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PREFACE

This book is intended primarily as a text for students of
electrical engineering and is based upon the lecture notes used
by the author for a number of years in a course on radio com-
munication given at Washington University. The aim is to
give a thorough presentation of the fundamentals of radio
communication and the application of these principles to the
art.

A knowledge of the fundamental laws of electricity and
magnetism is assumed. Alternating-current theory is covered
in Chapter I, and may be omitted if this material has already
been covered in preceding courses. Mathematical develop-
ments are freely used throughout the book, but none are
introduced that are not essential for an understanding of the
principles involved. These developments do not extend beyond
the mathematical preparation contained in the usual under-
graduate engineering curriculum. Thus, the material on elec-
tromagnetic radiation in Chapter XIV has avoided the vector
notation in favor of the less concise, but more generally under-
stood, methods of integral calculus. A comprehensive list of
problems is included at the end of each chapter. These, so
far as possible, are based upon practical data in order to
acquaint the student with the values of the quantities dealt with,
in addition to testing his understanding of the principles involved.

There has been included considerable material on iron-core
inductances, coupled circuits, graphical methods of determining
amplifier performance, push-pull circuits, antennas, and radio-
frequency transmission lines which is often dismissed with little
more than passing mention. New graphical methods that have
been developed by the author to determine the distortion present
in amplifier circuits are also described. Numerous references to

published papers, particularly to recent developments, are given
v



vi PREFACE

in the footnotes, in order to enable the student to secure more
detailed information on subjects that are not completely described
in the text.

The author wishes to express his appreciation of the helpful
criticisms and suggestions of Professor H. E. Clifford, Dean
of the Harvard Engineering School.

R. S. GrLascow.
St. Louis, Mo.,
May, 1936.
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PRINCIPLES OF RADIO
ENGINEERING

CHAPTER 1
ALTERNATING CURRENTS

1. Introduction.—Radio communication is primarily based
upon alternating-current theory. It is the purpose of this
chapter to present in condensed form the laws and definitions
which are dircctly applicable to the various types of circuits
employed in radio apparatus and to the numerous by-products of
the art. For a more extended treatment of these principles the
student is referred to the numerous texts in electrical engineering
in which the subject is treated in greater detail.

2. Sine Wave of Voltage.—If a coil of N turns is rotated with
a constant angular velocity of » radians per second in a uniform
magnetic field, the electromotive force (e.m.f.) induced in it at
any instant will be

e = —Nd—d) abvolts (1)
dt

The magnetic flux ¢ passing through the coil will be a maximum
when the plane of the coil is perpendicular to the flux. When the
coil has rotated to a position parallel to the magnetic fickd, the
flux linking with, or passing through, the coil will be zero.  Obvi-
ously, the flux linking with the coil for any intermediate position
will vary according to a cosine law and may be expressed by

¢ = &, cos wl @)

where ¢ is the time in seconds required for the coil to move from
the perpendicular position to the location in question.  Differen-
tiating (2) and substituting in (1), we obtain

= wN®,, sin wf 3)
1
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The maximum value of ¢ will occur when sin ot is unity or when
wt = 7/2, so that

E.. = «N&, abvolts = oN®,, X 1078 volts 4)
Substituting (4) in (3),
¢ = E., sin ot (5)

Most commercial alternators produce voltage waves which
are approximately sinusoidal. - Occasionally the wave form
deviates considerably from a sine wave, as shown in Fig. 1. The
treatment of distorted wave shapes will be discussed later.

Fiec. 1.—Oscillogram of distorted wave.

3. Frequency; Radio and Audio.—The number of complete
cycles through which an alternating current or e.m.f. passes in
1 see. is called its frequency. Thus, the coil in Sec. 2 will produce
one cycle for each complete revolution, so that

3 w
J =35 (6)

The range of frequencies employed in radio apparatus cxtends
from a few cycles per sccond ta values as high as 10 cycles. It
is more convenient to express the higher frequencies in kiloeycles,
one kiloeycle being one thousand cycles. The lower frequencies
up to about 10 ke are commonly designated as audio frequencies.
Currents in this frequency range would produce audible sound if
passed through a suitable telephone receiver. Radio frequencies
are those which lie above the audio-frequency band. The
average ear becomes deaf to frequencies above 15 ke so that

<
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there is some overlap between audio and radio frequencies in the
lower range of the latter.

" 4, Average and Effective Values.—The average value of an
alternating current for a complete cycle is zero. Thus, the
ordinary direct-current instrument, which reads average values,
will read zero when connected in an alternating-current circuit.
The usual meaning of average value as applied to alternating
currents is the average ordinate of a half wave. This would be
the area of the wave divided by its base, so that if the current at
any instant is expressed by ¢ = I, sin of, the average value of
this current will be

("
yj—— ——J I, sin wt * dwt
T Jo

)

0 ‘tdwt n wt—>

Fia. 2.—Current and current-squared waves.

The average value of an alternating current or voltage is of
minor importance, the effective or root-mean-square (r.m.s.) value
being the one with which we are chiefly concerned. The effective
value of an alternating current is that value of direct current which
‘will produce the same heating effect.  When an alternating current
© = I, sin wt flows through a resistance R, heat is dissipated in the
resistance which is proportional to 72E. The average rate of
transformation of electrical energy into heat will be proportional
to the area under the curve of 7% in Fig. 2 divided by the base,
and is given by

IR =1 f PRdwt = f ILR sin® ot - dwt 8)
TJo T, Jo
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The effective value of the current will be

12 [~ R {
Ig= \/—"‘ sin? ot - dot = —= = 0.7071 9
@ ”.ﬁ) in? wt - dw 3 9)

In a similar manner

1‘ -1!]7"- (10)
Jefl '\/Q
From the definition of effective value it follows that the

average power consumed in an alternating-current circuit is
given by

P =ILR (11)

where R is the resistance through which the current is flowing.

e e 3 =D e ) ¢

ey
/ T S
/ // [Z4 \
T
[ >
v wt—~
\ S _
\ -

F1c. 3.—Current and voltage relations in a circuit containing pure resistance.

b. Circuits Containing Resistance and Inductance.—If an
alternating current { = I, sin wt flows through a pure resistance
R, the voltage across the resistance will be

e = tR = IR sin wt = E,, sin wt (12)

The current and voltage will be in phase with each other as
shown in Fig. 3. These waves may be thought of as having been
generated by the two vectors rotating counterclockwise at an
angular velocity of w. The lengths of these vectors are equal
to the maximum values of the current and voltage.

If an alternating voltage is impressed across a resistance of R
ohms in series with an inductance of L henrys, then from Kirch-
hoff’s laws we have

. di
e =ik + L (13)
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If the current through the circuit is given hy ¢ = I, sin wf, (13)
becomes

e = IR sin wt + I,wlL cos wt (14)

That is, the impressed voltage may be thought of as being made
up of two terms, as shown in Fig. 4; the first being in phase with
the current and the other being 90 degrees in advance of the
current. The impressed voltage at any instant will be the
instantaneous sum of these two components and will be ahead of
the current by the angle 6. The equation for the voltage will be

e = E., sin (0t + 0) (15)
w A
- ]
Imwlk  Em S
T : ________ cwls
() |
InR Ly <6~ wt->

Fi1c. 4.—Current and voltage relations in a circuit containing resistance and
inductance.

The vector diagram of the current and voltage relations is
shown at the left in Fig. 4. These vectors illustrate the geometri-
cal relations between the various quantities much more clearly
than does the group of sine waves. Consequently, vector dia-
grams are usually used to show magnitude and phase relations
of alternating-current quantities. The lengths of these vectors
should be equal to the maximmum values of the quantities they
represent, if they are to be thought of as generating the waves of
current and voltage by their rotation. However, effective values
may be used instead, since the geometry of the diagram is in no
way altered.

The angle by <which the current lags behind the impressed
voltage is

wl

6 = tan~ 5 (16)
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In the event that the resistance of the circuit was zero, the angle
of lag would be 90 degrees.

The factor wL is termed the inductive reactance and is denoted
by X1, so that

X: = oL = 2rfL 17

and is expressed in oAms if L is in henrys.
The impedance of an alternating-current circuit is defined
as the ratio of the applicd voltage to the result-
ant steady-state current. It is also expressed
in ohms and is denoted by Z. Dividing the
Z magnitudes in the vector diagram of Fig. 4
by I., the relations shown in Fig. 5 are

ﬁ

R .
Fic. 5—Relations Obtalned’ so that
hetween resistance,
. reactance, and im- Z = V R? 4 Xi (18)
pedance.

