whose active portions lie in a radial plane below the
electron disk and a solid neutral plane located above the disk. Every
third deflector is connected together and to one phase of a three-phase
excitation source. The three-phase potential source comprises a crystal
oscillator and phase-splitting network.
The action of the deflection system is such that portions of the electron
disk are deflected above or below the normal plane by the magnetic field
of the three-phase system to form a sinusoidal edge. The appearance of

(14-58)
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the disk is clearly illustrated in Fig. 14-25. The disk may be considered
as rotating at a rate determined by the crystal oscillator.

Anode 1 is a cylinder with 24 holes
punched alternately above and below
the normal plane of the disk. Elec-
trons striking the surface of the cylin-
der are collected by it, while those
which pass through the holes are col-
lected by the solid anode 2. Figure
14-26 shows a developed portion of
anode 1. The solid sine curve repre-
sents the edge of the electron disk at
the time the maximum number of
electrons passes through the openings
to anode 2. The dotted curve shows
the situation one-half cycle later, and
almost no electrons pass through the
openings to anode 2.  If, therefore, the
two anodes are connected to opposite
ends of a resonant circuit, the circuit
will be excited at the crystal driving
frequency and in a time-phase sense
that is determined by the phase of the
anode-current pulses.

Frequency modulation of the reso-
nant anode circuit is produced by
phase modulation of the electron disk.
This is accomplished by applying the
audio signal to a solenoid which sur-
rounds the phasitron. The axial mag-
netic field that is so produced causes
the electron disk to be advanced or
retarded about its axis relative to its
zero-signal position. Consequently
the phase of the oscillator is shifted,
with a resultant production of p-m
waves. Moreover, since the magnetic
field is produced by a solenoid which
is essentially a pure reactance at audio
frequencies, then, for a constant po-

Fr1a. 14-25. The General Electric GL-
2H21 phasitron.

tential input, the current, and hence the magnetic field that is produced,
will vary inversely with the frequency of the impressed potential.
Clearly, therefore, the output from the oscillator is an f-m wave.
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A schematic diagram of the phasitron f-m transmitter is given in Fig.
14-27.

Holes punched in Arode 1

Minimum current fo Arode 2 Maximuin current fo Anode 2

Fia. 14-26. A developed portion of anode 1.

Audrio
frequericy
amplitfier

Sigrral
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Multipliers Outout
and TP,
power amp.

Fig. 14-27. The General Electric phasitron f-m transmitter.

14-14. F-M Receivers. The basic circuit of an f-m receiver is some-
what similar to that of an a-m receiver of the superheterodyne type.
However, there are a number of significant differences in the two receivers.
The required bandwidth in the f-m receiver is larger than that for a-m
reception, which requires that the frequency converter and the r-f and
the i-f amplifiers must be designed for this broader bandwidth. Also,

. -F amp Audio
Inpd? ) o f amp B2 Mixer (P and Discriminati—~| frequency
88-108Mc limiter amplifier

|2 1374
Beat

frequercy) -
osc.

F1a. 14-28. Block diagram of a typical f-m receiver.

the last i-f stage of the f-m receiver is operated as a limiter, thus eliminat-
ing any fluctuations in the amplitude of the i-f carrier, however produced.
The other outstanding difference is in the circuit used to demodulate the
f-m carrier. The f-m discriminator that is used to convert from frequency
modulation to amplitude modulation does not appear in an a-m receiver,
and also the detector, while it uses conventional diode circuits, operates
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somewhat differently in the f-m circuit. The operation of this will be
examined below.

A block diagram of a typical f-m receiver is shown in Fig. 14-28. Such
a receiver must provide a high r-f gain in order to permit high sensitivity
with amplitude limitation. Also, it is necessary to use a relatively high
i-f frequency in order to permit the necessary 225-ke¢ bandwidth. In
addition, the high intermediate frequency has the feature that the image
signals fall outside of the tuning range. In particular, in the block
diagram shown for use in the range from 88 to 108 Me, the image fre-
quencies lie in the band 115.4 to 135.4 Mec.

14-16. The Limiter. It is the function of the limiter to remove any
amplitude modulation that might exist in the signal. These fluctuations
in the amplitude of the i-f carrier might have been produced either by

30 [ —
2 /
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F1a. 14-29. The circuit of a limiter, and the general character of the results.

B+(50-90Y)

variations in the transmitting conditions or by man-made or natural
static. Such a circuit, which usually operates on the nonlinear portion
of its characteristic, provides an output potential that is sensibly inde-
pendent of the amplitude of the input potential. Such limiter action
is easily secured by operating the plate of a tube at a very low plate
potential, by using a high series grid resistor, by using a low screen poten-
tial, or by a combination of these three.

As ordinarily used, the last i-f stage of the f-m receiver is usually
operated at low screen and low plate potential, in a circuit of the type
illustrated, to serve as the limiter. The operation of the circuit depends
on the characteristic of pentodes with low applied potentials. With
such low potentials the operation falls below the knee of the plate charac-
teristic. The plate current becomes independent of the amplitude of
the grid potential over wide ranges. The general character of the gain
curve is also included in Fig. 14-29. Such a circuit as that illustrated
will saturate at about 10 volts input to the grid, and at this point the
stage has a gain of approximately 3.

14-16. The Discriminator. In demodulating an f-m wave, the method
generally used is first to convert from frequency modulation to amplitude
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modulation and then to demodulate the amplitude modulation by con-
ventional methods. The circuit that is used to effect this conversion is
known as a discriminator. A variety of such circuits is possible, and
several will be considered in some detail.

The simplest form of discriminator comprises an ordinary resonant
circuit that is tuned to a frequency that differs somewhat from the
average or carrier frequency of the f-m signal. An exact analysis of such
a network is actually quite complicated owing to the fact that the fre-
quency of the applied signal is a changing one, and the problem is there-
fore not a simple steady-state-frequency one but really requires a tran-
sient analysis. An analysis of the problem shows that if the bandwidth
of the tank circuit is large compared with the audio rate at which the
frequency of the applied potential is varied, the normal steady-state

-F

Fra. 14-30. A simple antiresonant circuit operating as a discriminator.

methods of analysis may be applied without serious error. If this
quasi-steady-state method of analysis may not be used, the problem
becomes exceedingly complicated.

The approximate action of such a slope detector is illustrated graph-
ically in Fig. 14-30. Clearly, as the carrier frequency fluctuates, the
current in the detuned circuit varies, increasing as the impressed fre-
quency approaches the resonant frequency of the circuit, and decreasing
as the impressed frequency departs from the resonant frequency. The
output from such a circuit is an a-m wave. However, since the side of
the simple resonance curve is not linear, the a-m output is distorted.

A second feature of such a simple circuit as an f-m detector is that it
provides no a-m rejection. That is, if the applied potential is doubied,
the current is also doubled. This means, therefore, that any amplitude
modulation that exists in the applied signal will also produce an effect
in the output. As will be seen later in Sec. 14-20, noise produces such
an a-m effect, and in order to ensure noise-free performance a very good
limiter is required ahead of this discriminator circuit. Because of its
several shortcomings, such a simple discriminator is not used.
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The linearity can be greatly improved by using two “‘off-tuned” or
“stagger-tuned” circuits instead of one and then choosing the difference
between the two outputs. Such a stagger-tuned discriminator circuit?
is illustrated in Fig. 14-31. In this discriminator, the input 4 is tuned to

4

e
L %B; |
FM input ;4 E,,t
N % :
E Bz |
C {fb’

F1a. 14-31. A discriminator employing two stagger-tuned circuits.

the carrier frequency f., circuit B is tuned to a frequency that is somewhat
higher than f., and circuit C is tuned to a frequency that is somewhat
lower than f.. The a-m output from such a cireuit is without appreciable

distortion, owing to the linear e
resulting characteristic around the : -
point f.. Such circuits suffer from 4 NV

\ \
the fact that reception is possible i :' / | \\\
at three points, corresponding to __~  _ 2 A NN
each outer portion of the resonant 2
curves and also to the center or
desired linear operating region.
The response from such a circuit Fic. 14-32. The a-m output from the dis-
is illustrated in Fig. 14-32. criminator of Fig. 14-31.
As seen in the diagram, the output from each circuit is passed through
a diode detector of the envelope or peak detection type. The capacitors
C: and C. are equal and have negligible reactance at the carrier fre-
quency. The resistances £, and E; are equal and are quite large. The
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Fig. 14-33. A center-tuned discriminator circuit.

d-c potential across C;R; is a measure of the amplitude of the output
from circuit B, and the d-c potential across C; R, is a measure of the ampli-
tude of the output from circuit C. Also, the total output across a’d’
is then a measure of the difference between the outputs from circuits
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B and C and has a form like the resultant curve er of Fig. 14-32. By
careful adjustment of the circuit constants, and if the frequency devia-
tion is limited to the range between fs and f;, the rectified potential is an
approximately linear function of the impressed frequency.

Another commonly used type of discriminator circuit! is shown in Fig,
14-33. It is possible to show that this circuit is substantially a stagger-
tuned pair® and that the results illustrated in Fig. 14-32 also apply for
this case.

A limited analytic solution of the operation of the center-tuned dis-
criminator circuit is possible. Consider first the series circuit comprising
CL;C, across terminals 1 and 2. At the i-f frequency, assumed to be 4.3
Me in this circuit,

X 1012

€7 9r X 4.3 X 10° X 50
Xcs = 400 ohms
X3 = 2r X 4.3 X 108 X 2 X 10-3 = 50 kilohms

= 800 ohms

The potential across L; is then seen to be
_ jXLSE 12 ~
J X1z — J.(X(n + Xea)

Consider now the mutually coupled circuit. If the mutual inductance
is small, the impedance coupled into the primary circuit is small and
approximately, therefore,

E; Eu (14-59)

I = E12
By + jX1n
which becomes, for high-@Q coils,
E;»
= 14-60
X (14-60)
The potential induced in the secondary is then
Euc = +joMl = + 2L E,, (14-61)
P .
If the loading effects of the diode rectifiers are neglected, then
— 91X 02Esec JX M /Ly
Ea = J = plnet /g
® 7 R, +]X1L2 — 7 X2 - R; +;X, " (14-62)
where X2 = wly — —
wCz

Note now that the output d-c potential E,, is proportional to the peak
of the envelope of E,, and correspondingly the output potential Ey, is
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proportional to the peak of the envelope of Ew. The total output d-c
potential is
Ea’b’ = Ea’o + Eob’ = Ea'o - Eb’a (14—63)
However, the a-c envelopes can be represented in terms of the potentials
Es and E|;, namely,
E
Eaa=Eac+EL =Eac+E12='§‘ab+E12
. (14-64)
Eyp = Eyc + E = “Ecb+E12=—2—ab+E12

Consider the situation when the instantaneous frequency equals the
carrier frequency. At this frequency, the secondary circuit is resonant,
and the quantity X, is zero. The potential E is then given by the fol-
lowing expression, obtained from Egs. (14-62). The positive sign is
chosen arbitrarily.

X2 M . M
=M g s 0

J R2 Ll 12 ] wC2L1
The potentials E,, and E,, then have the amplitudes and phase somewhat
as illustrated in the accompanying sinor
diagram. Note that since

Ea Eu ¥/0 (14-65)

Ecw = Ebo
and

Ea’o = Eb’o
then

Ea’b’ = O

When the instantaneous frequency is greater than the carrier frequency,
the secondary reactance X, is positive and Eqgs. (14-62) may be written
in the form

. M 1 M
Eo = E =
@ =T GCL " Ry F jX: Y WGl
The corresponding sinor diagram has the form shown.
Here, since

E..Y/—#6 (14-66)

B > Ey,
Ea’o > Eb’o
and it follows that

E.y is positive

then

When the instantaneous frequency is less than the carrier frequency,
X, is negative and Eqs. (14-62) become

M 1 . M
E12 R2 - jX2 - ] (.OCZLI E12Y/_6 (14-67)
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The corresponding sinor diagram in this case is as shown. In this case
E.,, < E

Zpg

a

and
Ea’o < Eb’a
s0 that
E .y is negative

An analytical solution is also possible,
the details of which more or less dupli-
cate the foregoing semiquantitative graphical solution. This develop-
ment proceeds from Eq. (14-62), which is written in the form

Eso

Eu -3 . Xeok N/ Lo/Ly
Ep J R, + 71X,
Also, noting that
By 4+ jX2 = R.(1 + 7260Q;)
and
Xeo 1 |
Ry WloR, - &

and choosing the positive sign, then
Ea =3 Z;? k@
Elz L1 1 +]25Q2
Combine the foregoing with Eqgs. (14-64), and recalling that the audio

output from a peak diode detector is related to the impressed modulated
signal through the detector efficiency (see Sec. 13-4), then directly

(14-68)

1 L, kQ,
Ey, =21 == | E
- — l E&
and E,,o—nll ‘72\/L11+j26Qz E,,
Therefore, since
Ea’b’ = Ea’o - Eb’o

then

_ 1 Ly kQs
Eqgy = 17E12< 1 +J2 .1 T 4260,

1 (L, kEQ,
1=J é\/LT T 7260, ) (14-70)

A plot of this expression has the general form illustrated in Fig. 14-32.
The foregoing analysis is subject to the very serious limitation that

the potential E;» does not remain constant with frequency. As a result,

Eq. (14-70) does not represent too well the action over the entire range.
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As a matter of fact, by careful design the effect of a varying E,, may
serve to improve the performance of the discriminator, by extending the
linear range considerably beyond that given by this expression.

The complete expression for the diseriminator may be obtained in
the following way: Refer to Fig. 14-34, which isolates the inductively

1 a

©
Pentod, ) _’_ 3L J_ ’
S By m C’ m @ - Eab
TI Rl RZ T?
©-

2 4
F1q. 14-34. The inductively coupled portion of the center-tuned discriminator.

coupled portion of the network. The controlling equations of this net-
work are the following

1 . 1
+'7w-0_11+ [Rl‘*"](le‘;F)JIl—JwMIz—O

. (14-71)
—]wﬂlll + [R2 +](O)L2 il w‘C_>:| Ig = 0

In the neighborhood of the resonant frequency wo, these may be written as

. , 1
Ry(1 + j26Q)I1 — jweMI, = —j CUOCII

—jwoMll + R2(1 +j25Q2)I2 =
Now solve for I in terms of I. The result is

RiRs(1 + j26Q,) (1 + 726Q2) + (woM)2 _ .1
R:(1 + 725Q5)

Dividing both sides by R,R., the resulting expression may be written as

(1 + J25Q )(1 -+ .725Q2) + £2Q.Q- Ql
221 F 720Q2) Li=-jgl 147)

{
o

(14-72)

Hence
; 1+ 726Q;
AL (1 + 526Q0)(1 + 526Q,) + k2Q1Q (14-74)

from which it follows that I, 3> 1. Therefore

1
— I (14-75)
so that
Ep = L+ 200, (14-76)

(1 +728Q:)(1 + j26Q2) + k2Q1Q2
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Combine this expression with (14-68) to obtain Eg, namely,
. [, kQ;
Ew = — - - I -
@ =I\L T 728000 + 2600 ¥ Fgig. 1 (147D
Equations (14-76) and (14-77) determine E,; and Eg quite accurately
for ordinary primary and secondary values of §.
It is customary to choose @, = @, = @. Then

1 4 525Q
E12 = D 3 3 Rll

(1 —i—L_J26Q) +kk§ (14-78)

— 5 |2 v

B =iNL 1 F e Ee

For completeness, the ratio E,/E; is noted,

Es _ \/’Z kQ
B ‘NL.1+725Q (14-79)

This latter expressions shows that the form given in Eq. (14-68) is not
altered by the more complete analysis. However, the first of Egs. (14-78)

Fic. 14-35. Response obtained from an overcoupled discriminator.

shows that Ei, is not a constant but varies with frequency, under the
assumption of a constant pentode current I. In place of Eqgs. (14-69)
there now follows

N 1+ j25Q ( -l\/E_—’“—Q—~)
Eyp = n (1 ¥ 726Q)% + kQ? 1 +‘72 L1+ j28Q Bl (14-80)
- 14 7250 N 1\/§__’€Q__)
Eyo = n (1+j25Q)2+kQ2(1 I3NL T+ 250/ | BT
whence finally
”'_ 1 + 528Q
Baw = aBa | 55505 + hgp
1 Z; kQ .1 172 kQ
(147348 4% - ll ~isNEr ) 0+

This expression gives a good representation of the discriminator curve.



