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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

* VZE E
e / o

"E‘l \/ wt—

v2r
lt _,I y - _éé—l—ﬁ
W
6’ r \/

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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APPENDIX B

PLATE CHARACTERISTICS OF VACUUM TUBES
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INDEX

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



478

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
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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
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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
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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



INDEX 487

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