Thus, a circuit composed of 8 ohms resist-
ance in series with 6 ohms of inductive reactance would have
an impedance of 10 ohms. The circuit constants are no longer
added arithmetically as is the case in direct currents.

6. Circuits Containing Resistance and Capacitance.—When an
alternating current of ¢ = I, sin ot flows through a resistance
and capacitance in series, the voltage required to maintain this
current at any instant will be

e = iR + (19)

9q
C

where ¢ is the charge expressed in coulombs and C is the capac-
itance in farads. The relation between charge and current is

g = [dt (20)

Substituting the equation of the current and the above expression
for ¢ in (19), we obtain

e = IR sin wf + Ulfl’" sin wtdt

. I,
= [,k sin wt —~ —0 ©08 wt (21)
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It is seen that the impressed voltage is again composed of a sine
and cosine term as in (14), but in this case the cosine term is
negative. Figure 6 shows the phase relations of the various
voltages and current. The effect of capacitance is to cause the
current to lead the impressed voltage by the angle 6, which is
directly opposite to the effect of inductance. If the resistance in
the circuit were zero, the current would be 90 degrees ahead in
phase of the impressed voltage.
The phase angle is now

6 = tan™! WIR (22)
Z
iR s
&
InR Iy
‘0 : - »W

Y/ {

g,

F1g. 6.—~Current and voltage relations in a circuit containing resistance and
capacitance.

The vector diagram is similar to the inductive case except
that it is now inverted. The term 1/wC is the capacitive or
condensive reactance and is denoted by X, so that

Xc‘—'

1 1
oC = 2nfC (23)
and is expressed in ohms if C is in farads.

The impedance of this circuit is

Z=~R*¥ X% (24)

which is identical in form with (18).

The farad is such an exceedingly large unit that in ordinary
electrical work the capacitance of condensers is usually expressed
in microfarads (uf), one microfarad being 10-¢ farad. In radio
communication the microfarad is often inconveniently large so
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that the micro-microfarad (uuf) is frequently used, one micro-
microfarad being 102 farad. -

7. Resistance, Inductance, and Capacitance in Series.—Induc-
tance in a circuit causes the current to lag behind the impressed
voltage while capacitance results in a leading current. When
both of these clements are connceted in series, they tend to
annul each other so that the resultant reactance of the circuit
becomes the difference between X:; and X¢. The resultant
impedance of the circuit is

Z=+VER+ (X1 — X¢)? (25)

where R is the total circuit resistance, including any external
nonreactive resistance as well as the individual resistances of
the coil and condenser.

The vector diagram of the circuit is shown in Fig. 7. It will
be observed that the voltage across the inductance (/X 1) is some-
what greater than the impressed
voltage, E. If X, and X¢ are
both large compared to [ and
are approximately equal in magni-
tude, the voltages across both coil
and condenser can be greatly in
cxcess of the applied voltage.

Fie. 7.—Voctor diagram of a It is, thercfore, cvident that the
cirouit containing R. L, and C in sloehraic sum of the voltages

across the various parts of the
circuit is no longer equal to the impressed voltage, as is the case
with direct currents. However, the vector sum of these voltages
will be equal to the impressed voltage. The method of attack in
alternating-current-circuit problems is exactly the same as in
direct’ currents except that vector addition or subtraction must
be used. Thus, if a number of impedances are connected in
series the total impedance of the combination is

Ze=v/BrtRs - P H X+ Xz, - - —Xe,—Xeo -+ )°
=VRL+ X3 (26)

The phase angle of the circuit will be

6 = tan—! % 27

T
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The resultant current will either lead or lag the impressed voltage,
depending on whether condensive or inductive reactance
predominates. Should the total reactance be zero—in which
case the circuit is said to be in resonance—the current will be in
phase with the impressed voltage and will be limited only by the
resistance in the circuit. Resonant circuits are of fundamental
importance in radio and will be considered in detail in Chap. II.

8. Parallel Circuits.—When two impedances Z, and Z, are
connected in parallel as in Fig. 8, the individual currents are

I = E
1 ————————
VR + X}
I, = e
" VRt X3
Geremmneeemvan E eeeeeeiaaag >

Fic. 8. —Vector diagram of a parallel circuit.

The total current will be the vector sum of I, and I and may be
obtained from

I, = /T2 + I} + 211, cos (6; — 6,) (28)
The phase angle between E and Iy is
0T = 01 + 03

The angle o can be determined from the law of cosines hy the
relation
B+1 -1

COS o = 21111

If one of the impedances had possessed condensive reactance
so that the current through it led the impressed voltage, the
included angle between 7, and Is would then have been 8, + ..
The sum of the two angles would therefore be used in (28)
instead of their difference.
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" The above calculations are somewhat cumbersome and are not
conveniently adapted to slide-rule computations. Furthermore,
if a number of impedances are connected in parallel, the labor
involved is considerable so that a more convenient method is
required. The use of complex algebra in such problems results
in a considerable simplification of the work involved.

9. Complex Quantities.—Veclors representing  alternating
currents and voltages may be referred to a system of coordinate
axes and expressed in terms of their components along these axes.

JB

s/ |\
N

JB=JB
Fig. 9.—Representation of vectors by Fiec. 10.—Rotation
complex numbers. of a vector by the

operator j.

Thus, in Fig. 9a the vector A has a component @, units along the
axis OX and a. units along the axis OY. In order to distinguish
between the components in the two directions, those along the OY
axis will be prefixed by the symbol 5. The vector 4, in terms of
its components, can be written

A = Qa) + jaz (29)

where the addition must be considered in a vector sense. The
scalar magnitude of the vector will be

|4] = v/a} + af (30)

the vertical bars being used to signify the absolute or scalar
magnitude of the quantity they enclose.

Components of a vector to the left or below the origin O would
have negative signs. Thus, a vector A drawn in the third quad-
rant as in Fig. 9b would be expressed by

A= —a — jas 31D

Its length or scalar magnitude would be given by (30), as before.
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The symbol j is an operator which rotates counterclockwise
the quantity to which it is attached through an angle of 90
degrees. If the vector B in Fig. 10 is multiplied by 7, it will then
point vertically upward. Multiplying again by j should produce
a further rotation of 90 degrees. But in this position the vector
now extends to the left of the orlgm in a negative due(tlon S0
that ]ZB —B, or j2 = —1, so that

=~/"1 (32)

which is mathematically an imaginary number. For this reason
the vertical component of a vector is frequently termed the
“imaginary component,” This expression is somewhat mis-
leading and the expression ‘‘quadrature component” is
preferable.

If the vector j2B = — B is again multiplied by the operator 7,
another 90 degrees rotation results so that it now points vertically
downward. A fourth application of 5 @

S - E
the operator j brings the vector back b
to its original position. jd \11

10. Addition and Subtraction of \ (brdl)
Vectors.—Vector addition is accom- \
plished by merely adding the horizontal \
and quadrature components respee- 5 \\\
tively, with due regard to the algebraic 2

sign preceding the component. The g 11.—Addition of our
algebraic sums of the horizontal and rents expressed in complex
vertical components become the respec- form.

tive components of the resultant. If the two currents in Fig. 8
had been expressed in complex form, as in Fig. 11, the determi-
nation of the total current would have been greatly simplified.
Let the veetor expressions for the two currents be

I, =a—jb
12=C—jd

The vector expression for the total current will be
Ir =1+ 1I,=(+c¢c) —jb+d) (33)

and its scalar magnitude is given by

I = V(@ ¥ o + 6 F &) (34)
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. The dots placed over the currents in (33) arc frequently
employed to indicate that the quantities are vectors and are to be
combined vectorially. Since the majority of expressions encoun-
tered in alternating-current circuits are vector expressions, the
use of such symbols is usually unnecessary. Where confusion is
apt to result between scalars and vectors, the scalar quantity
will be indicated by the vertical bars, as in (34).

The subtraction of a vector is accomplished by merely revers-
ing its direction and then combining it as in addition. This is
performed analytically by reversing the signs preceding the two
components and then adding,.