Skc. 1417 FREQUENCY MODULATION AND DETECTION 409

A complete discussion for the determination of the optimum values
of kQ and \/L,/L; will not be undertaken. Such an analysis shows that
%Q = 1 and V/L,/L; = 1 are desirable values. If k@ is less than unity,
which is the condition for loose coupling, the linear portion of the dis-
criminator curve is relatively small. If kQ is greater than unity, which
is the overcoupled condition, the results obtained have the form illus-
trated in Fig. 14-35.

14-17. The Ratio Detector.® The ratio detector has found extensive
use in f-m receivers, since a very good noise-free performance is possible
with relatively few components, and with no requirement for limiter
circuits. To understand the basic operation of the ratio detector, refer
to Fig. 14-36. This is not the complete circuit of the device, but it does

Iz ]
1
G; +
@ Rp3 (B,
an 5
2 ;g drz o

Fic. 14-36. The basic ratio-detector circuit.

permit a direct discussion of its operation. It should be noted that this
circuit is quite similar to the Foster-Seeley circuit_of Fig.-14-33, except
that the diode T'1 is reversed in polarity.

Suppose that the potential developed across R, is E; = —E volts at
the center frequency. The potential developed across R; is E; = —E
volts. The net potential E; is —2E, instead of zero, as in the Foster-
Seeley circuit. If the input signal is detuned slightly, the potential
across R, changes to, say, —E + AE, while that across R, changes to
—E — AE. The net potential E; remains —2E. Now, however, the
potential across R, has changed by an amount —AE and may be used
as an audio output. Observe that since £; has not changed, the capacitor
C may be made very large and is usually an electrolytic capacitor with a
capacitance of 10 uf or more.

The foregoing paragraph shows that the output potential E; remains
constant for changes in frequency. It is now of interest to examine the
effect of a change of amplitude of the input signal which occurs at an
audio rate. The presence of the large capacitor C prevents E; from
varying over the audio cycle. Similarly, the potential E, cannot follow
variations in amplitude of the input signal. Thus, since E, is independ-
ent of amplitude variations in the input, it is expected that changes in E,
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will be proportional only to the ratio of the magnitudes of the potentials
applied to the two diodes, which in turn depend on the frequency.

To show these results analytically, it is convenient to use certain of
the results of the analysis of Sec. 14-16. By comparing Figs. 14-36 and
14-33, the essential difference is seen to lie in the polarities of E., and
Ey, of the two circuits. However, in both cases E;; and E,, are the same
as before, and Eqs. (14-78) apply here. For the ratio detector

Ea'b’ = Ea'o + Eob' = ﬂ(IEMI + ,Eb"l)
and
By = nBil 1+ 7260

(1 +726Q)* + kQ?

1 Ly kQ
()1“5 L1 77230
1 L. kQ

This expression shows that the total output differential potential is a
function of the tube current 7, and so of the input-signal amplitude.
In so far as the variation with frequency is concerned, this expression
varies very slowly, and over the range of operation it is substantially
constant.
Now examine the ratio
1Ly kQ

Ea’o '1+J§E1+]25Q
= (14-83)
EOb' 1 — 4 1L, ]CQ

{ 2L, T+ ;260

This ratio is independent of 7, and so of the input-signal amplitude.
Also over the range of operation the expression on the right approximates
to
Ea’o
Eob’

= const -+ A$ (14-84)

where A4 is a constant. This expression shows that the ratio depends
directly on the frequency deviation from the center frequency.

The more complete form of the ratio detector is shown in Fig. 14-37.
The changes that have been introduced in this circuit are designed to
overcome the tendency of the diodes to cutoff. This is precisely the
problem that exists for the simple peak diode detector, and as a result
the load resistors must be made quite low, the ordinary values ranging
from 2 to 10 kilohms. Actually a single load resistor E; is used, since the
diodes are essentially in series.

It should be noticed also that, because of the low load resistance R;
with its consequent heavy primary loading, it is expedient to tap down
on the primary winding. While this produces a loss in secondary poten-



Sec. 14-18) FREQUENCY MODULATION AND DETECTION 411

tial, the reduced loading more than overcomes this loss of potential.
While the change discussed effects a substantial improvement, a sudden
change in applied-signal amplitude will still result in diode cutoff.

The second change that is made is the addition of a second time con-
stant, represented by R.,C, and R.C.. The resistances R, and R, are
ordinarily much smaller than R;, and C, and C; are essentially i-f by-pass
capacitances. The d-c¢ potential across C; may now discharge rapidly
with a large reduction in input amplitude, and cutoff likelihood is sub-
stantially reduced. Because of this loading, the ability of the detector
to reject a large increase in input amplitude is slightly impaired.

In addition to the elimination of the need for the limiter with the
ratio detector, the small signal a-m rejection is so improved, owing to the
fact that the limiter is eliminated, that the required input to the ratio

a J a’ R.l all

Y +
= G
(E o s AG;
= 2 =9 F
+ :’R3 + 3
43 B
b”
[ 7
2 1 b Ry

F1a. 14-37. The practical form of the ratio-detector circuit.

detector may be considerably smaller than with the discriminator for
noise-free operation.

14-18. The Bradley Detector.” The Bradley detector is a single hep-
tode which combines the function of limiter, discriminator, and amplifier.
It operates essentially on the locked-oscillator principle, a local oscillator
being forced to synchronize with the incoming f-m signal, the synchroni-
zation current being used as a measure of the frequency deviation of the
oscillator from the mean or carrier level.

A typical Bradley detector circuit is illustrated in Fig. 14-38. The
essential oscillator-circuit elements of this detector circuit are redrawn
for detailed consideration in Fig. 14-39. This circuit shows a simple
Colpitts oscillator circuit which is operating normally at the center i-f
level. Coupled to the oscillator tank is a second tank circuit, the effect
of which will be shown to couple an inductive reactance into the tank.
The resulting frequency of the oscillator is determined by the two capaci-
tors C; and () in series and the effective inductance of the oscillator
tank. It will be shown that an a-f component is contained in the plate
current and moreover that its amplitude is controlled by the signal.

Owing to the amplitudes of the signals involved, the complete analysis
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would follow that employed in discussing the operation of an oscillator.
Instead of a complete analysis, a simplified analysis is included here,
although this is sufficient to indicate the general aspects of the circuit
behavior. Consider Fig. 14-40, which shows a portion of the tank circuit

AAAAA,
\AAAAS

Fic. 14-38. The Bradley detector.

la.
ok i L2
I AT %Rz N
L,

F1a. 14-39. The oscillator and reactance varying winding.

* LNz *
E, G)L, z, ng = (1 Zs Vp-gm By
[ ]

Fra. 14-40. Oscillator tank L, and reactance winding.
of the oscillator and coupled tank circuit. This is the portion of the
circuit to the right of a-a. It is desired to evaluate the input impedance

to this network.
If the secondary circuit were absent, then evidently

Z1 = ijl
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To find the value of Z, when the secondary circuit is coupled, use will
be made of the fact that the fundamental component of I, is in phase with
the oscillator tank potential E, but is controlled in amplitude by the
signal. This fact will be justified later. Tentatively, therefore, I, is

written
Ip = _ngl (14"85)

Here, as for the oscillator, g. is a variable factor, and its value is depend-
ent on the signal conditions.

It is assumed that the secondary is very heavily loaded so that the
secondary tank appears as a resistance R, over the range of operating
frequencies. In practice R, is chosen small and provides a bandwidth
approximately six times the operating range. It will also be assumed that
the coupling M is small and that I, is large, so that the current I, is not
affected by the current I,. This latter is actually a poor approximation,
since the coupling is made fairly tight in order to provide good sensitivity.
With these assumptions, then

E2 = RzIp = —ng2E1
Also
E: _ _gnlag
JoLe ]sz

I, =

From the diagram
jCULIII - ](IJJI[IQ = E1

Combine equations to get

JwLid, +]wMng2 E, =E,
Jwlsg
from which
ijIIl = E1 (1 —_ gﬂM)
L,
or

j(x)]/[Il = E1 (1 — ngZk \/%>
2

The input impedance is then given by

. 1
Z, = jwL — 14-86
1 ]w 11 — ng2k '\/LI/L2 ( )
which is written as
Z, = joly i g
(14-87)

where T = gnRok L
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The total oscillator tank capacitance (€ and C} in series) is denoted C.
The oscillator frequency is given approximately by

“=Vina = v Y

Ordinarily z is small compared with unity, and, with good approximation,

D1 x) 1 < gmRok \/L1>
@o '\/—@ ( 2 \/CLl 2 L, ( 8)

This expression shows that the oscillator frequency varies linearly with
gm, SinCE g, is the only variable term in the right-hand member.

According to Eqs. (14-87) only a reactance is reflected into the primary
circuit. With conventional design, as is expected, a resistive term is also
reflected into the primary. With the proper adjustment of the circuits,
the resistive term may be made invariant with the value of ¢,.

The effect of the signal potential ¢, that is applied to grid 3 is to be
examined. To do so, refer to Fig. 14-41, which shows a portion of the
complete circuit. Recall that it is the
function of grid 1 to control the cathode
L current. Also, grid 3 controls the portion

“v»  of the cathode current which reaches the

+ plate. That portion of the cathode current
es } €osc which does not reach the plate is collected
U Tik by the screen. Recall also that, since grid
= 1 is part of the oscillator circuit, the cath-
Fra. 14-41. The heptode in the  de cyurrent will consist of current pulses of
Bradley detector. .
the usual class C variety. The waveshapes
at various points of the oscillator are precisely those which exist in the
class C tuned amplifier and have the shapes illustrated in Fig. 10-8. The
important waves for the fundamental-harmonic component of current
and the grid driving potential are

1 = Im COS wol
and e, = E,, cos w (14-89)

these two waves being in phase.

In so far as the current reaching the plate is concerned, this is affected
by the potential of grid 3. From a curve such as Fig. 14-15b the instan-
taneous value of g,, and so the effective g, of Eq. (11-14) or g, of Eq.
(11-21), and in consequence the current to the plate, will depend on the
phase of the potential e, and the potential ¢,. If these potentials are in
phase, the plate current is a maximum. As the relative phase varies, the
plate current also varies and becomes a minimum when the two potentials
are 180 deg out of phase.
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Suppose now that the phase of e, is such that the current is a maxi-
mum. The corresponding value of g, is a maximum, and the oscillator
frequency, from Eq. (14-88), is at some particular minimum value. Let
the phase of ¢, now vary, with a resulting decrease in the plate current i,,.
The reduced value of g, results in an increase in the oscillator frequency.
With a properly designed system, the phase of the system will vary until
the plate current, and so the value of g,, will assume such a value that
the oscillator will synchrounize, or lock in, with the signal frequency.
If the signal frequency changes to a value beyond which the system can
follow, “breakout” will occur.

Suppose that the circuit is properly designed and adjusted so that
lock-in does occur between the signal frequency and the oscillator. It
still remains to show that the audio-modulating signal can be recovered.
To do this, examine the Fourier expression for the amplitude of the
fundamental component of plate current. This is given by the standard
expression

9 T
Iplm = 7; / ’ip cos wel dt (14-90)
0

Now if the current pulse 7, is of sufficiently short duration, then the
factor cos wet will be approximately unity during the time when 7, has
any important value. As a result, the integral is given, with good approx-
imation, by the form

2 [T .
Iplm = 7,/ ’ip dt (14-91)
0

But it is noted that this is just the form relating the d-c component of
the plate-current pulse with the functional form, except for the factor 2.
Therefore
I = 0.5, (14-92)
It is now possible to argue a correlation between the signal frequency
and the d-c plate current, as follows: (1) By Eq. (14-88) the oscillator
frequency is linear with g,,. (2) If ¢, remains fixed in peak value, which
it does since ¢; does not vary, then g,. varies directly as 7, [see Eq. (14-85)].
(3) I4 varies linearly with 1., [Eq. (14-92)]. Therefore

14 varies as the frequency of e, (14-93)

To make practical use of this result, it is necessary only to include a
resistor in the plate circuit of the heptode, across which will appear the
audio signal.

The process of a-m rejection in the Bradley detector is readily under-
stood. Suppose that the oscillator is locked in with the incoming signal,
and suppose now that the amplitude of the input signal changes. The
plate current 7, will change, since i, depends on the amplitude of the
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signal ¢, on grid 3. Such a change will momentarily change the oscillator
frequency, and a new equilibrium phase condition between e, and e, will
be reached. When the new equilibrium condition is reached, the oscil-
lator frequency will still be that of the signal. That is, the amplitude
variations are translated into phase variations of the oscillator, but not
into frequency variations. Since the normal modulation produces many
kilocycles per second of frequency change, the phase variations due to
amplitude changes which occur at a relatively low frequency rate do
not produce ,a significant audio
output.

14-19. The Gated-beam Tube
as a Limiter-Discriminator. The
cross-section schematic of the gated-
beam tube, showing the arrange-
ment of elements, is given in Fig.
14-42. In normal operation, the

-Anodle

Accelerator Cathode

Fia. 14-42. Schematic of the gated-beam
tube showing arrangement of the ele-

plate and accelerator are operated
at positive potentials, with the lim-
iter grid and the quadrature grid

ments. .
serving to control the beam current.

In this tube electrons from the cathode are accelerated by the acceler-
ator. The limiter grid exercises complete control of the electron beam
and determines the extent of the electron drift out of the accelerator
structure. The character of the control of the limiter grid is illustrated
graphically in Fig. 14-43. Observe from this figure that when the limiter-
grid potential is positive, the electron beam reaches the plate without
difficulty. However, if the limiter grid is made more than a few volts
negative, cutoff of the plate current occurs.

A feature of the design of the tube is that when the limiter grid is
made negative, this tends to produce a space-charge cloud in the acceler-
ator-limiter grid-shield region. This space-charge cloud causes a reflec-
tion of the cathode current, which diverges and is collected by the
accelerator. That is, very few of the electrons are able to return to the
cathode owing to the concentration of space charge and the divergence
of the beam path.

As the electron beam emerges from the accelerator, it is converged by
the electron-lens system, comprising the accelerator structure and the
various grids, and is acted upon by the quadrature grid. The character-
istics of the quadrature grid are somewhat like those of the limiter grid,
as shown in Fig. 14-44. The design here too is such that, with the appli-
cation of a negative potential to the quadrature grid, the electron beam
is reflected away from the quadrature grid and returns to the outside
surface of the accelerator structure.
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Fig. 14-43. Plate current vs. limiter grid potential, with accelerator potential as
parameter.
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Fia. 14-44. Plate current vs. quadrature grid potential, with limiter grid potential as a
parameter.

Owing to the control characteristics of the limiter and quadrature
grids, it appears that both exert nearly step-function control over the
plate current. In effect, therefore, each grid acts like a potential-con-
trolled gate. If both gates are open, plate current exists. If either or
both of the gates are closed, the flow of plate current is blocked.
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When used as a limiter-discriminator, the circuit is substantially the
following (Fig. 14-45). The cathode resistor R; is so adjusted that the
self-bias sets the plate current on the curved portion of the characteristic.
The i-f signal then alternately drives the tube from the condition of
plate-current cutoff to plate-current saturation. The result is essentially
a square-wave variation of beam-current density beyond the limiter grid.

As indicated in Fig. 14-45, a high-¢ parallel-resonant circuit is con-
nected to the quadrature grid. The circuit is tuned to the center fre-
quency of the f-m wave. The current pulses transfer some energy to the
quadrature-grid tank circuit, which produces a quadrature-grid potential,

73
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R«é Cy
Anodle

Epg

I Auvdio
o ovtput
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2004 * Ci=Intfegrating capacitor
Ce=Coupling capacitor

Fic. 14-45. Circuit of the gated-beam limiter-discriminator.

which also acts on the beam current. Because a phase difference exists
between the limiter-grid potential and the quadrature-grid potential,
only a fraction of each square-wave beam-current pulse reaches the plate.

When a center-frequency signal is applied to the limiter grid, the
potential developed on the quadrature grid lags the input signal potential
by approximately 90 deg. In this case, half of each square-wave current
pulse reaches the plate. When the signal to the limiter grid is slightly
above the center frequency, the potential on the quadrature grid lags the
input signal by less than 90 deg. Now less than half the square-wave
current pulse reaches the plate. Correspondingly, for a frequency less
than the center frequency, the limiter grid—-quadrature grid potentials are
more than 90 deg apart, and more than half the square-wave current pulse
reaches the plate. An essentially linear relationship exists between
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frequency deviation and average plate current, within the desired range
of frequency deviation, as seen in Fig. 14-46. Therefore, the modulation
content of an f-m signal is available as variations in the average plate
current.