11. Representation of Impedances by Complex Numbers.—It
has already been shown (Fig. 5) that the impedance of a cireuit
composed of resistance and inductive reactance may be repre-
sented by the hypotenuse of a right triangle whose base and
altitude are R and X, respectively. This can be expressed in
complex form by

Z=R+jX. (35)

Since condensive reactance is opposite to inductive reactance
in its effects, the impedance of a ecircuit composed of resistance
and condensive reactance would be represented by

Z=R—-jXec (36)

It should be realized that impedances are not vector quantitics
and that (35) and (36) are merely methods of representing the
geometrical relations involved. While neither resistance nor
reactance is a vector, resistance and reactance drops (IR and IX)
are vectors. Impedances, therefore, must be handled like veetors
so far as the operations of addition, subtraction, multiplication,
and division are concerned.

12. Multiplication and Division of Vectors.—Suppose a cur-
rent I = 7, + j7is to be multiplied by an impedance Z = r + jz.
Ordinary algebraic procedure is followed, bearing in mind that
j? = —1. Thus,

1Z (&1 + Ji) (r + gz) = i + Jix + Jior + j¥ex
= (Iar — 1z) + j(G1x + 2or) 37)

If the reactance in the circuit had been condensive,

I1Z = (4 + 7i2)(r — jz) = (Er + 222) + j(ior — 4,2) (38)
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The magnitude of the voltage across the impedance will be
the square root of the sum of the squares of the two components
in (37) or (38).

Division is accomplished as follows: Let it be required to find
the vector expression for the current resulting from a voltage
E = e, + je, being impressed across an impedance Z = r + jur.
The current will be

I = E - ey + je2
Z r 4z

If we multiply numerator and denominator by the denominator
with the sign before the j term reversed so as to rationalize the
denominator, we have

=9 +jer T —jxr _ ewr — jeix + jesr — JPesx

r+ jx r—jx rt — it
_ (e +eax) +j(ear — ex) _ e+ ear | ear — exx
- r? 4 22 - 4 a? +J r? + 2 (39)

Had the impedance been Z = r — jz, the current would have
been

I_el—}-jez r 4+ jx _e,7‘—ch+q.(>2r+elx
T r—gz Tr+je 42 U4l

In a simple series circuit where only the magnitude of the
current or voltage is sought there is no particular advantage in
using complex quantities. In the preceding example it would
have been easier to have found the current by dividing the scalar
magnitude of the voltage by the scalar magnitude of the imped-
ance, which would have given the current in amperes. The
only advantage of the complex notation is in parallel or series-
parallel circuits.

13. Impedances in Parallel.—As in direct currents, where the
resistance K of a number of resistances in parallel is given by

1 1 1

1

(40)

the resultant impedance Z of a number of impedances in parallel
is given by the vector expression

1 1

1 1
—Z‘—z—l+;;+z—3+"' (42)
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The reciprocal of an impedance is called an admittance and is
designated by the letter Y. It is measured in mhos. Thus (42)
can be written

Y=y1+yz+ya+"' (43)

When only two impedances in parallel are involved, the result-
ant impedance of the combination from (42) becomes

s = Ra + X (44)

where R, and X, are the apparent resistance and apparent react-
ance, respectively, and are the real and quadrature (or imaginary)
components of the expression preceding. In other words, the
parallel circuit could be replaced by a single impedance having

Ey=64+536

Z,=3j5 \
7, AY
' / \\
- & i\

W=7l k=000

2,=5t73 Iz N7 =678
L=/- 3-2Y
I, 2y, B A

By p=16-738
Fra. 12.—Vector diagram of a series-parallel circuit.

R, ohms of resistance and X, ohms of reactance. The sign
preceding the j term will depend upon the nature and magnitudes
of the'individual reactances contained in Z, and Z,. The appar-
ent resistance will contain both resistance and reactance terms,
as will the apparent reactance.

Complex expressions for the impedance must be used in (42),
(43), and (44). The relations expressed by these equations no
longer hold if the scalar magnitudes of the impedances are
used.

14, Example of the Solution of a Circuit Using Complex
Quantities.—An impedance Z; composed of 3 ohms resistance
and 5 ohms condensive reactance is in parallel with a coil Z,
having 5 ohms resistance and 3 ohms reactance. In series with
this combination is an impedance Z; having 2 ohms resistance
and 9 ohms inductive reactance. If 100 volts is impressed across
the entire circuit, what will be the current in each branch? What
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will be the voltage across each branch? The circuit diagram
is shown in Fig. 12,

Since only the magnitude of the impressed voltage is given
and none of the other currents or voltages are vectorially defined,
we are at liberty to choose the vector representing the impressed
voltage in any position we like. For convenience we shall make
it the reference vector and its expression will then be

E =100 4+ ;0
The resultant impedance of Z, and Z, is

Zo, = 2l _ B =75)(6+33) _ (30 — j16)(8 + j2)
=T 7 ¥ Z, 8 — ;2 82 4 22

= 4 — j1 ohms.

The total circuit impedance will be
The total current is

_E _ 100470 _ 100(6 —j8) _ . )
[““u“m“ 62 4 82 = 6 — j8 amperes.

The voltage drop across Z; is
E; = IiZs = (6 — 78)(2 + 79) = 84 + 538 volts.
The voltage drop across the parallel branch is
E.»=E — E; = (100 — jO) — (84 + j38) = 16 — 738 volts.

The current through 7, is

I = E._, 16— 738 (16 — j38)(3 + j5)
. = s

Z\ 3 —75 3% 4 52
_238—3534 ., .
=—y = 7 — j1 amperes.

The current through I, may be obtained by
In=1;— I, = (6 — j8) — (7 — jl) = —1 — j7 amperes.
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As a check on the solution, the current I, is also

1 B 16 — j38 _ (16 — j38)(5 — j3)
2 7 5+ 73 52 4 32

— —1 — j7 amperes,

The vector diagram is shown to the right of the circuit diagram
in Fig. 12. The scalar magnitudes of any of the above currents
and voltages can be obtained by taking the square root of the
sum of the squares of the two components of the vector expres-
sion. Thus,

\Ij = /6% F 82 = 10 amperes.

15. Polar Notation of Vectors.—Instead of defining a vector

in terms of rectangular coordinates, polar coordinates may be

A-a/8 | used. The process of multi-

e plication and division is greatly
! ] simplified with this form of

. B=BY$ notation, as will be seen later.

(o) *(b) In order that a vector may be

F1G. 13.—Polar representation of vee- completcly dcﬁned, its magni—

tors. tude and direction must be

given. Thus, in Fig. 13a the vector has a length of A units and

makes an angle 8 with the reference axis. It may be written as

A =A/8 (45)

Since in rectangular form the vector would be written

A=a+jb (46)
where

a = A cos 6 4 47)

b = Asin 6 (48)

A = a?+ b2 (49)
the transformation from polar to rectangular form is

A = A(cos 8§ + jsin 9) (50)
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Likewise, a vector in the fourth quadrant as in Fig. 13b would
be written

B=B\¢=B/—¢ (51)
= B(cos ¢ — j sin ¢) (52)

Angles below the reference axis are to be regarded as negative
and must be so trcated when combined with positive angles.
They may be considered as having been produced by negative
(clockwise) rotation of the vector in question. Angles above
the reference axis are treated as positive angles.

Multiplication of two polar vectors is performed by multi-
plying their magnitudes and adding their phase angles, with
due regard to the sign of the latter. Thus, the product of (45)
and (51) becomes

AB = AB/§ — ¢ (53)

The proof of this operation may be had by expanding the sine
and cosine of 6 by Maclaurin’s theorera,! which gives

. 6° 05 07

sin § = 6 — L E—r.(:-i- (54)
2 4 6

cos =1 — 6 0 o 3 (55)

ETEEY

Expanding € in a similar fashion gives

(76)* (j9)3 (76)* | (70)°
1+ j6 + + 7 4
PEoe L JL *

0

[}

€

. 62
-lti-g gt
=1_0 94 06
TETRET
03 05 07
+y(0—B-+E—E7—+-'-> (56)

where ¢ = 2.7183, the base of Napierian logarithms. By com-
parison of (56) with (54) and (55) it is evident that

€’ = cos § + jsin 0 (57)

1 See any standard text on calculus.
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Substituting (57) in (50), we get
A = A€ (58)
In a similar manner it may be shown that
e = cos § —jsin 6 (59)

It is evident from the above that the operation of multiplica-
tion in (53) could have been written as

AB = Aé" X Be™*
= AB-® (60)
For convenience, many writers prefer the symbol Z in place of
the operator ¢/. Likewise, the angles may be expressed in degrees

instead of radians, as called for by (54) and (55).
Impedances are expressed in this form of notation by

7 =R+jX
- VE T X ftan X
LB
= 7Z/8 (61)

If Z = R — jX, the expression becomes
Z=2I\0=2/—6 (62)

The quotient of twe polar vectors is found by taking the
quotient of their magnitudes and the difference of their phase
angles, thus:

A/a
. (63)

Powers and roots are found as follows:

(A/a)" = A"/na (64)
VA[a =/ A[a/n (65)

The polar form of notation greatly simplifies the processes
of division, multiplication, and of ohtaining roots and powers.
However, polar vectors must be converted into rectangular form
by means of (50) or (52) before they can be added or subtracted.
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Polar notation offers the additional advantage of giving the
magnitude of the current or voltage directly, whereas if these
items are expressed in rectangular form the square root of the
sums of the squares of the com-
ponentsmust be obtained in order
to determine the magnitude.

16. Alternating-current
Power.—The instantancous
power in a cireuit is given by
the product of the instantancous
values of the current and volt-
age. It is seldom that the
instantaneous ROMEH is of inter- Fre. 14.—Curve of instantaneous
est, the average power being power.
usually the item of importance.

Assume a sinusoidal voltage impressed on a circuit so that the
current lags behind the voltage by an angle 6. Let their equa-
tions he

e =E, sin wf
i =1, sin (vt — 6)

The power at any instant will he
p = E,I, sin of sin (ot — 6) (66)

Since sin  sin y = 14 cos (x — y) — 14 cos (z + y), equation
(66) may be written

_ Bl
T2

[cos 8 — cos (2wt — 6)] 67)

The curves of ¢, 4, and p are shown in Fig. 14. The average
power will be

P _ lf E’"IM[COS g — oS (2wt — 0)]dwt

T Jo 2
EmIm E"l I'"l
= 0s § = X —= cos ¢
2 T VBTES
= EI cos ¢ (68)

where E and I are effective values. The term cos 8 is called the
power factor of the circuit and is given by
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= (69)

The product of E and I alone is often termed the apparent
power. It becomes the true power in the absence of any react-
ance in the circuit.

In a circuit composed of pure reactances, cos § becomes zcro.
Consequently no power will be consumed by a circuit wherein
the resistance is zero. When R is zero, the angle 6 will be 90
degrees, and the curve of instantaneous power in Fig. 14 will be
symmetrical about the time axis. The positive loops in this
case represent power stored in the circuit. The negative loops
represent the stored power being returned to the source. It will
be noted that the power curve has a frequency double that of

the voltage or current. This

:E=e‘ V€  Jouble-frequency phenomenon

: manifests itself. in various types

Feinii le of electro-acoustic devices, causing

: It“. ez : them to produce outputs of twice

;’i A, :"2 0 the frequency of the applied voltage
i € unless proper precautions arc

Fre. 15—Determination of taken.
power from complex expressions of  Tp glectrical communication it
current and voltage. . .

is usually more convenlent to
calculate the power as I2R (see Sec. 4), rather than as EI cos 9,
since the current through the power-absorbing device is more
readily measured than the voltage across it.

When the voltage and current are expressed in complex form,
the power consumed by the circuit is given by the algebraic sum
of the respective produets of the in-phase and quadrature com-
ponents of the current and voltage. In Fig. 15 let

E = ¢ +jf’2
[ =’t'1+j’lT2

The power will be

P = EI cos 0 = EI cos (@ — B)
. = EI(cos a cos B + sin a sin B)

LI[_E Xt+tgX 1]
= elil + in‘z (70)
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If any of the components of E or I are negative, the negative
sign must be used with the particular component, so that in
general

P = (iel)(izl) + (iez)(ilz) (71)

While the power has been determined in (71) from vector
expressions for the current and voltage; it is not a vector quantity.
Accordingly, the total power consumed in a complicated network
will be the arithmetical sum of the powers consumed in the
various branches.

(a) : (b)

F1a. 16.—Resolution of flat-topped and peaked waves into a fundamental and
third harmonic.

17. Nonsinusoidal Waves.—Many of the wave forms encoun-
tered in the field of electrical communication are far from being
sinusoidal. Distorted periodic waves of this character may be
regarded as being composed of a series of sine waves of various
amplitudes and with frequencies which are in the ratios of
1, 2, 3, 4, 5, ctc., to the frequency of the fundamental period
of the observed wave. The resolution of a nonsinusoidal periodic
function into a series of sine waves of multiple frequency is
called a Fourier series. The first term of the series which has
the same period as the observed wave is called the fundamental;
the higher frequency terms are called harmonics. Theoretically,
an infinite number of terms would be required to represent the
average distorted wave of current or voltage, but for most
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practical purposes the first few terms are usually sufficient.
Such a series has the form

e = Eo+ E,sin (ot 4 6,) + E; sin 2wt + 6;) +
E;sin Buwt + 63) + - - - (72)

The initial term E, represents a direct-current component
which may be present if partial rectification has taken place.
In the case of an alternating-current generator E, would be zero.

Thus, the flat-topped wave of Fig. 16a and the peaked wave of
Fig. 16b may be resolved into a fundamental and third harmonic
of the amplitudes and phase relations shown. If the wave is
symmetrical about the time axis, .e., if the wave has exactly simi-
lar positive and negative loops, it cannot contain even harmonics.
The effect on symmetry of an even harmonic is shown in Fig. 17.
This characteristic wave shape is
frequently produced by thermi-
onic oscillators and amplifiers.
Even harmonics are absent in
the wave shapes of commercial
alternators. In order for these
machines to produce even har-
monics it would be necessary for
the flux distribution under all
the north poles to be different

_ N from that under the south poles,

Fio. 17.—Wave shape resulting and for the armature conductors
from a fundamental and second tgo be concentrated in a single
harmonic. slot. The symmetry of the field
structure and the distributed nature of the armature winding
prevent this, although odd harmonics of appreciable magni-
tude are sometimes produced as shown in Fig. 1.

The Fourier series for a rectangular wave is given by

e = E sin wt + Y4E sin 3ot + YE sin 5wt +
WE sin Twt + - - -+ (73)

The manner in which the wave form given by this equation
approaches that of a rectangular wave, as successive terms are
added, is illustrated in Fig. 18. While an infinite number of
terms would be nceded in the series to represent a rectangular
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wave exactly, it will be observed that the first four terms result
in a fair approximation.

The effective or r.m.s. value of s nonsinusoidal voltage in
terms of its harmonics is given by

Ez X Er - ..
\[ , T+ '*‘25 +~ (74)
=VE + B+ B+ 8,

where the subscript m denotes maximum values. The terms
without the subscript m are effective values. The effective
value of a nonsinusoidal current will be of identical form, sub-
stituting [ for £ in either (74) or (75).

/.
l

e=Esin wt | ) J e=Esin wt+5’E'siant
P i = -~ 2%
/ —~——— N / — - \\
’ A 4 \
/ N\ 4
- -~ - N
2N TN LN ,\\ ‘,x\ L 7~
~o_ N’ S e
e=Esinwt +}Esin 3wt + ! EsinSawt e=Esinawt+{Esindwt+{EsinSart |_
IESI/I 7wt

F1G. 18.—Development of a rectangular wave from Fourier series.

The solution of a circuit with a nonsinusoidal voltage impressed
resolves itself into the computation of the current due to each
individual voltage harmonic. If the circuit contains inductive
or capacitive reactance, the resulting current wave will no longer
have the same wave shape as the impressed voltage wave. The
circuit impedance will be different for each harmonic, so that the
amplitude ratios of the harmonic currents will now differ from
those of the impressed voltage. Furthermore, the phase angles
between the currents and voltages will progressively change.
Since the shape of the resultant current wave is dependent upon
the phase displacements of the component harmonics as well as
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upon their amplitudes, a further departure from similarity results.
Only when the circuit is composed of pure resistances will the
current wave form be identical with that of the impressed voltage.
Thus, if a complex voltage wave due to speech or music is
impressed on a loud-speaker with inductive reactance pre-
dominating, the current wave through the device will no longer
be identical with the impressed voltage and appreciable distortion
may result.