Limiting is accomplished because the beam current is limited in passing
through the accelerator assembly. That is, if the minimum signal to
be received appears on the limiting grid with sufficient amplitude to
drive the tube from cutoff to saturation, the desired square-wave current
pulses are produced. The only differences that might occur due to differ-
ences in amplitude of the input signal will be in the slopes of the pulse
sides. Consequently, limiting and a-m rejection are realized.

20 — T
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Eyy, =270 volts

Lo =100 volts
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w
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; =
=8

Frequency deviation in kilocycles
Fra. 14-46. Frequency deviation vs. audio output potential.

14-20. Comparison of Modulation Systems. It is desired to examine
certain significant factors of a-m and f-m systems, in order to compare
the two systems of modulation.

Amplitude-modulated transmission is the oldest method of radio trans-
mission and is still used very extensively. A considerable amount of
f-m transmission exists, although it represents a relatively small part of
the total transmission. Amplitude modulation is used over a very wide
range of carrier frequencies, extending from the very low (say several
hundred kilocycles) to the ultra-high-frequency bands in the hundreds
of megacycles region. While a-m transmission is inferior to f-m trans-
mission when considered from the point of view of receiver noise and
certain transmitter considerations, it has not been displaced by f-m
transmission owing t0 many factors, a number of which will be examined,
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Consider first the transmitter output stages. The rf amplitude of an
f-m transmitter is a constant, independent of the modulation index,
whereas the peak power will be four times the mean value in an a-m
transmitter with modulation index m = 1. For a total fixed allowable
plate dissipation and for fixed plate-circuit efficiency, the output power
of the f-m transmitter with given output tubes will be twice that if a-m
is employed.

The signal/noise ratio in the receiver is very important in the over-all
comparison. It will be found that the f-m system possesses distinct
advantages over the a-m system. Likewise, in the matter of interference
by two transmissions on the same carrier frequency, the interference is
far less with frequency modulation than with amplitude modulation.

To compare the relative effects of internal noise on f-m and a-m
systems, the usual approach is the following: The effect of a single
sinusoidal component of noise of arbitrary frequency is examined for each
system. The results are then generalized to account for the complete
band of frequencies contained in the noise spectrum.

Consider first an a-m system. The input

2rfne carrier signal is specified by the peak ampli-

Er ’z,, tude E.and the angular frequency w.. Also,
it will be supposed that there is a single fre-

Ee quency noise or interfering signal, specified by

F16. 14-47. The combination 7 "anq . It will be assumed that E, > E,.
of signal and noise in an a-m . . .
system. The resultant signal at the input of the receiver

is the combination of the two, and they com-
bine in the manner illustrated graphically in Fig. 14-47. Analytically the
resultant signal is

er = I, cos wid + E, cos wt (14-94)
But since w, does not differ too markedly from w,, it is convenient to write
Wn = @ + wnc (14-95)

Also, for convenience, write
E. = aFE, (14-96)

where, as specified above, a < 1. Equation (14-94) may then be written

as
er = al; cos (w; + wne)t + E. cos wt (14-97)

which may be recombined to the form

er = E.(1 4+ a cos w.t) cos wid — aF, sin wat sin w,i
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This may be written as

er = E. AV (1 + a cos wat)? + a2 sin wact cos (wt + ¢)
a Sin wyt (14-98)

where = —tan~! —r———
@ 1 4 a cos wt

For the specified condition that e << 1, these latter equations reduce to

er = E.(1 + a cos wut) cos (wt + ¢)

¢ = — tan™! (@ Sin wpd) = —a SN wadt (14-99)

As illustrated in Fig. 14-47, the magnitude of the resultant signal Eg
varies from E, + E, through E, — E, and back to E, + E,. If this
signal is passed through an ideal peak detector, the detected output is the
value of £,, which varies at the rate

f Limiting
Jme . circle e
If the peak detector is followed by Er/ B,
an audio amplifier which has a flat 5 | 2ﬂf}\’wt=wnct
frequency response with a bandwidth / Fo\Ee J
fo-f1, then those noise components AN yd

~ -

~—_——

Wlth. frequencies near enough to the Fic. 14-48. The combination of signal
carrier frequency f., so that the de- 14" 16ice in an f-m system.

tected noise frequency f.. is within

the frequency range f»-fi, will produce an output noise signal. Noise
components of equal amplitude within the amplifier frequency band will
produce equal outputs.

If the carrier is amplitude-modulated 100 per cent, the peak signal
output, which is again designated as E., appears in the peak detector
output. Therefore, the signal/noise ratio for a single noise component is
given by

% (100% a-m) = EE (14-100)

Now suppose that the same carrier and noise component are applied
to an f-m system. The combination of potentials indicated in Fig. 14-47
and given by Eqs. (14-99) still applies. Now, however, Eqgs. (14-99) are
written as the single expression

er = E.(1 + a cos wad) cos (wt + a sin w,t) (14-101)

Note that now our interest is in the phase between E. and E,,, rather than
in the amplitude variations, which are removed by the limiter. The
situation is now represented in Fig. 14-48 and by Eq. (14-101); the input
to the receiver is an f-m wave with deviation ratio a. The phase dis-
placement between E, and Egr is a sin w,f, as indicated in the figure.
But the time rate of change of this displacement represents a departure
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in frequency of Ez due to noise. Hence, writing Aw, as this departure in
frequency, then
Aw, = Wn.a COS Wn.t (14-102)

Because of the limiting, the only effect of the noise component which
reaches the f-m detector is the frequency variation Aw,. Consequently,
the amplitude of the noise is directly proportional to f,. and is zero when
fnc = 0.

The frequency deviation is f; for 100 per cent modulation, and the
signal/noise ratio for a single component of noise is

1,
%(100% fm) = 24— ff—" g— (14-103)
A comparison of this expression with Eq. (14-100) for the a-m case shows
that this value is larger until f,. becomes equal to f;. But here, as for
the a-m case, noise components producing frequency components greater
than f. are eliminated by the audio system. Hence only those noise
components which cause f,. to be equal

A e it P _/’\E to f, are important.
Pl A comparison of the effect of noise
/// : in an a-m system with that in an f-m
cl” | system is portrayed effectively in Fig.
0 D Wi 14-49. Consider an a-m receiver which
0 % 13 is provided with an ideal i-f system

Fra. 14-49. A graphical representa- which has a bandwidth 2f,. Clearly,
tion of the effect of noise in a-m and  hoth the i-f and the a-f amplifiers will
f-m systems. . .

remove any noise outputs which have
been generated by components outside of f,. Also from Eq. (14-100) the
signal/noise ratio is independent of f... Thus the rectangle OABD rep-
resents the constant effect of noise for all frequencies for which f,, < f..

In the case of an f-m receiver, according to Eq. (14-103), the relative
effect of noise increases linearly and reaches E./E, when f,. = f;. This
is represented by the triangle OEF. In this case, the i-f bandwidth
equals 2f;. But the a-f system again removes noise components above
fe.  Hence the resultant is represented by triangle OCD. It is important
to note that i-f components in the range from f, to f; produce signals after
detection which are within the a-f band. This situation arises from the
fact that the original i-f components were produced by the audio signal
within the bandwidth f,.

To compare the two systems quantitatively, attention is first called
to the fact that the noise is continuous over the audio band, whence an
infinite number of noise components are contained in the band f,
centered about the carrier frequency f.. If E.(fn.) dfs.. denotes the peak
amplitude of the noise potential in the frequency range df.., then the
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total noise in the a-m output is that contained in the frequency range
0 éfnc éfz and iS

Ewn(a-m) = 4/ 0” B2 dfn. = En /T2 (14-104)

In the f-m case, it will be assumed that the detector recovery constant is
K, which relates Aw, of Eq. (14-102) to the actual output potential.
Then

E.(fr) = K %fm (14-105)
It follows therefore that

Ex(f-m) = \/ [ h( > K2, df,. = K =% fz\/ i (14-106)

Suppose that 100 per cent modulation is assumed in each case. Then
the signal/noise ratio for the a-m system is

S am) = T _ 14-107
N E. N1y (14107
Also, the signal/noise ratio for the f-m case is given by
S Kfa
= (fm) = ———F—— 14-108
N K(E,/Ef2 N/ To/3 (14-108)
Consequently the ratio of these two quantities is
S/N (f-m) fa
L T = /3 14-1
/N ~ V35 (14-109)

This result shows that, for a deviation ratio fs/f: = 1, the signal/noise
improvement with an f-m system is 4/3 or 4.8 db. For a large deviation
ratio, say, for example, fs = 75 ke, f» = 7.5 ke, whence § = 10, the
improvement is correspondingly higher and is 20 db.

14-21. Capture. A very interesting and important feature of an f-m
system is known as capture. This is the tendency of the f-m system to
ignore the weaker of two signals of nearly equal amplitude and equal or
nearly equal frequencies. To examine this matter, consider the desired
signal to have twice the amplitude of an unmodulated interfering one,
the average frequency difference being fi. The desired signal may be
modulated, but if f; > f., the conditions will be considered for a period
which is short compared with f,, so that the frequency of the desired
modulated signal is essentially fixed. For added convenience, the situ-
ation will be examined at the time when the modulated signal is at the
instantaneous frequency f.,, which occurs at a zero point in the cycle
of the modulating frequency. The situation discussed may be depicted
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graphically, as in Fig. 14-50. The similarity of this figure to Fig. 14-48
for the discussion of noise is evident.

Figure 14-50 is a representation of the desired signal plus the interfering
signal. Also shown is the limiting circle, which specifies the output after
the limiter stage. Note that, owing to the interference, the resultant
signal may deviate +6 from the value of the signal E,. However, as
long as E: < E,, the average angular position of Ey is just that of E,,
and the interfering signal does not change the average frequency of the
desired signal.

The phase variation, or perturbation, occurs at the rate fi.. But if f;
is outside of the audio range, the variations in frequency of Ky are not
heard. In the ideal case, the detector responds only to K, as long as

Limiting L
circle ~Er ™
P E;\
¥
A
o\ /
_//
-

F1c. 14-50. The sinor representation of a desired signal plus an interfering signal.

E; < E,, and as long as f; differs in frequency by more than f; of the audio
system.

If the interfering-signal frequency f; is in the audible range, the phase
perturbation will produce a frequency deviation which may be heard.
The equivalent frequency modulation that is produced is small, since
-d@/dt is proportional to f; [see Eq. (14-96)]. In any case, therefore, the
interference is negligible, even if the signal and the interference are at
exactly the same frequency. In practice, most f-m detectors will ignore
the interfering signal as long as the ratio of the desired- to interfering-
signal amplitude is perhaps 3 or greater.
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PROBLEMS

14-1. Determine and plot the instantaneous frequency corresponding to each
of the phase functions in the figure.

4 Sine 4
yd
Z 4
N4 N
' 2 Parabola
—>Z / £
¥ @ Parabola
NN, )
VO

14-2. A 100-Mec f-m signal is modulated +75 ke at a 400-cps rate. Write an
expression for the instantancous potential if the signal amplitude is 10 volts and
if both the frequency and instantaneous magnitude are a maximum at ¢ = 0 sec.

14-3. A wave is frequency-modulated at an audio rate of 5,000 cps. If the
frequency deviation f, is 75 ke, plot the spectrum of the wave, including all sig-
nificant sideband components.

14-4. a. The amplitude of a 15-ke wave causes a 75-ke frequency deviation of
an f-m wave. Plot the spectrum, and calculate the bandwidth required to pass
all sidebands of appreciable magnitude.

b. Suppose that the amplitude is altered to give deviation ratios of 3 and 1.
Repeat part a for these two cases.

¢. From these results, estimate the value of the deviation ratio that may be
used and still be within the FCC limitations of 75 ke frequency band spread.

14-5. Consider the reactance-tube circuit shown in the diagram. Show that
by choosing L properly Z is capacitive and is given by C/g,.R without approxima-
tion. Compare with Eq. (14-32).

14-6. Given the reactance-tube circuit illustrated at the top of page 426. Show
that if the reactance of C is negligible at the operating frequency, and if wL >> R,
the effective input impedance results from an inductance L/gnR.
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14-7. Consider the reactance tube and oscillator shown in the diagram for
this problem. The oscillator is to operate at 5 Mc¢ with a frequency deviation
of +10 ke. What change in ¢, is required to achieve the desired frequency
modulation?

M

AAAAA
VWW

AAAAA

14-8. Assume that between the limits of —2 and —6 volts the (g, e.1) charae-
teristic of a 68J7 tube may be represented by the expression

gm = 3,000 4 500e, umhos

This tube is connected as a reactance modulator, as illustrated in the accompany-
ing figure. It is desired to have a center or carrier frequency of 5 Mc and a fre-
quency deviation of 7.5 ke. Determine the correct setting of the oscillator tank
capacitance and the required modulating potential.

Cscrllorfor
g = ZS Fank
63 =/ 0072 0uk
s

14-9. Carry out the analysis to show that Eq. (14-33) does give the equivalent
output admittance of the inductive reactance circuit.

14-10. Obtain an approximate expression for the variation of the frequency
of an f-m oscillator as the potential on the grid of an inductive reactance tube is
varied. Proceed in a manner analogous to that employed in the text in obtaining
the corresponding expression for a capacitive reactance tube.

14-11. The essential circuit of a balanced reactance tube is given in the accom-
panying figure (battery supplies have been omitted for convenience). Deduce
an expression for the effective output impedance of this circuit. In this caleu
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lation, choose X./R; = X;/R; = o, r, = . Also, suppose that for a given
audio signal the (gm,e.) relationship is the ideul curve shown on page 391.

Oscillator

14-12. Calculate and plot the potential ratio for the preemphasis or accentuator
circuit shown in the diagram as a function of frequency. Plot the curve on semi-
logarithmic paper.

000Nupf
LAY
+ a0k : +
V¥V ::J/(
£y B

14-13. Calculate and plot the potential ratio for the deemphasis circuit shown
in the accompanying figure as a function of frequency. Plot the curve on semi-
logarithmic paper.

100kn

W
+ l +

£ /PiCRZaquf 2

14-14. Determine the maximum frequency deviation possible with the Arm-
strong system of Fig. 14-22 if the distortion is to be less than 6 per cent. The
phase varies at a 60-cps rate.

14-15. What must be the ratio of sideband to carrier potentials in the Arm-
strong system to produce a frequency deviation of +12.2 cps at the audio fre-
quency of 400 cps?

14-16. Show by an analysis similar to that which leads to Eq. (13-6) for the
a-m case that the output of a frequency doubler to which an f-m signal is applied
is the f-m signal centered about the second harmonic of the carrier.

14-17. An f-m wave of the form given in Eq. (14-15) is combined with a large
amplitude sine wave Eq sin wof. Show that if both waves are applied to a recti-
fier, the output will contain the f-m wave shifted in the frequency scale.

14-18. . An incoming f-m wave is deviated +75 kc at a 10-kc rate. The
local oscillator is so set that the i-f frequency is 13.7 Mc. The signal is passed
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through two stages of single tuned amplifiers. Discuss the effect of the tuned
circuits on the important sidebands with respect to amplitude and phase.

b. What bandwidth should the amplifier possess if all sidebands of amplitude
greater than 0.01 per cent are to be passed, but with not more than a 30 per cent
reduction in amplitude of any sideband being permitted.

14-19. An antiresonant circuit consists of a capacitor of 65 uuf and an induc-
tor of 0.4 mh and 16 ochms. It is to be used to receive a wave having a frequency
modulation of 1.5 ke. What should be the value of the carrier frequency? Esti-
mate the percentage modulation of the output.

14-20. Suppose that a discriminator as shown in Fig. 14-30 comprises two cir-
cuits which have bandwidths of 200 ke and are tuned approximately to 4.7 Me.
Plot the resultant discriminator characteristic for the following separation of the
resonant peaks: 150, 200, 250, 300 ke.

14-21. @. Plot the discriminator curve specified by Eq. (14-70) for

L,
S NI, ~ EQ =1
Write 26Q = z, and plot as a function of z.

b. Repeat for Eq. (14-81).

14-22. Use the curve of Prob. 14-21b to design a discriminator having a peak-
peak bandwidth of 400 ke at 15 Me.

14-23. Show that, other things being equal, the output of the ratio detector
is down from that of the discriminator by a factor of 2.