Harmonics may be present in the current wave even if entirely
absent in the applied voltage. Such a condition will occur when
a voltage is impressed on a circuit whose impedance is a function
of the current. An example of this is a coil wound on a closed
iron core. The inductance will be xL, where u is the permeability
of the iron and L is the inductance of the coil when removed
from the core. Since the permeability of the iron is a function
of the current, it is evident that the instantaneous reactance of
the coil is continually changing. The current wave will therefore
be no longer sinusoidal.

The average power in a circuit having harmonics in both
current and voltage is the sum of the powers due to each harmonic
term. Let

e = En, sin (ot + 6,) + E,, sin 20t 4 62) 4+

E.., sin Bwt 4 63) + - - -
and ‘
{ = I, sin (wt + 87) + Im, sin (20t + 6;) +

I, sin (3wt + 63) + - - -

The average power is

= Badms o5 (0, — o) + Zmelm cos 0, — 0 +
: Emélma cos (s — 83) + - - - (76)
= E111 CcOS (01 - 0;) + EzIz cOS (02 — 02) +
‘E313 cOS (03 = 0;) + c (77)

The letters E and I in (76) and (77) with the subscript m
represent maximum values. Without the subscript m they
represent effective values.

The addition or subtraction of nonsinusoidal voltages or cur-
rents is accomplished by expressing each in terms of its Fourier
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series. The fundamentals and harmonics of like frequency may
then be added or subtracted veetorially to give the fundamental
and harmonics of the resultant wave. Adding vectorially the
effective values of two nonsinusoidal currents as read by suitable
ammeters to obtain the effective value of the resultant eurrent
may result in considerable error. Equivalent sine waves as
obtained from instrument readings, or computed by (75), can
only be added or subtracted if their wave shapes are identical
and there is no phase displacement between them. Even when
the wave shapes are identical, the fact that they are displaced
in phase from each other will introduce an error. Suppose two
currents of equal magnitude and like wave form each contain
a third harmonic and that the phase angle between their funda-
mentals is 60 degrees. The third harmonic will be zero in the
resultant wave, but if their equivalent values had been added
vectorially, the third harmonic would not have canceled.

Problems

- 1. An e.mf. given by the equation ¢ = 1000 sin 377¢ is impressed across
a rectifier in series with a noninductive resistance of 1000 ohms. The
rectifier may be assumed to be ideal, offering infinite resistance to the flow
of current in one direction and zero resistance to currents in {he opposite
dircction.  What is the average value of the current in the eircuit? What is
the average power consumed in the resistance?

2. Tn the above cireuit, if the internal drop in the rectifier is 15 volls
for all values of current in the condueting direetion, what will be the average
value of current in the circuit? What is the average power consumed in
the resistance?

3. An impedance coil has an inductance of 0.025 henry. When a
110-volt, 60-cycle potential is impressed across this coil, the power econsumed
is 500 watts. What are the resistance and power factor of the coil?

4. A magnetic type of loud-speaker has a resistance of 3000 ohms and
an induetance of 1.5 henrys which may be assumed constant.  Connected
in series with the loud-speaker is a 2-uf condenser. The entive cireuit is
connected across a vacuum tube which may he regarded as a source of
constant c.m.f. of variable frequency, having an internal resistance of
4000 ohms. If the value of the c.m.f. is 100 volts at « = 5000, what is the
voltage across the loud-speaker?  Across the condenser? What power is
consumed by the loud-speaker?

6. In Problem 4 what value of impressed frequency will cause the power
in the loud-speaker to be a maximum? What is the maximum power?
What are the voltages across the condenser and loud-speaker under this
condition?

6. A condenser € is shunted by a resistance £ What are the apparent
resistance and capacitance of the combination in terms of €, R, and «?



26 PRINCIPLES OF RADIO ENGINEERING

7. An impedance coil i§ connected in series with a condenser of 50uf
across a 220-volt, 60-cycle circuit. If the impressed voltage is assumed to
be the reference vector, the complex expression for the current in the circuit
is 10 4+ 75 amp. What are the resistance and the reactance of the coil?

8. Two impedances, whose complex expressions are 10 4 7100 ohms and
0 — 7100 ohms, are connected in parallel. Jf the total current supplied is
1 amp., what is the current through each branch?

9. A condenser and a noninductive resistance are connected in parallel
across a 220-volt circuit. If the complex expression for the impressed
voltage is taken as 176 + j132, the total current is —2 4+ j11 amp. What
are the complex expressions for the currents in the condenser and the
" resistance?

10. A coil whose impedance is 10 4 7100 ohms is connected in series with
a pure capacitance of 5 ohms reactance. What valne of capacitance must
be connected in parallel with the coil so that the power factor of the entire
circuit will be unity, if the impressed frequency is 1400 kc?

11. A coil L; and two condensers C, and C. are connected as shown in
Fig. A. A second circuit is composed of L., C. and C,. Determine Lo,
C,, and C, in terms of Ly, Ci, and C» in order that the resultant impedances
of the two combinations may be alike at all frequencies.

L,
Cs \—|
] Ty
Cr
Fic. A. Fie. B.

12. An inductance L is connected in series with a capacitance C and an
alternating voltage E is impressed across them. If an impedance Z is then
shunted across the capacitance, show that the current through Z will be
constant and independent of the nature or inagnitude of Z, if &?LC =

13. In the circuit shown in Fig. B, the impedance measured hetween
terminals 1-2 is Z, = 750\10° ohms. When terminals 3—-4 are short-cir-
cuited, the impedance between 1-2 becomes Z, = 800\20° ohms. - What
are the values of Z, and Z,?

14. The plate current of a vacunm-tube oscillator is given hy

i = 0.552 + 0.96 cos wt + 0.543 cos 2wt + 0.14 cos 3wl —
0.07 cos 4wl — 0.105 cos 5wt — 0.043 cos Owl.

This current flows through a “tank’’ circuit composed of a coil and con-
denser in parallel. The resistance associated with the coil is adjusted so
that the power factor of the parallel circuit is nnity for the fundamental
frequency of w = 5 X 10%. At this frequency the condenser has a pure
reactance of 303 ohms. The inductance of the coil is 60 xh. What is the
resistance of the coil?

15. In Problem 14, what is the maximum value of the fundamental
voltage across the parallel circuit? What is the power absorbed at the
fundamental frequency?
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16. In Problem 14, what is the maximum value of the second harmonic
voltage across the parallel clrcult'? What is the power absorbed at this
frequency ?

17. In Problem 14, what is the maximum value of the third harmonic
voltage across the parallel circuit? What is the power absorbed at this
frequency? '

18. In Problem 14, neglecting the resistance of the coil in comparison with
its reactance for all frequencies higher than the fundamental, what is the
Fourier series for the voltage across the parallel circuit? What is the
cffective value of this voltage? What are the percentage amplitudes of
the harmonie currents and voltages in terms of their fundamentals?



CHAPTER II
RESONANT CIRCUITS

18. Series Resonance.—A circuit composed of resistance,
inductance, and capacitance ™ series is said to be in resonance
when the total reactance is zero. The current in a circuit of
this type will be given by

I= Y 3 ey
\/R2 + <wL - i)
w
At resonance
oL = w_lc or  WLC =1 @)

and

fr= ®3)

1

2r\/LC

If the frequency of the impressed voltage is constant, resonance
may be produced by adjusting either L or C; or if L and C are
fixed, the frequency may be varied to secure resonance. Equa-
tion (3) indicates that for any value of L and C there will be some
frequency that will produce resonance. At resonance the imped-
ance of the circuit is a minimum and is equal to the resistance.
Under this condition the resonant current is given by

I= 5 4)
and will be a maximum and entirely independent of the magni-
tudes of the inductive and capacitive reactances.

The voltage drop across the inductance will be oL and that
across the capacitance will be I/wC. These two voltages will

be equal in magnitude and 180 degrees out of phase with one
’ 28
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another, as shown in Fig. 19. The impressed voltage is, there-
fore, equal to the voltage drop across the resistance. If the
resistance of the circuit is small compared with the inductive and
capacitive reactances, the voltages across the latter two will
greatly exceed the impressed voltage, as will be seen from the
following example.

Let E in Fig. 19 be 100 volts at 60 cycles and let E, L, and C
be 1 ohm, 1 henry, and 7.04 uf, respectively. Then

wl, = 377 ohms
1 108
oC = 377 X 7.04 = 377 ohms
7= E _ 100
VR + (X, — Xe)2 V1T + 377 — 377)2
Er = IR = 100 volts
E. = IX; = 37,700 volts
E. = IX: = 37,700 volts

= 100 amp.