14-24. Would it be more difficult to design a broad-band ratio detector than a
discriminator of the same bandwidth? Explain.

14-256. Suppose that the dot on the secondary winding of the Bradley detector
of Fig. 14-38 were at the other terminal (i.e., that the mutual inductance is
reversed). Discuss the mechanism of pull-in to synchronization.

14-26. Suppose that the i-f signal to grid 3 of the Bradley detector has a
1,000-cps 40 per cent amplitude modulation superposed. The maximum phase
change is 25 deg. Evaluate the a-f output as a fraction of that produced by a
400-cps fa = 75 ke f-m signal.

14-27. Show that the ratio of the rms ordinate of OABD in Fig. 14-49 to the
rms ordinate of OCD is the improvement ratio /3 fu/fs

14-28. Reconcile Eqs. (14-98) with the statements concerning variation of the
noise output with the bandwidth.

14-29. An a-m transmitter having an output power of 100 watts has a trans-
mission-channel bandwidth of 10 ke and a signal/noise ratio of 15 db. Suppose
that it is planned to replace this communication link by an f-m transmitter having
a transmission-channel bandwidth of 120 ke. If it is desired that the signal/noise
ratio be 32 db, what is the required transmitter power?

14-30. A single-sideband suppressed carrier a~-m signal is received on an f-m
receiver. Discuss the character of the receiver output.



CHAPTER 15

INFORMATION THEORY

15-1. Introduction. This chapter will discuss several of the very
important results of ‘‘information theory,” or the synonymous ‘com-
munication theory.”” The discussion is necessarily restricted in scope and
will confine itself principally to certain topics that relate to transmission
systems. Many of the finer points of the theory, as well as mathematical
rigor, have been sacrificed in the interests of simplicity.

Of particular importance is the realization that it is possible to define
and measure the quantity of information that is contained in a message.
Moreover, it is possible to measure the capacity of a communication
channel to transmit information. Since the definitions and measures are
applicable to all modulation systems, it is therefore possible to compare
the relative efficiencies of different modulation systems.

16-2. Discrete Systems. Before introducing numbers or formulas,
certain fundamental considerations are important. Consider initially

}

xn
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3
g Typical
< sampled
amplitvde /

t—

T
Fig. 15-1. A signal wave that is sampled at n points in the period 7.

the term ‘““message.”” In the discrete case, a message may be considered
to be a sequence of choices of possible symbols. The possible symbols
make up the symbol alphabet, a specified number of such letters of the
alphabet making up a message. For example, in ordinary speech or writ-
ing, the alphabet may be the letters or the words. In telegraphy, the
alphabet will be the dot and dash. In musie, the alphabet will be the

successive amplitudes of the signal wave.
429
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Refer to Fig. 15-1, which shows a general signal of time duration 7.
It is supposed that the signal is sampled at n points which are uniformly
spaced in time. A signal such as this may be sent from a transmitter o a
receiver as the sequence of the sampled values. For the signal to carry
information, there must be prior agreement between the transmitter and
receiver as to what meaning should be attached to the sequence of values
that have been received. When this has been done and when noise
conditions are such that it is known from the received signal exactly
what signal was transmitted, then all the information sent is received.
In this case the number of different sampling levels I makes up the symbol
alphabet, and a message may consist of the sequence of n sampling values.
The maximum possible total number of different messages which are
possible is L. If the different permutations of sampling values are not
distinguishable in a transmission channel, then the maximum rate of
transmission of information in the channel is greatly reduced. This
problem will receive some attention below.

Consider now the term “information in a message.” A definition of
this expression is given in statistical terms. As stated by Goldman,! the
amount of information received in a message is defined as
probability at the receiver of the
event after the message is received

probability at the receiver of the
event before the message is received

Information received = log (15-1)

In the noiseless case the receiver is certain that the message received is
correct, so that the probability of the event after the message is received
is unity. Thus for the noiseless case

) (15-2)

Suppose now that the message alphabet consists of s symbols or letters
and that the message contains n symbols (not necessarily different) from
the message alphabet. Suppose also that there is associated the prob-
ability p; with each symbol s; of the total alphabet of s symbols. The
average information H in each message will evidently be a function of
these probabilities. Thus in functional notation

H = H(plap2) e )pn) (15-3)

Shannon? chose the following general and reasonable properties that must
be possessed by H:

1. H shall be continuous in the p..

2. If the probabilities p; for each symbol of the set s are equal, then
p = 1/s, and H shall increase monotonically with s.

3. If a selection of symbols is broken down into two successive selec-

Information _ probability at the receiver of the
received - event before the message is received
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tions, then H of the original selection of symbols should be equal to the
weighted sum of the H’s of the two successive selections.

Subject to these properties, he deduced the following expression for the
average information in the message of n symbols:

H=—n E pi log pi (15-4)

=1

Since Zpi = 1, Eq. (15-4) may be written as

H =nlogn — nlog nZp;, — Znp; log p:
= nlog n — Znp; log n — Znp; log p.
or
H = nlog n — Znp: log np; (15-5)

Now for an ergodic system of symbols (one for which the occurrence of
symbols is controlled by probability), the various messages become
equally probable, for messages of sufficient length. In general, of course,
messages of n symbols contain fewer than n different symbols, and these
will generally occur with different frequencies. In fact, the number of
occurrences of the 7th symbol will be

ni = np; (15-6)

Because of this repetition of symbols, the average information will be
reduced. The reduction of information that is due to the repetition of
the ith symbol may be written as

H,; = n;log n; = pn log pin (15-7)

[The basis for this expression follows as a consequence of Eqg. (15-8) now
being developed.] Thus, in the light of Eq. (15-7), Eq. (15-5) shows
that the average information contained in a message of n different symbols

is

H=nlogn (15-8)
since the reduction of information due to the repetition of symbols has
been accounted for. But n* gives the number of possible messages of n
letters, all n letters being different. If M denotes this number of possible
messages, then

M =nn (15-9)
and the total information in the message is, from Eq. (15-8),
H=logM (15-10)

Generally, in information theory, the base 2 of logarithms is chosen,
and the unit of information is called the bin:t, which is a contraction of
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the term binary unity of information. Thus Eq. (15-4) may be written
as

H= —n z p: loge p; binits
T

and similarly Eq. (15-10) is (15-11)
H =log, M binits

Consider now the expression for the average information per symbol,

which is

h = % = — 2 p; logs pi binits/symbol (15-12)

1
This expression for information is similar to that for the entropy of a
system which is characterized by states of probabilities p;, . . ., pa,

in the statistical sense of Boltzmann. Accordingly, the terminology

h = — Zpi log p; = entropy of the set of probabilities p; (15-13)

has become standard in information theory. The relation to the entropy
concept of statistical mechanics is somewhat indefinite, but the use
of the entropy concept is a valid one. That is, the order-disorder
notion of entropy is directly applicable to the process of communicating
information.

As an extreme example, consider the case when one symbol has a
probability of unity, the probability of all other symbols being zero.
According to Eq. (15-13), h is zero, as is expected, since there is no
uncertainty. Consider now the case when all the possible symbols are

equally probable, and such that zpi = 1. In this case h attains its

maximum value. This condition of maximum entropy is reasonable,
since the greatest uncertainty exists in the selection, since all possible
symbols are equally probable.

15-3. The Hartley Law. The most significant early contribution to
the theory of information was that of Hartley,® who developed a quanti-
tative measure of the amount of information in a message, and, based on
it, a measure of the capacity of a communication channel in terms of its
bandwidth. Subsequent work has extended these results to include the
influence of noise.

Suppose that s, the number of letters in the symbol alphabet, is fixed
by the source or by other factors. It is desirable to determine n, the
number of letters in the message, which can be sent in a period of time
T equal to the message duration. That is, it is desired to find the rate
at which symbols can be transmitted through the channel. It is antici-



SEc. 15-3] INFORMATION THEORY 433

pated, in the light of simple network considerations, that the transmission
rate will depend on the bandwidth of the network. It is desired to obtain
the relationship that exists.

Refer again to Fig. 15-1. If the signal is regarded as a single cycle of a
repetitive wave, the graphical methods of Fourier analysis may be used to
ascertain the amplitudes of the harmonic components which constitute the
signal. A number of such graphical schedule methods of analysis exist
(the Runge schedule would be particularly appropriate for a general
signal wave.) For the case of n samples, n amplitudes may be deter-
mined. If the d-c component, if any, is omitted (since this can readily
be determined with the aid of a planimeter or by one of several methods of
numerical integration), the schedule analysis will yield the amplitude of
n/2 sine terms and n/2 cosine terms. Thus the amplitudes of the funda-
mental and all harmonics up to the (n/2)th are known. The period of the
highest harmonic is 27/n. The foregoing may be referred to as a
sampling theorem in the time domain, and it permits the specification of
continuous signals by discrete sets of values.

In the more general case, the waveform need not be periodic. Consider
a signal, in the form of a continuous function, which has passed through a
transmission system having a finite bandwidth. For signals of this type,
Shannon* gives a sampling theorem which states:

If a function f(f) contains no frequencies higher than B cycles per second, it is
completely determined by giving its ordinates at a series of points spaced 1/2B
seconds apart, the series extending throughout the time domain.

The proof of this theorem follows directly from considerations of the
Fourier transform and is now given. If F(w) denotes the frequency
spectrum of f(£), then

1 .
@ = o /_w F(w)et dw (15-14)

If F(w) is assumed to be zero outside the band, the limits of the integral
may be changed to the interval —2xB to +2xB. Thus

+2xB
f@ = 511; f_m F(w)e* dw (15-15)

Now let t = n/2B, where n is any positive or negative integer. Then

n 1 +2xB
f<2—]§) - o / | Flayo=s d (15-16)

—2r

The left-hand side of this expression is the value of f(f) at the nth sampling
point. The integral on the right represents the nth coefficient of the
complex Fourier-series coefficient obtained by expanding the function
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F(w) in a Fourier series in the range from —2rB to +2rB. Thus the
values of the sample f(n/2B) determine the coefficients of a Fourier-
series expansion of F(w). Consequently they completely determine F(w)
itself in the specified range. Moreover, since F(w) is the frequency
spectrum of f(¢), the coeflicients or samples therefore determine the func-
tion f(£).

Suppose that it is desired to transmit a signal which contains no har-
monic components higher than the (n/2)th. Since the period of the
highest harmonic is 27'/n, the bandwidth of the transmitting channel
must be at least n/27 toinclude all harmonics. Thus the bandwidth must

be at least

n .
B = 57 (15-17)

from which
n = 2BT (15-18)

Consider now the problem of transmitting a message that consists of
a series of n equally spaced binary (on or off) pulses contained in an
interval of T sec. In so far as the transmitting channel is concerned,
this problem is precisely the same as that considered above, and the
bandwidth of the transmitting channel is given by Eq. (15-17). More-
over, since the number of possible messages with a symbol alphabet of 2
symbols, with » letters in the message, is M = 27, then, by Eq. (15-10),
the total information in the message is

H =log M = log 2® = n log 2

When referred to the base 2 system of logarithms, this yields
H=n binits (15-19)
Thus the amount of information that the transmitting channel of band-
width B will carry in time 7' is
H = 2BT binits (15-20,

This 1s the Hartley law.
The information capacity of the channel, C, is defined as the number

of binits per second carried by the channel, so that
C=%=2B binits/sec (15-21)

15-4. Hartley’s Law and Continuous Signals. Certain fundamental
limitations exist in the Hartley law, which will now be discussed. In this
connection, refer to Table 1-1; which gives the binary code for a 4-pulse
code in pulse-code modulation. In this tabulation there is seen to be an
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alphabet of 2 symbols, and each message consists of 4 letters. The total
number of possible messages is 24 = 16, as shown. Note that each
message specifies a sample point. Clearly, the 4-pulse coded pulse-code
modulation permits a total of 16 quantizing levels, the total information
in each message being 4 binits.

Suppose now that the alphabet of 2 symbols be retained, but now
consider that each message i1s to consist of 7 letters. In this case the
total number of possible messages is 27 = 128, and each message contains
an average information of 7 binits. That the amount of information
should increase with the number of letters per message is made evident
by a simple example. Suppose that a given wave is to be sampled. If a
4-pulse code is used, 16 amplitudes may be represented. If a 7-pulse
code is used, 128 amplitudes may be represented. Clearly, in the latter
case, the available amplitude levels are specified within much narrower
limits than in the former case, whence the uncertainty is less, or the
information is greater.

In the limit for a signal that can be measured with an infinite degree
of precision, an infinitely large amount of information is contained in each
message. The transmission could therefore take place at an infinite rate
through a channel, if an infinite number of inputs can be correctly recog-
nized at the output. Observe that the output signal does not have to be
identical with the input signal in this case, for if the channel alters the
signal in some known fashion, a precise knowledge of this change will
permit the recognition of the original signal. Of course, if the signal is
changed in some unknown or random fashion, the number of input signals
which may be recognized becomes finite, when the channel capacity
also becomes finite. This means that random fluctuations or noise in a
transmitting channel will limit a channel to finite capacity.

The foregoing discussion can be extended to the case of a continuous
signal. Refer again to Fig. 15-1, but consider the signal to be a finite
length of continuous signal. There is an infinite number of sample points,
the value of each of which is its ordinate. Moreover, there is an infinite
number of possible values of the ordinate. It would appear, therefore,
that a continuous signal of finite length is represented by an alphabet
containing an infinite number of symbols, there being an infinite number of
symbols in each message. This would lead to the conclusion that a con-
tinuous signal, even of finite length, contains an infinite amount of infor-
mation. Two reasons exist in the practical case why the foregoing is not
true. TFirst, all actual signals possess spectra of finite bandwidth, and,
according to the sampling theorem in the time domain, only the values
of the signal at the sampling points can be chosen independently. This
reduces the continuous signal to the equivalent of a finite sequence of
symbols. Second, as noted above, random fluctuations or noise will limit
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a channel to finite capacity, since the number of distinguishable amplitude
levels is reduced to a finite value.

Two important conclusions can be drawn at this point. First, it
appears that continuous signals would be expected to have the same order
of information as discrete signals. Second, information theory provides
no significant information for continuous signals without noise.

16-6. The Modified Hartley Law. As noted in the foregoing section,
a finite capacity of the transmitting channel is imposed by the presence
of random fluctuations or noise. This finite capacity of the channel may
be expressed in terms of the relative magnitudes of the signals and of the
fluctuations that are imposed upon them during transmission.® If the
fluctuations are of the character of random noise, then on the average a
change in signal amplitude can be detected only if it is at least equal to
the rms value Ey of the noise. In all practical types of detectors, the
extraction of information from a mixture of signal and noise requires that
some threshold level of S/N ratio be exceeded. Even above this thresh-
old the reliability of information increases with S/N ratio. If Eg is the
rms value of the signal, then for large S/N ratios (actually the ratio of
peak signal to peak noise need only be greater than 2) the number of
allowable letters in the symbol alphabet corresponding to the reliable
recognition of the signal amplitude is (g -+ En)/Ex or 1 + Es/Ey.
Moreover, the sampling of the amplitudes may occur at the rate of 2B per
second, since the signal is confined to the bandwidth B.

In the light of these considerations, the information H contained in a
message containing n symbols chosen from an alphabet of s symbols is

H = log M = log s"

B \2BT
= logs (1 + —i) binits (15-22)
Ex
which may be written
H = 2BT log, (1 + %‘i) binits (15-23)
N

This is the modified Hartley law. The corresponding channel capacity is

C = % = 2B log, (1 + %) binits/sec (15-24)
N,

This expression specifies the maximum channel capacity of a system for
a specified S/N ratio and bandwidth B while at the same time obtaining
a vanishingly small percentage of errors.

Equation (15-24) indicates that neither the bandwidth nor the sig-
nal/noise ratio inherently limits the channel capacity. That is, a given
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message can be transmitted through a given channel of fixed bandwidth
in a certain time T with a specified signal/noise ratio. The same message
can be transmitted through a different channel, if the factors are so
chosen that the value of the right-hand side of Eq. (15-20) under the new
conditions equals that under the original conditions. It must not be
inferred, however, that the factors in the modified Hartley law may be
varied at will. The type of modulation that is used will impose certain
fundamental limitations on one or another of the parameters in the
equation. In fact, only coded systems permit any flexibility in the
magnitudes of the transmission factors.