A lower value of circuit resistance would have resulted in an
even greater resonant rise in voltage across the coil and condenser.
If a coil of negligible resistance is connected in serics with a
condenser, and a constant voltage of variable frequency is
impressed, the current will vary, as
shown by the dotted curve in Fig. 20.
The inductive reactance will be a
straight line through the origin, while
the condensive reactance will be a
hyperbola. The total impedance, if | —
the resistance is negligible, will be O Ko Ec
Zr = X1 — Xc. The curve represent- Fre. 19.—Vector diagram of a
ing the current will he the reciprocal =~ Seies resonant circuit.
of the impedance curve sinee the impressed voltage is constant.
The current will be infinite at the resonant frequency if the
resistance is zero. In practice there will always be more or less
resistance present, so that the current will be a maximum at
resonance and finite in value, as shown.

19. Sharpness of Resonance.—The effect of resistance on the
resonance curve of current is shown in Fig. 21. The greater
the resistance, the broader the curve and the lower the resonant
rise in the current. The majority of the resistance in the circuit

7 £y,
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is associated with the coil, the-losses in the condenser being
usually negligible in comparison. The figure of merit of a coil
is expressed as the ratio of the reactance to the resistance and is
usually referred to by the symbol @, so that

wlL .
Q- (5)

The resistance of a coil at radio frequencies increases with the
frequency due to skin effect, eddy currents in the conductors, dis-
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Fic. 20.-—Variation of current and reactance in a series resonant eircuit.

tributed capacitance between turns, and dielectric losses. These
factors result in @ remaining reasonably constant for a limited
range of frequencies, as shown in Fig. 22. The higher the value
of Q, the sharper will be the resonance curve for the circuit.
The sharpness of resonance is also dependent upon the ratio of
L to C in the circuit. If the circuit resistance is held constant,
the rapidity with which the current changes in value in the
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vicinity of resonance will depend upon the rate of change of
the total reactance with frequency. In other words, the steeper
the slope of the total reactance eurve Xr at the point f, in Fig.

100 | l am |
90 Py
E=/volt || 1Q=o0
80 —— L=200pks ! .‘
C=1266ppf i
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Frequency in kilocycles
Fre. 21.—Effect of resistance on a series resonant circuit.

20, the sharper will be the resonance curve. This will be brought
about by making the ratio of L to C large. Conversely, a small
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F16. 22.—Variation of R and @ with frequency for a typical single-layer solenoid.

coil in series with a large condenser will have a relatively broad
resonance curve. This assumes that the total resistance remains
constant while the ratio of L to C' is varied, which in reality is a
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variation in Q. Increasing the inductance of a coil without
increasing its resistance calls for a more efficient design of greater
dimensions and weight. If Q remains constant as the inductance
of the coil is varied, the sharpness of resonance is independent of
the ratio of L to C. With a fixed impressed voltage and Q
remaining constant, the current at resonance will progressively’
diminish as the LC ratio is increased, but the ratio of the current
at resonance to the current at some higher or lower frequency
will be unchanged.

If @ of the circuit is known, the sharpness of resonance may
readily be estimated to an error of less than 1 per cent by recalling
that a change of 1/Q in the impressed frequency will reduce the
current to 45 per cent of its resonant value. Thus, with the
coil of Fig. 22 which has a value of @ of 170 at 1000 ke, the current
would be reduced to 45 per cent of the resonant value when the
frequency is 1{7¢ of 1000 ke, or 5.88 kc off resonance.

The resonant rise in voltage across the coil or condenser will
be approximately @ times the impressed voltage. Referring to
Fig. 19,

E

EL = Ec = IwL = RwL = EQ (6)

Equation (6) assumes that the voltage across the coil is given by
IwL, whereas it is actually /A/R? + w?L®. This difference can
usually be neglected except where Q is small. Thus, if the coil
of Fig. 22 were tuned by a suitable condenser and 1 volt at
1000 kc. was impressed across the entire circuit, the voltage
across the coil would rise to 170 volts at resonance.

The variation of the voltage across the coil as the frequency is
varied is shown in Fig. 23, while the voltage across the condenser
is shown in Fig. 24. Both of these curves are similar in shape,
in the vicinity of resonance, to the current curves of Fig. 21.
At frequencies considerably above resonance the voltage across
the coil approaches the value of the impressed voltage, while the
voltage across the condenser approaches the impressed voltage
as the frequency approaches zero. _

20. Parallel Resonance.—If a coil and condenser, both having
negligible resistance, are connected in parallel across a source of
constant voltage whose frequency is variable. the current through



Sec. 20] RESONANT CIRCUITS

the coil will be

I - E _ _E
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5
""""""""" Vimpressed vottoge
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I'1g. 23.—Variation of voltage across coil in series resonant circuit.

and it will lag behind the impressed voltage by 90 degrees.

current through the condenser will be

1/mpressed voltage |
0 ¥ 1

it to T T T

fr Frequency

Fig. 24.—Variation of voltage across condenser in series resonant circuit.

and it will be 90 degrees ahead of the impressed voltage.

33

Q)

The

8

The

current through the coil will vary inversely with the frequency,
while the condenser current will be directly proportional to the
frequency, as shown in Fig. 25. The total current will be the
vector sum of I and I¢, and will be equal to their numerical
difference, since they are 180 degrees out of phase with each other.
It will be observed that the variations of the currents with
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frequency in this case are identical with the variations of the
impedances in the series case. At resonance I and I are equal
and therefore the total current is zero. The impedance of an
ideal parallel resonant circuit is consequently infinite at resonance.
The paradox of a current flowing in the coil and condenser while
no current is being supplied by the source is explained by the
fact that the circuit is now oscillating, and the condenser is alter-
nately charging and discharging through the coil in synchrony
with the impressed frequency. As the coil and condenser haveno
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F1u. 25.—Current and vector relations in ideal parallel resonant circuit.

resistance, none of the energy represented by the initial charge
taken by the condenser from .the source is dissipated. The
system is analogous to a frictionless pendulum which will oscillate
continuously upon receiving an initial displacement without
further energy being supplied.

Parallel resonance occurs in circuits of zero resistance when
the currents in the two branches are equal. This results when
wl; = 1/wC, so that the expression for the resonant frequency is

1

Jr = 2\ LC

9)

which is identical with the series case given by (3). The resultant
impedance of the circuit of Fig. 25 is
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Z—-_Z’“_Z"_—-J_wi<_m>_=_‘_L (10)
T_ZL +Zc - ( 1) Jw2LC-—1
) wlL —w—'

and will be of the nature of an infinite resistance when w?LC = 1.
21. Parallel Resonance When the Coil Contains Resistance.—
In practice there will always be some resistance present in the
circuit so that the currents through the coil and condenser will
be less than 180 degrees out of phase. This causes the resultant
impedance of the combination to be a maximum
at resonance instead of being infinite. With re-
sistanee present the problem of defining parallel <
resonance becomes more complicated. Two A
criteria suggest themselves, namely, the condi-
tion for maximum impedance, and the condition )
for unity power factor. The latter is merely cuilzmc'o,ii'i—‘-cu-
ning a
another way of stating that the circuit hehaves perfect condenser
Q in parallel with a
as a pure resistance, or that the apparent coii containing
reactance is zero. It will be preseutly shown, resistance and
depending on what is considered tqbe the variable, inductance.
that an adjustment of the circuit to produce maximum imped-
ance does not always produce unity power factorat thesame time.
Consider the circuit shown in Fig. 26. The impedance of the
combination will be the product over the sum of the two branch
impedances. Hence

(R + ij)<— gw—lé>

Zp = .
R+ j(wL = E‘)

Rationalizing by multiplying numerator and denominator by

"R - j(wL — L) and collecting terms we get:

wC
2 2
R +J.<L _ oL _R)

Cs
R? 4 (w = i>2
wC

_ R+ ju[lL — C(R* + «*L%)]
T wCPR? + (w2LC — 1)

ZT_—'

(11)
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The apparent resistance and reactance will be

R
R, = w?C2R? + (wZLC — 1)'2 (12)
. L — C(R* + ?L?)
T IR + (WILC — 1)

X (13)

where

Ru +JXa = ZT

If X, is zero (the condition for unity power factor) the numerator
of (13) must be zero, which occurs when
L _ L

C=wmror T

(14)
where Z; is the impedance of the coil. The value of frequency
which will make the apparent reactance zero, from (14) is

L-Cr _ |1 R
e \/ 5 \/L_c T (15)

which can be written

_ 1 TTCR _ CR
w‘\/—L—c\/l I \/I_T (16)

where w is the resonant angular velocity of the circuit if resistance
were absent. The expression for the parallel resonant frequency
is no longer independent of the resistance in the circuit, as was
the case with series resonance.