Attention is called to the very important fact that the modified Hartley
law expresses the optimum information capacity of a given transmitting
channel. Tt says nothing about the actual capacity that may be realized
by any particular type of modulation. Nor, in fact, does it say anything
about the degree to which the parameters may be varied in any particular
modulation system. The discussion in the next section will examine
certain particular systems of modulation in the light of the foregoing.

A point of considerable practical importance that is contained in Eq.
(15-24) is that bandwidth can be ‘‘traded” for signal/noise ratio in the
ideal system. It is only with coded systems that one is able to achieve
the full exchange of bandwidth for signal/noise ratio.

15-6. Evaluation of A-M, F-M, and Various Pulse Systems. It is
desired to examine several important systems of modulation in the light
of the modified Hartley Law. This evaluation may be accomplished
relatively direetly, if it is first noted that in a communication system one
may refer to two transmission channels, the primary information channel
and the transmission channel. The primary information channel refers
to the information channel before modulation or after detection and in an
a-m or f-m system for voice communication would denote the audio chan-
nel. The transmission channel refers to the carrier channel.

For the ideal case, we may write

ES / E f?

2BT log|1 4+ =) =2B'Tlog|1 + =#

Ex Ey
where the unprimed quantities refer to the primary channel and the
primed quantities refer to the transmission channel. This expression

states that the information contained in the messages in a given time T
is the same in both channels. It follows from this expression that

+ \ B'/B
1+ % = (1 + %) (15-25)

Here B’/B is the bandwidth-expansion factor. This expression shows
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that the signal/noise ratio can be increased, at least 1dea11y, by increasing
the bandwidth.

a. A-M Systems. Consider that a 5-ke signal bandwidth is to be
transmitted in a conventional double-sideband system. The transmission-
channel bandwidth must be equal to twice the primary-information-
channel bandwidth. In so far as fluctuation-noise interference is
concerned, a greater transmission-channel bandwidth does not improve the
transmission, nor does it permit the use of a lower signal/noise ratio.
Conversely, a transmission-channel bandwidth narrower than twice the
primary information channel will result in the loss of part of the informa-
tion, and this loss cannot be compensated by increasing the signal/noise
ratio. This means that bandwidth expansion cannot be employed in an
a-m system to improve the signal/noise ratio.

In the case of single-sideband suppressed-carrier transimission an appre-
ciable improvement over double-sideband transmission is possible. With
single-sideband transmission, the transmission-channel bandwidth is
equal to the primary-information-channel bandwidth. As a result of
this factor of 2 in bandwidth, the improvement in signal/noise ratio over
the double-sideband case is 3 db. Now also, since the power in the side-
bands, for 100 per cent modulation, is one-half that contained in the
carrier, then only one-third of the total transmitted power is intelligence.
If the carrier is suppressed, there is a gain of 4.77 db. If the carrier and
one sideband are suppressed, there is a gain of 6 db. Hence the single-
sideband system possesses an inherent advantage of 9 db over the double-
sideband system. The practical problem in comparing the actual advan-
tage of single sideband over double sideband is complicated by the fact
that single-sideband power amplification is accomplished in class B ampli-
fiers, whereas double sideband is ordinarily produced in class C stages.

In so far as trading bandwidth for signal/noise ratio in single-sideband
transmission is concerned, the same limitations exist as for the double-
sideband system, and no effective exchange is possible.

b. F-M Systems. In the case of an f-m system, a certain amount of
trading between bandwidth and signal/noise ratio is possible. The
amount of signal/noise improvement that is possible was examined in
some detail in Sec. 14-20. According to Eq. (14-103), which is valid
provided that the peak noise amplitude is less than one-half the peak
signal amplitude, the signal/noise ratio varies directly with the frequency
deviation. Moreover, the total signal/noise ratio in the receiver output
is dictated by the audio bandwidth, which would be set nearly equal to
the bandwidth of the primary information channel. As illustrated in
Fig. 14-49, the signal/noise ratio is proportional to the bandwidth expan-
sion. The improvement can be made somewhat higher through the use
of preemphasis circuits, since the preemphasis of the higher audio fre-
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quencies makes the noise relatively lower at these frequencies. How-
ever, the signal/noise improvement is not nearly as large as that per-
mitted by the Hartley law.

c. Pulse Systems. The term pulse modulation as distinet from pulse-
code modulation will be used to designate unquantized pulse modulation.
The pulse-modulation systems to be considered are pulse-amplitude
modulation (PAM), pulse-duration modulation (PDM), and pulse-posi-
tion modulation (PPM).

The over-all bandwidth required for pulse-modulation systems depends
on the pulse repetition rate, the pulse waveshape, and the pulse width.
Under normal operation the r-f bandwidth required is given approxi-
mately by

B=2 (15-26)
T
where 7 is the pulse width in microseconds and B is in megacycles. Con-
sequently pulse-modulation systems require relatively large bandwidths
in their operation.

Pulse-amplitude modulation is the most efficient form of pulse modu-
lation from the standpoint of bandwidth B. However, pulse-amplitude
modulation is subject to the same transmission-link stabilities and
signal/noise characteristics as any other a-m systems. That is, the
bandwidth employed will govern the effect of the noise, broader band-
width being accompanied by an increased noise without an improved
signal. Hence pulse-amplitude modulation is not able to improve the
signal/noise ratio in exchange for bandwidth.

Pulse-duration modulation and pulse-position modulation, both being
of constant amplitude, permit the use of limiters. These do much to
improve the signal/noise ratio of the system by reducing the effect of
impulse noise, just as in frequency modulation. However, noise does
remain, as discussed in Sec. 1-7, this noise appearing on the leading and
trailing edges of the pulses. Impulse noise may cause a displacement
of the pulse edge from the position corresponding to the modulating
signal. Noise may also affect the pulse amplitude, shape, or slope of the
pulse edges. In pulse-duration modulation the effect ultimately appears
as a change in the effective duration. In pulse-position modulation the
effect will appear as a change in position.

If the bandwidth in an uncoded pulse-modulation system is doubled,
the transmission symbol can be located twice as accurately. In pulse-
duration modulation and pulse-position modulation, since the uncertainty
of the position of the pulse is a funection of the rise time of the pulse, and
also the decay time, both of which improve directly with the bandwidth,
the signal/noise ratio is proportional to the bandwidth, and hence pro-
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portional to the bandwidth expansion. While this means that both
pulse-duration modulation and pulse-position modulation trade band-
width for an improvement in signal/noise ratio, it is not nearly so large
an increase as is possible, according to the Hartley law.

In pulse-code modulation or other possible coded systems, full advan-
tage can be made of added bandwidth. Suppose, for example, that the
transmission-channel bandwidth is doubled. As a result, if the number
of letters in the symbol alphabet is unchanged, a message containing
twice as many symbols, or two messages of the original symbol content,
can be transmitted in a given time. But if each message has 1 + E%/E%
possible signal amplitudes, the combination of the two messages has
(1 + Eg/E%)? possible values. This states, in effect, that

Es ELY
1+m“(1+m)

where the exponent is the bandwidth-expansion factor. By compari-
son with Fq. (15-25), this is the form governing the signal/noise ratio
improvement that is possible in the ideal system, as given by the Hartley
law.

16-7. A Geometrical Approach to the Modified Hartley Law. A
rather interesting geometrical approach to the modified Hartley law was
developed by Shannon.? As discussed in Sec. 15-3, a signal of duration T
and bandwidth B can be specified exactly by a set of 2BT numbers which
are uniformly distributed in time, at the instants 1/2B sec apart. If one
now considers a multidimensional space of 2BT dimensions, then the
specification of 2BT coordinates defines a point in this 2B7T-dimensional
space. Moreover, the ‘“distance’ from the origin to the point is the
square root of the sum of the squares of the coordinates of the point. If
the coordinates are potentials, the sum of the squares is a quantity that
is proportional to the power in the signal. Hence all signals of total
power less than Py must lie inside a 2BT-dimensional ‘‘sphere’’ having a
radius that is proportional to v/Psg.

Now consider the situation after the signal has been transmitted
through a transmission channel, being thereby affected by noise. As a
result, the signal point is displaced in signal space. But since the noise
is random, the displacement of the signal point is equally probable in any
direction, the amount of the displacement being proportional to 4/Py.
The situation is then somewhat like that illustrated graphically in Fig.
15-2 for the very simple case of a two-dimensional space. Since the total
power of the perturbed signal is Ps 4 Py, all such signals are confined
to the sphere of radius \/Ps + Py. Also, the number of signals th;at
can be reliably distinguished is the number of spheres of radius +/Py
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that can be included in the sphere of radius v/Pg + Py. This number
is given by the ratio of the volume of the large sphere to the volume of the

vay,

Form

F1c. 15-2. Cross section of signal space showing the transmitted, random-noise, and
received powers.
small sphere. But since the volume of an n-dimensional sphere of radius
r ist

an/2

V=i "
F(§+1>

the ratio of the two volumes, and hence the ratio of distinguishable
signals, is

_ (VPs+ Py (Ps + PN>"
M = P T P (15-27)

Hence by Eq. (15-10) the total information in the message is
Py
or

H = BT log (1 + gi) (15-28)
N

This form of the modified Hartley law differs somewhat from that
given in Eq. (15-23) and appears to be the more general form. Note,
however, that since Eq. (15-23) is restricted to large S/N ratios, the
two expressions are practically the same.
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PROBLEMS

15-1. How much information is contained in the message that a pair of dice,
when rolled, resulted in a six?

15-2. A language is drawn from an alphabet of four symbols, A, B, C, D. It
is encoded into a secondary channel having an alphabet of two symbols 1 and 0
according to the code

A—11 B—10 C—-01 D — 00

a. Assume that the symbol probabilities are each equal to 0.25. What is the
language-transmission capacity of the secondary channel, for unit duration of
the symbols 1 and 0?

b. The symbol probabilities are now, respectively, 0.3, 0.3, 0.2, 0.2. What
is the language-transmission capacity of the secondary channel under these
conditions?

15-3. The elements of a pulse-coding transmission system are illustrated in
the accompanying figure. Specify the missing data called for on this figure,
assuming a noiseless system.

Signal Network
—>—1 Bandwidth Sampler Quantizer Encoder |
- l
S= S=32 8§=2
n= n= 7=

16-4. A 5 by 5 matrix of lights is available, any bulb of which can be lighted in
50 millisec. If a specification of the lighted bulb is transmitted by means of a
sequence of on-off pulses:

a. What is the required bandwidth of the transmission channel?

b. What is the channel capacity in binits per second?



APPENDIX A

NOTES ON GENERAL NETWORK ANALYSIS*

A-1. Reference Conditions and Notation. Mention is made at several
points in the text of the reference positive polarity and reference current
direction. It is important to examine the significance of these terms and
their relationship to general network analysis.

The solution of a network problem amounts to the finding of expressions
for the potentials and currents at various points in the circuit. Some-
times charges and flux linkages are required also. For the a-c case the
directions of the currents and the polarities of the potentials are con-
tinually reversing. Algebraic notation must always be employed.

All measurable electrical quantities (current, potential, etec.) are called
physical entities. Their algebraic representations (e, ¢, ete.) are called
algebraic quantities. Physical entities change their direction or polarity,
while their algebraic representation changes their sense (algebraic sign).

The direction of current, when the symbol which represents it is posi-
tive, is called its reference direction. Similarly, the polarity of a potential,
when the symbol which represents it is positive, is called its reference
polarity. In this latter case, the 4+ and — signs not only are used to
designate the potential but also are used in algebraic interpretations.
The two uses should not be confused. The general term reference con-
dition is used to imply either a reference direction or a reference polarity.
Thus, in general terms, the reference condition of a physical entity corre-
sponds with the positive sense of the algebraic quantity which represents
it.

A-2. Notation for Sinors. It is customary in the discussion of amplifier
response to assume that the input signal is sinusoidal and of the general
form

e1 = V2 E; sin (wt + 6)

Ordinarily the ecalculations are not carried out in terms of the trigono-
metric functions, but use is made of complex-number theory in a-¢ net-
work analysis. The use of complex-number theory stems from the fact

* For more detail, refer to W. LePage and S. Seely, ‘General Network Analysis,”
McGraw-Hill Book Company, Inc., New York, 1952,
443
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that the sinusoid may be expressed in exponential form by the relation
e1 = V2 E, sin (wt + 6,) = Im /2 E eitwt+0n (A-1)

where Im denotes that the imaginary part of the Euler* expansion of this
quantity is chosen. Now, it is found in subsequent analysis that the
essential information relating to the sinusoid is contained in the quantity
E,e®, which does not include the time. This permits the analysis to be
carried out in terms of complex-number theory and the associated alge-
braic manipulations of this discipline, and, as a final step, the results may
be correlated with, and written in trigonometric form involving the time.

Many of the results obtained by the use of complex numbers can be
obtained through geometric means alone, by plotting the complex num-
bers as directed lines in a plane. The directed lines may be regarded as
vectors in two dimensions. However, confusion with three-dimensional
vectors can arise. Therefore, in electrical-engineering applications,
quantities having two dimensions (complex quantities) are called phasor
quantities. As discussed, therefore, phasor quantities can be used to
represent symbolically sinusoidal funetions of time. This is not the only
use of them, however. For example, the impedance function R + jwL
of a simple series circuit is a complex number but represents quite a
different quantity from the complex number which symbolically repre-
sents the sinusoid. Those complex quantities (phasor quantities) which
symbolically represent sinusoidal functions are called sinors. Thus a
sinor is a special type of phasor.

In setting up the correspondence between a sinor and a sinusoid, the
sine form of writing the sinusoid is chosen arbitrarily. The correspond-
ence between a sinor and sinusoid is written

E ¢ symbolically represents \/2 E, sin (wt + 6,) (A-2)

The multiplier is introduced to make E, the effective value.

Emphasis is placed on the fact that either the sine or the cosine function
could be used on the right-hand side of relation (A-2). However, in this
text the foregoing symbolism always means the sine function. Without
adherence to such a rule, the use of sinors and complex notation could
lead to confusion.

Since a sinor is a complex quantity which symbolically represents a
sinusoidally varying quantity, the previous definition of a reference
condition would indicate that a sinor does not have a reference condition,
since it is not a varying quantity. It isa directed line in a plane, but this
direction is not an indication of a reference condition. It is related,
however, to the reference condition in an indirect way, to be explained.

* The Euler expansion of an exponential has the form Eei* = E(cos a + j sin a).
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Figure A-1 illustrates how a potential or current is represented, first
by a sinusoidal wave, and then in turn by a sinor. The meaning of the
sinusoidal wave, in terms of the physical conditions shown on the circuit

e ~ F
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e / o
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F1c. A-1. Interpretation of sinor notation in terms of a sinusoidal wave.

diagram, is discussed in Sec. A-1. The sinors E and I are interpreted by
referring them to the sinusoidal waves; thus

E symbolizes ¢ = /2 E sin (ot + )
I symbolizes ¢ = V2 I sin (ot + B) (A-3)

This gives meaning to the reference conditions, in terms of the instan-
taneous variables which are symbolized by the sinors.

A slightly different practice is shown in Fig. A-2. The sinor symbol
is used on the circuit diagram, and the inter- n
mediate sinusoidal wave is omitted. This sys- E
tem is convenient, as it is more direct than E A;_
that illustrated in Fig. A-1. Inthe event of any T
question of interpretation, the thought sequence
indicated in Fig, A-1 is implied by Fig. A-2. -

Double subscripts may be used on sinor sym- ll -1 8
bols, to imply the reference condition for the T
variable which it symbolizes. In fact, it may .
be noted that identical systems of notation are Fig. A-2. The use of sinor

) ’ Y . . symbols on a circuit dia-
applicable to instantaneous variables and sinors. gram to imply the refer-
The only difference is that, when applied to ence conditions shown in
. . . . Fig. A-1.
sinors, the connection with reference conditions
is indirect, through the intermediate variable quantity, as in Fig. A-1.