If w?L.C = 1, which is the condition for resonance if the resist-
ance is zero, is substituted in (12), the apparent resistance will
be

Re= s = 50 = 22 (17)

.1 . . [L
Xo= ik = —jul = =[5 (18)
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For small values of R, (17) is quite large compared to (18), so that
the approximate magnitude of the impedance of the parallel
circuit at resonance may he obtained from (17) with sufficient
accuracy for most purposes.

The exact expression for the sealar magnitude of Zr in Fig. 26
from (11) is

\ 72 = \/R:': I A = \/ ToiC2R? +'((FL(7
. V(R + w'j[,?_)(w'j’gé[f"_—}— 1— Z)JLC' wil2C?)
- w2C?R? + (wQLC = M
VR F oil? )74
= — — = — = — === ———— — (19)
Vo CR? + (@LC — 1)} VR + (WLC — 1)

If we differentiate (19) with respect to whatever is chosen as the
independent variable and set the resulting equation equal to
scro, the eireuit relations which must exist in order that |Z 7| shall
e a maximum can be found.  If C is the variable, differentiating
(19), we obtain

d|Z:] _

dC

—| % X 14{w?C?R + (w?LC — 1)27%(2w?R?C + 2wiL2C —2w?L) 0
1] X B[O (LC— MR+ 2uC —2L)

where D is the denominator of (19). Solving the above equation
for C, we get

_ L L
TR o2 |ZL?

C (20)
which is the value of C that will make the impedance of the
parallel circuit a maximum. Since (20) is identical with (14),
it is evident that if C is the variable, the impedance is a maximum
when the power factor of the circuit is unity. Substituting (20)
in (19), the expression for the maximum impedance that can be
obtained by adjusting C is
R+ o?L? | Zi)?

E R 1)

If L is taken as the variable in (19), by differentiation, |Z 7| will
be a maximum when

w2C — L — CR* = 0 (22)

|ZT‘max =
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or

1 1 402C?R?
fiy oy A= B LT (23)
w*C
This relation is not the same as (20) as can be seen by solving (22)
for C which gives
L
C=Cri—m (24)
Consequently, if L is adjusted in Fig. 26 until the circuit has
maximum impedance, the power factor will no longer be unity.
Similarly, if the impressed frequency is assumed to be the
variable, it is found by dlfferentlatmg (19) that |Z;| will be a
maximum when

2R2

w = 2nf = \/\/ B (25)

L2

From the above equations it is apparent that the conditions for
maximum impedance in a parallel resonant circuit containing
resistance are different for all three variables C, L, and w. The
condition for unity power factor is the same for all of these
variables and is given by (14) and (15). Only when C is the
variable is the impedance a maximum at unity power factor.
In order to avoid confusion, parallel resonance will hereafter be
taken to mean the condition of unity power factor. The condition
of maximum impedance is sometimes called anti-resonance. In
many cases the results obtained from the two conditions are not
materially different, unless Q of the coil is small. This latter
condition is apt to be encountered in connection with the parallel
resonant or ‘‘tank’’ circuits in the power amplifiers used in radio
transmitters. Here the load coupled to, or shunted across, the
coil frequently reduces the effective value of Q so that the adjust-
ment for maximum impedance may be appreciably different
from that for unity power factor. Furthermore, in tuning for
maximum impedance a different value of maximum impedance
will be obtained in each case, depending upon which element
is varied in making the adjustment. This can be seen most
readily by means of the vector diagram of the circuit,.
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Referring to Fig. 27, the vector diagram of a parallel resonant
circuit is shown in the solid lines. The current I¢ through the
condenser leads the impressed voltage E by 90 degrees, while
the current I through the coil lags behind E by an angle 6,

s - .
where 6 = tan™! % The total current I is in phase with £

so that the power factor of the

"

voltage and frequency are as-
sumed to be constant. If Cis
then decreased slightly, the cur-
rent through the condenser will
diminish to I, and the resultant
current will be 7. Increasing
the value of C so that the con-
denser current now becomes I
shifts the resultant current te Iz
As I, and I; are both larger
than I, it follows that the impedance of the circuit is diminished
if the power factor departs from unity.

If L is made the variable, the locus of 7, will be a semicirele
whose diameter is E/R as shown in Fig. 28. This construction

Fig. 27.—Vector diagram of parallel
resonant circuit as C is varied.

“Locus of I'p
Locusof I,
F1g. 28.—Locus of current Fre. 29.—Vector diagram of a
in a circuit composed of parallel resonant circuit showing
fixed R and variable L with locus of currents as L is varied.

constant impressed voltage.

is transferred to the vector diagram of Fig. 29, the heavy lines
depicting the condition of unity power factor as before. The
locus of Iris obtained by shifting the circular locus of I vertically
upward a distance of I¢, as shown. As L is varied, I, follows
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the lower circle while I'r follows the upper one. Minimum J Ty
and hence maximum |Z7|, oceurs when I is perpendicular to a
tangent drawn to the upper circle. At this point the total cur-
rent is I, and leads the impressed voltage by an angle ¢. The
power factor under this condition is

COSd): *ﬂ= — L:
B? 2 E? 2, 2(2
1 1

Vit aoR  Vigerxy @

The value of maximum impedance when L is varied can be
obtained from

IZTImx = % = B —
r \/E2 n-
et g
B 2R
V1 + 40%C?R? ~ 1
2R

= — 27
V1 + @CR/Xe)® — 1

If @ of the coil remains constant as L is
varied, the angle 8 will be constant and the
locus of Ir will be the side of the parallelogram
Fic. 30.—Vector Opposite I as shown in Fig. 30. As I; is
diagram of a parallel rediced to I 7, the resultant current shifts to
resonant circuit show- - Y ) q
ing locus of current it 4. 'The circuit impedance becomes a maxi-
Q of the coil is con- mum when Ir is a minimum, which occurs
stant as L is varied. . Q ’
when Ir is perpendicular to Iz, as at Ij.

The maximum impedance that can be obtained under this con-

dition will he

/
Urlow = 77 = st = g = XNVTF @ (28)
If only R of the coil is varied, the relationships are given in
Fig. 31, provided @ of the coil is greater than 1 (8 > 45 degrees)
when the circuit was initially adjusted to unity power factor.
The locus of I, will again be a semicircle, but the diameter is
now perpendicular to E and equal to E/X:. The locus of I
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is a circle of the same diameter, displaced vertically upward so
that the vectors I¢ and I, terminate on its circumference. As B
approaches zero, I, approaches I, and Ir approaches I » Since
the total current diminishes as R is reduced, it is apparent that
the impedance of the circuit will be a maximum when E is made
as small as possible. But if the initial value of @ was unity
(6 = 45 degrees) when the circuit was adjusted to unity power
factor, |Z-| will be constant and independent of the value of R.
This can be seen from Fig. 32. The resultant current /- will be
equal in magnitude to I¢ regardless of the value of R so that
|Zz| is constant and equal to |X¢|. If the initial value of Q had

Ic Ic
M N Locus of I'p
\\ Locus of Iy AN
\ \\\ 't 7 E
\ 1
0 £ -Locus of I'p
20 = 3
i 7
! 7 Locus of 1, ;—f—-
E |b Locus of I,
X:l‘ Locusofly, i ¥
v 7 6>95° 0=45° v O<45°
Fie. 31. Fic. 32. ¥re. 33.

Figs. 31-33.—Vector diagrams of a parallel resonant circuit showing the locus
of current as R is varied.

been less than unity (6 < 45 degrees), as in Fig. 33, Ir will
decrease as R is increased so that |7Z7z| will be a maximum when B
is made as large as possible. This is cxactly opposite to the case
of Fig. 31. As R approaches infinity, |Zr| approaches |Xc| as a
maximum value.