A-3. Loop Analysis. The general complete solution of a network by
the loop method of analysis may be most easily presented in terms of a
specific example. The circuit of Fig. A-3 serves this purpose. All
sources are potential sources, and all have the same frequency. The
impedances are drawn as boxes for simplicity. Each box is assumed to

+
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be no more complicated than a series combination of resistance, indue-

tance, and capacitance.
By an application of the Kirchhoff potential law around each of the

indicated loops, the equations that result are

(Zo + ZJ)1, — ZdX, + 0 = E,
—ZJ0, + (Zb + Z; + Ze)IZ ~ZI; = Eﬂ (A'4)
0—-ZI, + (Zc + Ze)I3 = -Eﬁ

The solutions of Eqs. (A-4) are most easily written in terms of determi-
nants, by the application of Cramer’s rule. For writing these solutions,

F1g. A-3. A typical network labeled for loop analysis.

it is convenient to define certain symbols to represent determinants.
These are

Z,+ Z, —Z 0
A = _Zd Zb+Zd+Ze _Ze
0 _‘Ze Zc + Zc
E. —Z; 0
A = Eﬁ Zb + Zd "l" Ze _Ze
—Eg —Z. Z. + Z.
Z.+Z, E. 0 (A-5)
A, = —Z4 Es —-Z,
0 —Es Z, + Z,
Z,+ 2, —Z, E.
A; = —Z, Z;,+Z,+Z, Eg
0 —Z, —Es
In terms of these quantities, the three unknown currents are
=% -8 4 (A-6)

A A A

by the application of Cramer’s rule.

It should be realized that, even though the example above is for three
loops, the general form of the equations will be similar for a circuit of
N loops. For the network with N loops, the general equations will be of
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the form
ouli + el + - -+ 4 owvIy = E,
o211 + pol: + - -+ 4 paaly = E, (A-T)
onili + oxele + - - - 4 ovnIn = Ex
In these equations, the quantities E,, E,, . . . denote the algebraic sums

of all the sources on the various loop peripheries or contours, with a poten-
tial rise in the loop-current direction taken as positive.

The factors g,, have the dimensions of impedance. When p = ¢, they
are the sum of all impedances on a loop contour. When p # ¢, g,, is +
or — the impedance in the branch common to loops p and ¢, according as
these loop currents are in the same or opposite directions in the common
impedance. The g coefficients are given the name copedance, a contrac-
tion for the phrase, coefficient of impedance.

As an illustration, the analysis of Fig. A-3 may be written in the
generalized notation of Egs. (A-7). In this case

91111 -+ 91212 + 91313 = El

92111 + 92212 + 92313 = E, (A'S)
931[1 + 93212 + 93313 = Ea

where
o =2, + Z, 021 = p12 = —Zy E, = E,
o2 =2y +Zy + Z, gs1 = @13 = 0 E, = E; (A-9)
0 =2, + Z, 02 = p32 = —Z, E; = —-E;

The resulting expressions are identical with those in Eq. (A-4), as they
must be.

Special attention is required when magnetic
coupling exists, as the formulas for the coped-
ances of the elements off the diagonal of the
determinants are affected. In'this connection, m * @
refer to Fig. A-4. Without proof, it is noted
that the sign to belassociated with the term
jwM representing the effect of the mutual cou-
pling is positive if the currents enter or leave Fig. A-4. Example of mag-
the ‘dotted terminals and is negative if one netic coupling.
current enters and the second current leaves the dotted terminal. For
the case illustrated

P21 = Q12 = -7 +jwM (A—lO)

A-4. Junction Analysis. The presentation of the junction analysis
follows the same scheme as used for the loop analysis. All sources have
the same frequency, and all are current sources. The admittances are
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drawn as boxes for simplicity. Each box is assumed to be no more
complicated than a parallel combination of resistance, inductance, and
capacitance.

The rules for writing the equilibrium equations, which are based on the
Kirchhoff current law, are applied to the network of Fig. A-5. The equa-

Datum ]unc #ion
Fic. A-5. A typical network labeled for junction analysis.

tions are the following, when the current at each junction is equated to
Zero:

Yo+ Y)E, — YE, + 0 = I,
~Y.E: + (Ys + Yo+ Y)E; — Y.E; = I, (A-11)
0—~YE,+ (Y. + Y)E; = -1

The solution of this set of simultaneous equations is given by Cramer’s
rule. Write the determinants

It

Y. + Y, -Y, 0
A = -Y, Y.+ Ys 4 Y. -Y,
0 -Y. Y. 4+ Y,
I. —Yq 0
A= Y.+Y.+Y, -Y.
_1I, —Y, Y.+ Y.
Y.+Y, L 0 (A-12)
A, = —-Y, Ip Y.
0 -I, Y.+ Y.
Ya + Yd "“Yd Ia
a; = —Yq Yo +- Y.+ Y., Ig
0 -Y. -1

In terms of these determinants, the unknown potentials are given by the
ratios

1=%—‘ }3;:%2 E3=%3 (A-13)

by the application of Cramer’s rule.
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This type of solution can be written for a general network of N junc-
tions plus the datum junction, by the set of equations

61E; + 6B + + - ¢+ 6E: =1,
(SmBuk gulad oo A ouly =L (A-14)

onviE; + 0x:Es + ¢ ¢ ¢ 4 dxxEx = Iy

The coefficients ¢ represent the various branch admittances in the follow-
ing way: If p = ¢, 6,, is the sum of all admittances connected to the path
junction. If p ## ¢, 6,, is the negative of the admittance connecting
junctions p and ¢ directly. These coefficients are called comittances, as
a contraction of the phrase, coefficients of admittance. The currents
Iy appearing on the right are junction current sources. A junction cur-
rent source is the algebraic sum of all current sources connected to the
junction. A current having a reference direction toward the junction
is taken as positive in forming the algebraic sum.

A-b. Network Theorems. A number of network theorems are ‘ound
to be of considerable assistance in solving the network problems involving
vacuum tubes. Several such theorems will be given, although the proofs
will not be given in all cases. The theorems which will here be given are
the Helmholtz equivalent-source theorems (Thévenin and Norton
theorems), the Millman theorem, and dual-circuit construction rules.

a. Helmholtz Equivalent-source Theorems. Let the rectangle of Fig.
A-6 represent a general network

with N independent loops, M + 1 ) a
. . . N loop potential [
junctions, N loop potential sources, sources A
and M junction current sources, all o m \ JE
M junction current b od
of thesame frequency. One branch sources ;
a

of this general network is shown
isolated. Let the outside terminals ¥I¢. A-8. Circuit for illustrating the
.. . Helmholtz equivalent-source theorems

be closed by a fictitious potential (Thévenin and Norton theorems).
source, which may be the potential
drop across a passive element between these two points. A general
analysis of such an active network leads to the conclusion that any
two-terminal linear network with any number of current’and potential
sources of the same frequency can be viewed as a source. This
source can, in turn, be represented by either of the simple circuits of
Fig. A-7. When the potential-source form is used, the network is said
to be represented by a Helmholtz-Thévenin potential-source equivalent.
The current-source form is called the Helmholtz-Norton current-source
equivalent.

The series impedance Z,, or the shunt admittance Y., appearing in
Fig. A-7, are the inverse of each other, ie., Z, = 1/Y,. Also, Z; is the
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impedance of the network as measured at the terminals aa when all
internal potential and current sources are reduced to zero.

The potential source E, is the potential E which appears across the
terminals aa when these terminals are an open circuit. Similarly, the
current source I, is the current in the short circuit which is placed across

the terminals aa.
@
*
s M
oYe
1, f

[~ 2

Fi1a. A-7. The Helmholtz equivalent-source representations.
The parameters E,, 1., Z;, Y, can be found by any method of circuit
solution. They may also be found experimentally for physical systems.
b. Millman Theorem. Certain simple combinations of potential-source
equivalents are of use because they offer simplification in the solutions
of more extensive networks in which the combinations occur. Con-
sider Fig. A-8a, which is typical of the situation to be considered first.

S

(] pFs
+
2| |z,| |z [ I I L
' O 7| %] |7 F
5( ) 5( ) El BT F27 I s el S
z 2 '3 ZI —Z; .Z—3-
lor | )
(a) (6)
+
I=EISQ+E2Y2+E3Y3T Y +Y2+Y, E

(c)
F1a. A-8. Combination of potential sources.

The solution of the network is accomplished by finding the potential
E. To do this, let each potential source and its series impedance be
replaced by a current-source equivalent, to yield the form shown in Fig.
A-8b. In this diagram the sources have been separated from their indi-
vidual admittances to give the grouped arrangement shown. This leads
ultimately to the circuit of Fig. A-8¢. The solution of this circuit for E
is given directly by the relation

ElYl + EZYZ + E3Y3 (A_15)

E=
Y.+ Y.+ Y,
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¢. Duality and Dual-circuit Construction. Throughout the develop-
ment of network analysis a parallelism of statements is necessary, once
for potentials and once for currents. There are potential sources and
current sources; a Kirchhoff potential law pertaining to a loop, and a
Kirchhoff current law pertaining to 2 junction, etc. These ideas are part
of a larger pattern which exists in network analysis.

The simultaneous existence of two similar systems of analysis is given
the name duality and is founded on the interchange of independent and
dependent variables in the equations expressing the behavior of the circuit

ig—
G
iy —
=000
L
ic—>
(4

ep ey, e,

+ + +°C

T R L C L— /

~ ~ v ~ ~ J
+ e + e

F1c. A-9. Basic series and parallel circuits.

elements. Duality does not imply equivalence; it means only that the
mathematical representations of the circuits are similar in form.

Consider the basic series and parallel circuits illustrated in Fig. A-9.
If the series combination is excited by a potential, and the parallel com-
bination by a current, the appropriate relations for the respective circuits
follow. For the series circuit,

€=6R+6L+60=Ri+L;%+-é/idt (A-16)
For the parallel circuit,

i=ig+ic+iL=Ge+Cg§+%/edt (A-17)

Table A-1 contains the dually related quantities. Clearly, the two net-
works illustrated in Fig. A-9 are dually related.

TABLE A-1
DUAL RELATIONSHIPS
Loop concept Junction concept
Loop interior Junction other than datum junction
Cireuit exterior Datum junction
Potential source in an external Current source with one terminal connected to the
branch datum junction

Potential source in series in a Current source shunting a common branch

common branch
Loop current Junction potential to the datum junction

Branch impedance Branch admittance
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It is of interest to compare Eqs. (A-4), which apply to Fig. A-3, with
Eqgs. (A-11), which apply to Fig. A-5. Since there is a systematic inter-
change of Z with Y and of I with E in these expressions, the two networks
are dually related. Among the important dual relationships implied
herein are those contained in Table A-1.

In the case of series or parallel circuits, the method of going from one
circuit to its dual is illustrated in
Fig. A-9. It is convenient to be
able to construct a circuit which is
the dual of another in the general
case. A dual exists, and can be
found, for any circuit, provided that
it can be made flat and includes
transformers in such a way that
they can be replaced by equivalent
circuits.

The essential problem to be
solved is the following, and for con-
Fia. A_-10. A typical circuit setup for loop  yepience a typical three-loop net~
analysis. work is to be considered. The net-~

work specified is represented by the equations

91111 + 91212 + 91313 = Ssl - Se?
92111 + 92212 + 92313 = Se? (A‘Ig)
93111 + 93212 + 93313 = Ses

The symbols S, are used to represent potential sources, and each I repre-
sents a loop current. It is now required to find the network which is

represented by the equations

61:E1 + 61:Es 4 61:E; = Sy — Sie
621 E1 + 620E2 + 625E; = Sa2 (A-19)
631E1 4 63:E2 + d33E; = S;;

in which each E is a junction response potential and each S; is a current
source. KEach ¢ is to be the same as the corresponding p.

The details of the construction follow: The new network must have
three junctions, in addition to the datum junction. A dot is then placed
in each loop, and the network is enclosed by a continuous line. Each
internal dot becomes a nondatum junction, and the outside line is the
datum junction. The junctions are numbered to correspond with the
loops in which they appear. Junctions 1 and 2 are to be connected by a
branch which is the dual of the branch common to loops 1 and 2. When
this branch is drawn, it in essence crosses the branch to which it is dually
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related. This procedure is carried out for each pair of junctions, includ-
ing the datum junction.

In setting up the dual circuit, it is necessary to choose reference condi-
tions in accordance with a consistent set of rules. Two considerations
are involved, (1) the reference direction of the current sources, and (2) the

AA
VVVVV

Ep

6a$ Zaf |
S; 3

Datum
Fra. A-11. Two circuits which are duals of each other.

reference polarity at the junctions. The rules for a consistent representa-
tion are:

1. If a potential source in a loop is a rise in the clockwise direction,
its dual is a current source directed toward the dually related junction.

2. If a current has a clockwise direction in a loop, its dual is a positive
potential at the dually related junction.

Based on the above, Fig. A-10, appropriately marked, and its dual are
given in Fig. A-11.
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PLATE CHARACTERISTICS OF VACUUM TUBES
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A supply, 114
Abnormal glow discharge, 41
Amplification, voltage (see Amplifiers,
potential gain)
Amplification factor, 28, 30
measurement, 93
numerical values for several tubes,
455 ff.
tetrode, 37
triode, 30
Amplifiers, cascode, 238
cathode-coupled, 132
cathode follower, 172 ff.
double, 185
gain, 173
graphical analysis, 175
input capacitance, 174
output admittance, 175
class A, beam power tubes, 196
cascade, 119
potential gain, 121
definition, 101
degenerative (see Feedback)
distortion, 189
dynamic characteristic, 87
equivalent circuit for, 87
(See also Equivalent circuit)
grid-bias potential in, 83
(See also Self-bias in amplifiers)
grid-signal potential in, 83
inductance-capacitance-coupled, 134
input admittance, 108
inverse feedback (see Feedback)
load line, 85
load resistance for maximum power
output, 188
maximum power output, 188, 191
output transformer, 190
pentode, 196
phase relations, 86
plate dissipation, 193
plate efficiency of, 193
potential gain (see potential gain,
below)
power output, 188
push-pull (see Push-pull amplifier)
quiescent operating point, 85

Amplifiers, class A, radio frequency (see
Tuned amplifiers)
resistance-capacitance-coupled (see
Resistance-capacitance-coupled
amplifier)
self-bias, 115, 199
single-stage, 83 fi.
tetrode, 34
transformer-coupled (see Trans-
former-coupled amplifiers)
tuned (see Tuned amplifiers)
voltage gain (see potential gain,
below)
class AB, definition, 101
push-pull (see Push-pull amplifier)
class B, definition, 101
push-pull (see Push-pull amplifier)
tuned (see Tuned amplifiers, class B
power)
class C, definition, 101
tuned (see Tuned amplifiers, class C
power)
degeneration (see Feedback)
difference, 132
direct-coupled, 130 fi.
battery-coupled, 131
cathode-coupled, 132
resistance-coupled, 132
series-balanced, 141
double-tuned (see Tuned amplifiers)
driver stage, 205, 206
dynamie characteristic, construction
from static, 86
equations, 95
push-pull, 203
feedback (see Feedback)
in feedback oscillator, 302
frequency characteristic, 127
frequency classification, 102
frequency distortion (see Frequency
distortion)
frequency response (see Frequency
distortion)
gain (see potential gain, below)
graphical analysis of output, 85
grid-bias potential, 84
(See also Self-bias in amplifiers)
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Amplifiers, grid-signal voltage, 84
grounded grid, 104
harmonic distortion (see Nonlinear
distortion)
inductance-capacitance coupled, 134
interelectrode capacitances, 107
intermediate frequency (see Tuned
amplifiers, class A)
internal impedance, effect of feedback
on, 160 ff.
inverse feedback (see Feedback)
inverted, 142
limiters, 401
linear, class B (see Tuned amplifiers,
class B power)
conditions for, 101, 246
load line, 41
maximal flatness, 221
modulated, 336
for modulated wave (see Tuned
amplifiers, class B power)
narrow-band (see Tuned amplifiers)
noise (see Noise)
oscillations, 170
output impedance, effect of feedback
on, 167
output transformer, 190
output waveform, 86
parallel or shunt feed, 135, 189
paraphase (see Push-pull amplifier)
path of operation, 85, 248, 254, 255
phase characteristic, 127
phase inverter, 205 ff.
phase relations, 86
plate-circuit efficiency (see Plate-
circuit efficiency)
plate-current components, 86
plate dissipation (see Plate dissipation)
plate-modulated, 331, 336
potential gain, db gain, 104
effect of feedback on, 150
effect of interelectrode capacitances,
108
multistage amplifier, 121
registance-capacitance coupling,
122 ff.
resistance coupling, 132
resistance load, 91
transformer coupling, 135
tuned, double-tuned, 220
single-tuned, direct coupling, 215
transformer coupling, 217
power, 187 ff.
power supply, common, 114
push-pull (see Push-pull amplifier)
quiescent operating point, 85
radio frequency (see Tuned amplifiers)
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Amplifiers, regenerative (see Feedback)
resistance-capacitance-coupled (see
Resistance-capacitance-coupled
amplifier)
resistance-coupled (see direct-coupled,
above)
shunt feed, 189, 195
stagger-tuned, 228, 229
transformer-coupled (see Transformer-
coupled amplifiers)
tuned (see Tuned amplifiers)
Amplitude distortion (see Nonlinear
distortion)
Amplitude modulation (see Modulation)
Angstrom unit, 19
Anode fall, 42
Are, anode fall, 42
cathode fall, 41
externally heated, 43
high-pressure, 45
initiation, grid control, 43
ignitor rod, 47
mercury pool (see Mercury-are
rectifier)
Arc back in mercury rectifiers, 49
Argon, in high-pressure diodes, 45
in phototubes, 20
in thyratrons, 47
Automatic amplitude control, oscillators
with, 301
Automatic gain control, 362
delayed, 363

B supply, 115
Backfire, 49
Balanced modulator, 327
Bandwidth, effect of feedback on, 151
tuned amplifiers, 216, 218, 225
reduction in cascaded stages, 225
untuned amplifiers, 127
reduction in cascaded stages, 129
Barkhausen criterion for oscillators, 287
Beam power tubes, 38
Beat-frequency oscillator, 368
Bel, 103
Bessel functions, 380, 473
Bias, grid, 101
impedance, effect in amplifiers, 156
Bieeder resistance, 75
Blocking, capacitor, 120
in oscillators, 293
Bombardment by positive ions, 22, 42
Bradiey detector, 411
Breakdown, gas tubes, 41
mercury-arc tubes, 42
Breakdown potential, 41
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Bridge measurements of triode coeffi-
cients, 93

Bridge rectifier, 62

By-pass capacitor, 115

C supply, 115
Capacitance, interelectrode, high-
frequency effects, 112
numerical values for several tubes,
455 ff.
pentodes, 111
tetrodes, 111
triodes, 109
Capacitor filters (see Filter)
Carrier suppression, 6, 328
Carrier wave, disappearance in frequency
modulation, 383
suppression, 6, 328
Cathode, directly heated, 18
indirectly heated, 18
inward-radiating, 18
mercury as, 42
oxide-coated, disintegration, 45
emission, 17
work function, 17
photoelectric, 18
power for heating, 114
thermionic (see Thermionic cathodes;
Thermionic emission)
thoriated tungsten, 17
tungsten, 17
Cathode efficiency, 17
Cathode fall, are, 42
glow discharge, 41
Cathode modulation, 341
Characteristic curves, tube, 455 fi.
Child’s law (see Space-charge-limited
current)
Choke input filter (see Filter)
Class A amplifiers (see Amplifiers)
Class B, C, amplifiers (see Amplifiers)
Class C modulated amplifier, 336
Clipping, sideband, in modulators, 324
Cloud, electron, 22
Coeflicient, coupling, 220
Coil, Q of, 214
Cold-cathode triodes, 43
Collisions in arc tubes, 42
ionizing, 22
by positive ions, 22
Colpitts oscillator, 296
Communication system, elements, 1 ff.
Composite characteristics, push-pull,
dynamic, 203
static, 200
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Condensed-mercury temperature and
vapor pressure, 44
Conductance, mutual, 31, 286
Conduction, gaseous, 40
(See also Arc)
Constant-current characteristic, 30, 33,
257
Constants, multielectrode tube, 37
triodes, 331
Conversion, general theory, 370
square-law, 369
transconductance, 369
expressions for, 372
Converter, pentagrid, 372
Coupling, amplifier, cathode, 132
inductance, 134
resistance, 132
resistance-capacitance, 119
transformer, 135
coefficient, critical, 221
transitional, 223
networks, design, 242
Critical grid-control curves, 46
Critical inductance, filters, 75
Crystal oscillators, 300, 301
Current density, 24
Current feedback, 156
Current-potential locus, push-pull
amplifier, 201
resistance load, 85
Current-source equivalent circuit, 89
Cutin, capacitor input filter, 69
inductance filter, 66
Cutout, capacitor input filters, 69
inductance filter, 67
L-section filters, 75
Cylinders, space-charge-limited current,
22, 24

Decibel gain, 103
Decoupling filters in amplifiers, 116
Degenerative feedback, 151
Deionization, 50
Delay, age systems, 363
distortion, 102
Demodulation, 348 ff.
definition, 348
(See also Detection)
Demodulator, definition, 348
(See also Demodulation; Detection;:
Detector)
Detection, for amplitude-modulated
waves, 348 ff.
conversion, 368
definition, 348
diode (see linear, below)-
for frequency-modulated waves, 401
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Detection, linear, 351
diagonal clipping, 357
distortion, 357
effect of load on, 361
efficiency, 354
input impedance, 356
rectification characteristic, 360
single-sideband, 367
square-law, 349
distortion in, 350
with triode, 349
superregenerative, 364
suppressed carrier, 366
Detector, Bradley, 411
diode, 351
discriminator, 401
first, 372
linear, 351
ratio, 409
square-law, 349
(See also Detection)
Deviation, frequency, in frequency
modulation, 380
Deviation ratio in frequency modulation,
380
Diode, characteristics, operating, 26, 49
cylindrical, 25
detector, 351
discriminator, 401
high-pressure gas, 45
hot-cathode gas, 44
plane-parallel, 23
ratings, 26, 49
as rectifiers (see Rectifiers)
static characteristics, 25, 55
Direct-coupled amplifiers (see Amplifiers)
Discharge, electrical, in gases, 41
Discriminator for frequency modulation,
401
Disintegration of cathodes, 45
Disintegration potential, 45
Dissipation (see Plate dissipation)
Distortion, amplitude (see Nonlinear
distortion)
in class A amplifiers, 102
causes, 102
permissible maximum, 191
for push-pull operation, 204
cross modulation, 342
delay, 102
feedback effect, 154
frequency (see Frequency distortion)
harmonic (see Nonlinear distortion)
in linear detectors, 357
in modulation, 324, 330
nonlinear (see Nonlinear distortion)
phase, 102

RADIO ELECTRONICS

Distortion, in square-law detection, 350
Distributed capacitance, 138
Doubler, frequency, 278
potential, 63
Driver stage, 205, 206
Duality, 451
Dushman equation, 16
Dynamic characteristics, class A, 87
construction, 87
general power-series representation, 95
nonlinear distortion, 102
parabolic, 95
push-pull, 203
rectifier, 55
resistance load, 87
Dynatron, oscillator, 309

Efficiency, cathode, 17
detection, 354
plate-circuit (see Plate-circuit
efficiency)
rectification, 57
tuned-circuit transfer, 244
Electric are (see Arc)
Electrical discharge in gases, 40
arc (see Arc)
breakdown, 41
glow, 41
Electron, secondary (see Secondary
emission)
Electron-coupled oscillator, 298
Electron-current density, drift, 24
Electron emission, bombardment, 22
photoelectric, 18, 20
secondary (see Secondary emission)
thermionic, 16, 17, 114
Electron tubes, classification, 100
(See also Diode; Pentode; Tetrode;
Thyratrons; Triode)
Emission, electron (see Electron emission)
Entropy and information, 432
Equivalent circuit, linear class A, 87 ff,
analytical derivation, 87
applicability, 88
current source, 89
interelectrode capacitance, effect of,
108
pentode, 111
potential source, 87
push-pull, 199
tetrode, 110
Excitation potential, in amplifiers, a-¢
d-c components, 84
multistage, 121
push-pull, 197
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Feedback, in amplifiers, 150 ff,
effect of, on frequency and phase
distortion, 154
on input impedance, 169
on internal impedance, 160
on noise, 155
on nonlinear distortion, 154
on output impedance, 167
on stability of amplification, 153
gain, 150
negative, 151
positive, 151
and stability, 170
criterion for oscillation, 172, 284
circuits, 155
compound, 159
current, 156
potential, 157
Feedback factor, 150
Feedback oscillators, 284
Feedback ratio, complex, 286
Field emission, 21
Filament (see Thermionic eathodes)
Filament potential, 114
Filter, capacitor input, 68
cutin, 69
cutout, 69
effect on inverse peak potential, 73
peak-tube current with, 69
ripple, 72
choke or inductor input, 66
cutout, 67
ripple, 68
controlled rectifier, 76
decoupling, in amplifiers, 115
L-section, 73
bleeder resistance, 75
critical inductance, 75
cutout, 74
ripple, 73
swinging choke, 76
multiple L-section, 76
ripple, 77
pi section, 78
ripple, 78
Flash-back potential, 49
Forward potential rating, rectifiers, 49
Fourier series, amplifier output, push-
pull, 204
single-tube, 96
rectifier output, single-phase, full-wave,
65
half-wave, 65
Frequencies, half-power, 124, 126, 215
midfrequency range, 123
sideband, in amplitude-modulated
wave, 321
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Frequencies, sideband, in frequency-
modulated wave, 380
Frequency, angular, instantaneous, 378
carrier, 321
mid-band, 123
multiplication, 278
threshold, 18
Frequency characteristic, 127, 139, 215,
221, 228, 231
with inverse feedback, 151
Frequency conversion, 368
Frequency converter tubes, 372
Frequency distortion, description, 102
direct-coupled, 130
inductance-capacitance-coupled
amplifier, 135
resistance-capacitance-coupled, 127
transformer-coupled, 139
tuned potential, 212 ff,
tuned power, 242 ff.
Frequency doubler, 278
Frequency-modulated oscillator, 387
Frequency modulation (see Modulation)
Frequency-modulation detection, 401
Frequency-modulation receivers, 400,
401
Frequency response (see Frequency
distortion)
Frequency stability of oscillators, 297
Frequency translation (see Detection;
Modulation)
Full-wave rectification, 58

Gain, potential (see Amplifiers, potential
gain)
Gain-bandwidth product, tuned
amplifier, 227
untuned amplifier, 127
Gas amplification, mechanism, 21
phototube, 20
Gas diodes, 43
Gas phototubes, 20
Gaseous conduction, 41
Gated-beam tube, 416
Glow discharge, 41
Glow tubes, diodes, 42
triodes, 43
Graphical determination of Fourier
components, 96
Grid, control, definition, 28
cold-cathode triode, 43
grid-control curves, 29
in vacuum tubes, control of current,
29
heating of, 248, 262
nonuniform, 38



480

Grid, screen, 34
suppressor, 37
in thyratron, 47
Grid-bias modulation, 336, 340
Grid-bias potential, self-bias, 115
Grid-control curves, thyratron, 46, 47
Grid current, causes, 29, 248
class A amplifier, 248
class C amplifier, 258
oscillators, 292
thyratrons, 47
Grid driving power, clags C amplifiers,
262
Grid glow tube, 43
Grid leak and capacitor-bias potential,
292
build-up, 292
effect on oscillator stability, 293
Grid-plate transconductance, 31, 37
Grid potential, bias, 115
(8See also Self-bias)
cutoff, 101, 246
Grounded-grid amplifier, 104

Harmonic distortion (see Nonlinear -
distortion)

Harmonic generation, in linear detector,

362
in modulation, 330
in square-law detection, 350
in triodes, 95
Harmonics (see Fourier series; Nonlinear
distortion)
Hartley law, 432
continuous signals and, 434
Hartley oscillator, 284
Heat-shielded cathodes, 9
Heising modulator, 329
Heptode, 38
Hexode, 38
High field emission, 21
High-level modulation, 330
High-pressure arcs, 45

Ignitor rod, 47
Ignitron rectifier, 47
Image force, 16
Impedance matching, 188, 192
by transformer, 190
Impedance-stabilized oscillator, 299
Inductance, cathode lead, 112
for filters, 66
critieal, in L-section, 75
leakage, 138
primary, of transformer, 136

RADIO ELECTRONICS

Inductance, swinging choke, 76
Inductance-~capacitance-coupled
amplifier, 134
Information theory, 429 ff.
discrete systems, 429
entropy, 432
Hartley law, 432
continuous signals, 434
effects of noise on, 436
system evaluation, 437
sampling theorem, 433
Input admittance, effect on, of feedback,
169
of lead inductance, 112
pentode, 111
tetrode, 110
transit-time effect, 113
triode, 108
Input capacitance of amplifiers, 109
effect on operation, 125
Input potential (see Excitation potential)
Input resistance, triodes, 110
negative, conditions for, 110
Instantaneous amplitude, 320
Instantaneous angular frequency, 320,
378
Instantaneous phase, 320, 378
Insulation stress in transformers, 57, 60,
63
Interelectrode capacitance, 107 ff.
effect on input admittance, 109
equivalent circuit including, 107
numerical values for several tubes,
455 ff.
pentode, 111
reduction by screen grid, 34
tetrode, 111
Intermediate frequency, 12, 369
Inverse feedback, 151
Inverse-peak-potential rating, 27, 49
bridge circuit, 62
potential doubler, 63
single-phase, with capacitor input
filter, 73
full-wave circuit, 60
half-wave circuit, 57
Inverted amplifier, 142
Inward-radiating cathodes, 18
Tonization, description, 21 .
by electron bombardment, 21
in gas phototubes, 20
photoelectric, 22
in plasmas, 41
by positive ions, 22
Ionization time, 50
Ions, 21
function in gaseous conduction, 42
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Tons, in glow-discharge cathode-fall space,
41
in plasma, 41

Johnson noise, 145
Junction analysis, 447

Kinetic energy, electrons and electron
velocity, 24
Konal metal, 17

L-section filter, 73
Langmuir-Child’s law, 24
(See also Space-charge-limited current)
Leakage reactance, 139
Limiter, amplitude, 401
Linear amplifier, class A, 95
class B, 246
Linear detector, 351
Load line, nonlinear, in push-pull
amplifier, 203
pentode amplifier circuit, 196
rectifier, single-phase, half-wave, 55
triode amplifier circuit, 85
Load resistance, choice in pentodes, 196
class A amplifier, 85
maximum power output, 188, 192
matching, 190
push-pull amplifier, 202, 203
Local oscillators, 368, 372
Loop analysis, 445
Low-level modulation, 325

Master oscillator, 298
Maximal flatness, 221
Maximum power output, class A
amplifier, 188, 192
push-pull connection, 202, 203
from linear modulator, 334
undistorted, 192
Mercury, vapor pressure of, 44
Mercury-arc rectifier, arc back, 49
arc drop, 42, 49
cathode disintegration, 45
evaporation of mercury, 44
flash-back potential, as function of
temperature, 49
ratings, average current, 49
forward potential, 49
inverse potential, 49
surge current, 49
vapor pressure, 44
Merit, figure of, vacuum tube, 129
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Metals, image force, 16
secondary emission, 21
thermionic emission, 16

work function, 16

Millman network theorem, 450

Misch metal, 42

. Mixer, 368

Mixing (see Conversion)
Modulated wave, components,
amplitude-modulated, 321
frequency-modulated, 380
envelope, 378
Modulation, amplitude, 3, 320 fi.
comparison with frequency
modulation, 320, 419
definition, 320
expression for, 321
frequency spectrum, 322
information-theory considerations,
438
linear, 330
sidebands, 4, 322
sinor representation, 322
square-law, 325
angular, 378
instantaneous, 378
carrier suppression, 6, 327
cathode, 341
cross, 342
definition, 320
feedback to improve linearity, 324
frequency, 5, 377 ff.
capture, 423
characteristics, 377
comparison with phase modulation,
386
definition, 378
deviation ratio, 380
expression for, 380
frequency deviation, 383
information-theory considerations,
438
narrow-band, 395
spectrum, 380
wide-band, 387
frequency translation by, 322
grid-bias, 336
advantages, 340
high-level, 330
index, 321
information theory, 437
low-level, 325
percentage, 321
phase, 385
comparison with frequency
modulation, 386
expression for, 386
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Modulation, phase, sinor representation,
396
plate, 331
advantages, 340
process of, 320
pulse, 7
information-theory considerations,
439
sidebands, 321
single-sideband, 6, 328
sinor representation, 322
square-law, 325
suppressor grid, 342
transformer, 335
types, 320
van der Bijl, 325
Modulation characteristics, 331
Modulation factor, 321, 380
Modulation frequency, 321
Modulator, amplitude, 321 ff.
balanced, 327
grid-modulated class C amplifier as,
336
Heising, 329
plate-modulated class C amplifier as,
331
van der Bijl, 325
frequency, 387
Armstrong method, 395
phasitron, 398
reactance tube, 387
stabilization, 393
phase, 385
single-sideband, 328
suppressed carrier, 328
(See also Modulation)
Multielectrode tubes, 34
beam power, 38
shield-grid thyratron, 47
(See also Pentode; Tetrode)
Muitiple L-section filters, 76
Multiplication in high-vacuum tubes,
frequency, 278
potential, 63
Multistage amplifiers, 119 ff., 212 ff.
Mutual characteristics, 29
Mutual conductance, 31
measurement, 94
numerical values of several tubes,
455 ff.

Negative teedback, 151

Negative input resistance of amplifiers,
110, 309

Negative plate resistance in tetrodes, 35,
309
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Negative resistance oscillator, 309
Negative transconductance oscillator, 319
Network analysis, general, 443 ff.
Network theorem, Millman, 450
Norton, 450
Thévenin, 449
Neutralization, in amplifiers, 273
electron space charge, 42
Noise, 143 ff.
induced grid, 147
quantizing, 9
resistance, equivalent, 146
shot, 145
thermal agitation, 144
Noise figure, 148 ff,
networks in cascade, 148
Nonlinear circuit element, as modulator,
325
as rectifier, 53 fi.
Nonlinear distortion, description, 95 ff.
distortion factor, 97
effect of feedback on, 154
five-point schedule, 97
general dynamic curve, 95
parabolic dynamic curve, 95
push-pull amplifiers, 204
Nonlinearity and oscillator stability, 287
Normal current density, 24
Normal glow discharge, 41

Operating point, 85
Oscillation, in amplifiers, 150 ff.
Barkhausen criterion for, 287
Nyquist criterion for, 172
Oscillators, 283 fi.
amplitude stability, 301
automatic amplitude control, 306
basic circuits, 296
bridged-T, 307
class A, 301
classification, 283
Colpitts, 296
criteria for oscillation, 387
crystal-controlled, 300
circuits for, 301
equivalent circuit, 301
stability, 301
dynatron; 309
electron-coupled, 298
feedback, 284
self-excitation in, 284
Franklin, 313
frequency-modulated, 387
frequency stability, 297
grid bias in, 291
Hartley, 296
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Oscillators, intermittent operation, 293
local, 368, 372
locked, 412
master, 298
Meacham, 318
negative resistance, 309
negative transconductance, 310
nonlinearity and stabilization, 286
phase shift, 308
power, 293
quench, in superregenerative detector,
365
resistance-capacitance tuned, 302
resistance-stabilized, 299
self-starting, 292
stabilization, amplitude, impedance,
299
resistance, 299
stabilization factor, 297
transconductance, effect of, 287
transitron, 319
tuned-grid, 296
tuned-grid tuned-plate, 296
tuned-plate, 293
frequency of oscillation, 295
self-excitation, 294
twin-T, 307
Wien-bridge, 305
Output impedance, 167
effect of feedback, 167
Output potential of amplifier (see
~*'Amplifiers, potential gain)
Oxide-coated cathodes, 17
disintegration, 45
work function, 17

Parallel-feed amplifiers, 189, 195
Paraphase amplifiers, 205
Peak-inverse-potential rating (see
Inverse-peak-potential rating)

Pentode, 37

in class A amplifier, 196

in class B amplitude-frequency

amplifier, 203

distortion, 38

equivalent circuit, 111

input admittance, 111

interelectrode capacitances, 111

load resistance, 196

modulation with, 342

plate characteristics, 37

potential gain with, 111

power, 196

remote cutoff, 38

in tuned amplifier, 212 ff,
Phase characteristic, 127
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Phase distortion, 102
Phase inverter, 205
Phase modulation (see Modulation)
Phase relations, amplifier, 86, 127
Phase-shift characteristics of tuned
amplifier, 215
Phase-shift distortion, 102
Photocelis (see Phototubes)
Photoelectric emission, 18
gas amplification, 20
Phototubes, vacuum, 20
gas-filled, 20
potential-current curve, 20
Pi-section filters, 78
Piezoelectric crystals in oscillators, 300
Plasma, description, 41
Plate characteristics, 455 fi.
Plate-circuit efficiency, amplifier, class
A, 193
class B, tuned, 251
class C, modulated, grid, 339
plate, 334
tuned, 261
Plate current, average value, 250, 255,
258, 332
total differential, 30, 88
Plate dissipation, 194
in class C amplifier, 262
during modulation, 335, 339
permissible, 253
in tuned class B amplifier, 252
Plate efficiency, amplifier, class A, 193
series-fed, 195
shunt-fed, 195
tuned class B, 251
tuned class C, and operating angle,
262
Plate modulation, 331, 340
Plate-plate resistance, 200
Plate resistance, diode, 53
measurement, 94
multielectrode tubes, 35, 37
negative, in tetrodes, 35
numerical values of several tubes,
455 ff.
push-pull amplifiers, 200
tetrode, 37
triode, 31
variable nature, 31
Polar diagram of feedback amplifier, 172
Positive feedback, 151
Positive-ion bombardment, 21, 41
Positive-ion current, 21, 40
Positive ions (see Ionsj
Potential, breakdown (sparking), 41
disintegration, 45
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Potential distribution, 22, 41
glow discharge, 41
parallel-plane diode, space-charge
flow, 22
in plasma, 41
Potential gain, cascade amplifier, 121
decibels, 104
with feedback, 151
(See also Amplifier, potential gain)
Potential-source equivalent circuit, 87
Power, rectifier, input, 56, 59
maximum (see Maximum power
output)
output, 56, 59
Power amplifiers, 187 ff.
Power oscillator, 293
Power sensitivity, 103
Power series, 95
Power supply, 115

Predistorter in frequency modulation, 398

Preemphasis of high frequencies, 392
Pressure, mercury, as function of tem-
perature, 44
Pulse modulation, 7, 439
Push-pull amplifier, class A, 197 ff.
circuit, 198
composite dynamic characteristic,
203
composite static characteristic
curves, 200
distortion, 204
equivalent circuit, 199
harmonics in, 204
plate-plate resistance, 200
power output, 204
single-ended, 211
class B, 205
driver stages for, 205
single-tube paraphase, 206
two-tube paraphase, 206

Q point, 85
Quadrupler, potential, 64

Radio communication, amplitude
modulation, 4
frequency modulation, 5, 377, 400
modulation essential for, 3, 320
pulse modulation, 7
single sideband, 6, 328
suppressed carrier, 6, 328
Radio-frequency amplifiers (see Tuned
amplifiers)
Ratio detector, 409

Reactance, primary, effect on amplifier
operation, 136
transformer, leakage, effect on
amplifier operation, 139
Reactance tube, 388
Receiver, automatic gain control, 362
bandwidth, 5
for amplitude-modulated waves, 239
for frequency-modulated waves, 5,
400
for pulse-modulated signals, 439
frequency-modulation, 13, 400
discriminator, 401
limiter, 401
selectivity, 212, 226
single-sideband, 367
superheterodyne, 12, 375
superregenerative, 365
tracking, 370
tuned radio frequency, 12
volume control, 362
Recombination, ions, 41
Rectification, definition, 54
Rectification characteristics, 360
Rectifier filters, 76
Rectifier meter, 62
Rectifiers, circuits, bridge, 62
full-wave single-phase, 58
gas tubes, 60
half-wave, single-phase, 54
potential doubling, 63
potential quadrupling, 64
Rectigon tube, 45
Reflected resistance, 190
Regeneration in amplifiers, 151
Regulation, potential, 115
Remote-cutoff tubes, 38
Resistance, bleeder, 75
grid, for high-vacuum tubes, 84
input, of tubes, 110
load (see Load resistance)
negative, 309
plate (see Plate resistance)
plate-plate, 200
reflected, 190
Resistance-capacitance-coupled
amplifier, 119 ff.
applicability, 119
cascaded stages, 129
feedback, 160
frequency characteristic, 127
gain of, high-frequency, 125
low-frequency, 123
mid-frequency, 123
gain-bandwidth product, 127
half-power frequency, 124, 126
universal amplification curve, 126
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Resistance-capacitance tuned oscillator,
302
Resistance-coupled amplifiers (see
Amplifiers, direct-coupled)
Resistance-stabilized oscillator, 299
Resonance, double-tuned, 221
parallel, 214
transformer-coupled circuit, 218
universal resonance curve, 215
Ripple factor, capacitor filter, 72
definition, 58
full-wave circuit, 60
half-wave circuit, gas tube, 62
vacuum tube, 58
inductor filter, full-wave, 68
L-section filter, 73
multiple, 77
pi-section filter, 78

Sampling theorem in information theory,
433
Saturation, in phototubes, 20
in screen-grid tubes, 35
space-charge-limited current, 25
temperature-limited current, 25
tungsten filament, 25
Schedule method in Fourier analysis, 97
Screen grid in tubes, 34
Screen-grid tubes (see Tetrode)
Screen supply potential, 115
Second harmonic (see Nonlinear
distortion; Ripple factor)
Secondary emission, by ion bombard-
ment, 21
suppression, in beam tubes, 39
in pentodes, 37
in tetrodes, 35
Self-bias in amplifiers, feedback resulting
from, 115
in push-pull amplifiers, 199
Semigraphical analysis, class B and class
C amplifiers, 256
Series, Fourier (see Fourier series)
power, 95
Taylor, 30, 88
Shield-grid thyratron, 47
Shunt-feed amplifiers, 189, 195
Side frequencies, detection (see
Detection)
for frequency modulation, 380
receivers (see Receiver)
separation of carrier from, 328
Sidebands, amplitude-modulation, 4, 322
separation from carrier, 328
clipping in detectors, 357
frequency-modulation, 380

485

Sidebands, phase-modulation, 386
Signal /noise ratio, amplitude-modulated
system, 420
bandwidth trading, 438
capture effect in frequency modulation,
423
comparison of amplitude modulation
and frequency modulation, 423
frequency modulation, 421
Hartley law, 432
Signal potential (see Excitation potential)
Sinors, 443
Sources of electrons, 15
(See also Electron emission)
Space charge, cloud, 22
in glow discharge, 41
limitation of current by, 22, 24
in plasma, 41
positive-ion neutralization, 42
Space-charge flow (see Space-charge-
limited current)
Space-charge-limited current, factors
influencing, 22
parallel planes, current between, 24
three-halves-power dependence, 24
Sparking potential, 41
Square-law modulation, 325
Stability of oscillators, amplitude, 299
frequency, 297
reactance tube, 387
Stabilization of amplifiers by feedback,
153
Stagger-tuned amplifier, 228
Starter probe, 42
Static characteristics, 455 ff.
Supercontrol tubes, 38
Superheterodyne, 12, 375
Superregenerative receiver, 365
Suppression of carrier wave, 6, 328
Suppressor-grid modulation, 342
Surge-current rating, 49
Swinging chokes for filters, 76

Tank circuits for tuned power amplifier,
242
Taylor series for triode, 30, 88
(See also Power series)
Temperature, anodes in diodes, 26
arc cathodes, 18
glass envelope of tubes, 26
mercury pressure, 44
rating of diodes, 26, 49
thermionic cathodes, 16
Temperature-limited current, 25
Tetrode, 34
coefficients, 37
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Tetrode, disadvantages, 37
equivalent circuit, 111
gas, 47
input admittance, 110
interelectrode capacitances, 110
modulation with, 342
mutual conductance, 36
negative resistance, 35
plate characteristic, 35
screen grid, 34
secondary emission, 35
(See also Beam power tubes)
Thermionic cathodes, carbonization, 17
directly heated, 18
efficiency, 17
heat-shielded, 18
indirectly heated, 18
oxide-~coated, 17, 45
temperature, 17
thoriated-tungsten, 17
Thermionic emission, 16
constants of (Ao, by, Ew), 16
Dushman equation, 16
efficiency, 17
power for heating cathodes, 114
saturation, 16
work function, 16
(See also Work function)
Third harmonic (see Nonlinear distortion)
Thoriated-tungsten cathodes, 17
Three-halves-power law, 24
Threshold frequency, 18
Threshold wavelength, 19
Thyratrons, 45
argon-filled, 47
cathode for, 18
(See also Oxide-coated cathodes)
critical grid-control curves, 46
grid glow tube, 43
ionization time, 50
mercury-vapor pressure, 44
positive control tube, 46
shield-grid, 47
Time deionization, 50
Time delay in amplifiers, 102
Time ionization, 50
Transeonductance, grid-plate (see Mutual
conductance)
Transfer characteristic, 29
Transformer, interstage, 135
capacitances in, 136
output, push-pull, 200
r-f air core, 212
Transformer-coupled amplifiers, 135 ff.
gain, high-frequency, 138
low-frequency, 137
mid-frequency, 136
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Transformer-coupled amplifiers, imped-
ance matching, 190
push-pull amplifier, 200
tuned, in amplifiers, 216-218
Transformer insulation stress, full-wave
rectifier, 60
half-wave rectifier, 57, 73
Transformers as impedance-matching
devices, 190
Translation, frequency, by modulation,
322
Transmitters, amplitude-modulated, 11,
346
frequency-modulated, 13, 387, 395, 398
using phase-shift modulators, 395
using reactance-tube modulators,
387
stabilization of, 393
Triode, gas (see Thyratrons)
vacuum, 28 ff.
amplification factor (see Amplifica-
tion factor)
characteristic curves, 455 ff.
coefficients, 31
constant-current characteristie, 30
grid current, 29
(See also Grid current)
grid heating, 262
input admittance, 109
interelectrode capacitances, 107
mutual characteristics, 29
mutual conductance (see Mutual
conductance)
plate characteristics, 29
plate resistance, 30
space charge, 28
square-law detection with, 349
square-law modulation with, 325
Taylor series for, 30, 88
Tube constants, multielectrode tubes, 37
relation among, 31
triodes, 31
Tube drop, in ares, 42
in glow tubes, 42
Tubes, 455 ff.
figure of merit, 129
Tuned amplifiers, class A, 212 f,
bridged-T, 236
cascode, 238
coupling, 212
distortion, 212
double-tuned, 218 ff.
bandwidth, 216, 218, 225
cascade, bandwidth reduction, 226
gain, 220
gain-bandwidth product, 227
maximal flatness, 221
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Tuned amplifiers, class A, double-tuned,

transitional coupling, 223
single-tuned, 213 ff.

cascade, bandwidth reduction, 225

direct-coupled, 213
bandwidth, 216
gain, 215
gain-bandwidth product, 227
transformer-coupled, 216
bandwidth, 218
gain, 217
optimum coupling, 217
stagger-tuned, 228
comparison with double-tuned,
229
class B power, 246 ff.
analysis tabulation, 261
analytical treatment, 249
applications, 324
optimum conditions, 253
phase relations, 249
plate efficiency, 252
semigraphical analysis, 248, 256
class C power, 253 ff.
analysis tabulation, 261

approximate analytical solution, 268

cathode-modulated, 341
conditions for high efficiency, 261
design considerations, 264
frequency multiplication, 278
grid-bias-modulated, 336
grid current, 258
grounded-grid, 277
idealized, solution, 255
plate current, 258
plate dissipation, 262
plate efficiency, 261
plate modulation, 331
power considerations, 260
push-pull, 272
Q of load, 245
semigraphical analysis, 256
tubes, 274

neutralization, grid, 273
plate, 273

twin-T, 230 ff.

Tuned amplifiers, twin-T, bandwidth, 232
circuits, 233
gain, 235
input impedance, 232
Wien-bridge, 236
Tuned circuits, class B and class C
amplifier, 242
double-tuned, 218
half-power frequencies, 215, 221
in oscillators, 291
RC networks, 230, 236
single-tuned direct-coupled, 213
single-tuned transformer-coupled, 216
stagger-tuned, 228
Tuned-grid oscillator, 296
Tuned-grid tuned-plate oscillator, 296
Tuned-plate oscillator, 293
Tuned power amplifier (see Tuned ampli-
fiers, class B power, class C power)
Tungar tubes, 45
Tungsten, filaments, 17
work funetion, 17

Universal resonance curve, 215

Van der Bijl modulation, 325
Variable-mu tube, 38

Volt-ampere characteristics, 455 ff,
Voltage, disintegration, 45
Voltage-doubling rectifier, 63

Voltage gain (see Potential gain)
Voltage-quadrupling rectifier, 64
Voltage-source equivalent circuit, 87 ff.

Wavelength, threshold, 19
Work function, 16
definition, 16
Dushman equation involving, 16
oxide-coated cathodes, 17
photoelectric emission, 19
table of values, 17
thoriated tungsten, 17
tungsten, 17