The effect of varying R, L, or C for maximum impedance is
summarized in Fig. 34. Here it is quite cvident that the value of
maximum impedance obtained will be different for cach variable.
The power factors obtained when the impedance has been made
a maximum will also differ in cach case. It is easier to visualize
the various relationships from the vector diagrams than from the
analytical equations, so that the constructions used in Figs. 27 to
33 should be carefully studied in order to have a clear under-
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standing of the behavior of parallel resonant circuits. The
analytical relations for maximum impedance are summarized

Locus of I¢
‘,"( C variable)

Ic __________________

.‘
|
|
|

Locus of Iy |
- (L variable with Qconstant] :
j
i
i
|
1
i
1
i

YLocusof Ip (Cvariable)

’ Locus of Ip (R variable) p T
- C» H
E d
) ————4+ 3 Efn
7 W(both
E:' 7 -Locus of Ip, (L variable) i jconstant)

<N

Locus of Iy, (R variable)

/

Locus of Iy, (L variable)
...... Locus of Iy, (L variable
with Q constant)
F1g. 34.—Vector diagram of a parallel resonant circuit adjusted for maximum

.impedance. The value of maximum impedance will depend upon which circuit
element is the variable.

in Table I. Table II gives the conditions for resonance, which
has been previously defined as unity power factor.

TasLe I

l Condition for maximum

Variable impedaice Value of maximum impedance
L b, Rt 2L2
¢ = Znax = L L g1t gn
2(2R2
L L=1+\/1+4«.,c12 Zmax 2R

1 - VT F &iC?R? — 1
1 —
L(Q constant) wl = Zmax = w—C\/I + Q*

2iC
Y
wC |
/\/23&- +1 I
R
w w = T L’A ‘IIIH‘ =

c\/R--é(\/zm_ +1 - 1)
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Fig. 35.—Variation of impedance with frequency in a parallel resonant circuit.
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The variation of the apparent resistance and reactance with
frequency for a typical case is shown in Fig. 35. Note that for
frequencies below rcsonance the reactance of the cireuit is
inductive, which is just the opposite to the series resonant case.
The sharpness of resonance is seen to be dependent upon Q.
It is also dependent upon the ratio of L to C, but in a parallel
resonant circuit, if K remains constant, the resonance curve

becomes sharper as thc ratio of L to C 4s
R Ry lowered. This is again opposite to the series
Zp—> resonant casc.
c L 22. Parallel Resonance When Both Coil and
—1——— Condenser Contain Resistance.—In Scc. 21 the
rei’f n3fntP;rr’;ﬂfé parallel circuit considered was composed of a
with the coil and coil shunted by a perfect condenser. In prac-
fﬁiﬁ?ﬁgsﬁsﬁ;ﬁﬁn' tice, the losses in a reasonably good condenser
are small so that its resistance can ordinarily
be neglected. Such resistance as the condenser possesses can
usually be taken into account, if necessary, by increasing the
coil resistance by a sufficient amount. When the condenser
resistance is appreciable, owing either to high losses or to an
external load resistance in serics, this method is no longer
accurate,.
The impedance Zr of a circuit, such as Fig. 36, will be

.1 .
(Rc - Jw—c,'>(RL + ]wL)
Lr=—
Re — Jw—C + R+ joL
RL + wZCZRc[RL(R[ + Rc) + szz] +
jolL = CIR: + *L(L — CR)]}

= OB, + B + (PLC—1)F (29)
The apparent resistance and reactance are
R, = R, :l_”wgchC[R t(ffL + Re) + w22 30)
W' C* (R + Re)? + (LC — 1)2
X, = L = C[R} + - w’L(L — CR%)] 31)

“otC* R, + Ro)® + (0LC — 1)

At resonance the apparent reactance will be zero, so that
setting the numerator of (31) equal to zero and solvmg for w,
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we have for the frequency of resonance

[T — CR

o = 20 = NLC(L — CRY)
L =cCRr}
B ““\[L—:tﬁeg. (32)

If the resistances of the two branches are equal, the expression
for the resonant frequency becomes the same as for the series
case.

The conditions for maximum impedance can be determined
as before by means of the vector diagram of the circuit. The
only changes in the construction will be that the current I
through the condenser will now lead the impressed voltage by
less than 90 degrees, depending on the magnitude of Ee, which
will cause a corresponding shift in the loci of Ir. The various
lo¢i of T, will be unchanged.

Problems

1. A coil having an inductance of 200 ph and a resistance of 20 ohms
is cormeeted in series with a capacitance of 0.001 uf.  For what frequency
of the impressed voltage will the voltages across the coil and capacitance
be equal?

2. A coil having an inductance of 200 uh is connected in series with a
variable condenser across a source of constant voltage and frequency.
The current through the eircuit is a maximum and is equal to 4 amp. when
the econdenser is adjusted to 126.6 upf.  If the capacitance of the condenser
is reduced to 100 wuf, the current is redueed to 0.5 amp. Find the resistance
of the cireuit and the value of the impressed voltage.

3. A coil and. condenser are connected in series across a constant volt-
age of variable frequency, in serics with an ammeter whose deflections are
proportional to the square of the current. The frequency is adjusted to
resonance and 1:he dcﬂect%on of tr!m meter R L R L
is noted. The frequency is then increased ST

to a value fi such that the deflection is ﬁ—T_‘ﬁ_ _f‘
C b zz c, %Ro

exactly half the resonant value. If the H

frequency is then reduced to a value below £ b

resonance, such as fz, so that the meter __v. ICg

deflecti i ain half of the resonant
eflection 1s agam h D

value, show that the circuit resistance is
given by B = 2zL(fy —J2) where L is the inductance of the coil.
4. In the filter cirenit shown in FFig. A, L is 10 henrys, R is 500 ohms, and

"I is 100 volts at 60 cvcles. The condenser C is adjusted so as to make the

impedance of the parallel branch @ a maximum, and Cy is adjusted so as to

make the impedance of b a minimum. Find the magnitude of the voltage
across Ry if the latter is 1000 ohms pure resistance.
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5. Derive an expression for the maximum impedance of a parallel reso-
nant circuit from the vector diagram of Fig. 27, assuming C to be the
variable.

6. Derive an expression for the condition of resonance (unity power
factor) for the circuit of Fig. 27 in terms of @, B, aud C, under the assumption
that L alone is the variable. What is the expression for the impedance at
resonance in terms of these same quantities?

7. Repeat Problem 6 under the assumption that @ remains constant
as L is varied. Express the condition for resonance and the resonant
impedance in terms of w, C, and Q.

8. In the circuit of Fig. 27, derive an expression for the maximum
impedance in terns of w and C if L is the variable, under the assumption
that @ remains constant as L is varied. What is the expression for the
maximum impedance in terms of w, C, and Q?

9. Derive equation (25) and also the expression for the maximum imped-
ance in terms of B, L, and C, when the impressed frequency is the variable.

10. Derive an expression for resonance (unity power factor) for the circuit
of Fig. 27 in terms of R, L, and C, if the impressed frequency is the variable.
What is the expression for the impedance at resonance in terms of these

. same quantities?

11. The tank circuit of a power amplifier is composed of a coil of variable
inductance in parallel with a fixed condenser. Assuming @ of the coil to
be constant and equal to 10 as L is varied, find the necessary values of L and
C so that the impedance of the tank circuit will be 2000 + 70 ohms at
w =5 X 10% With C remaining fixed at the value just determined, what
will be the maximum impedance that can be obtained by adjusting L?
What value of L will make the impedance of the tank circuit a maximum?

— 12. A tank circuit composed of a coil and condenser in paralle] is to have
an impedance of 600 + j0 ohms at 108 cycles by varying the capacitance
of the condenser. The resistance of the coil is 10 ohms. Find the values of
L and C needed. If C remains at this value what will be the value of the
maximum impedance obtainable if L'is then varied, assuming the resistance
to remain constant at 10 ohms? What is this value of L?

13. A coil having a resistance of 5 ohms and an inductance of 20 uh is
shunted by a condenser of 0.002 uf capacitance. What value of impressed
frequency will make the iinpedance a maximum? What is the magnitude
of the maximum impedance? What value of impressed frequency will pro-
duce resonance (unity power factor)? What is the impedance at resonance?

14. A coil of resistance R and inductance L is shunted by a capacitance C.
What is the maximum value that K can possess in terms of L and C, in
order for equation (25) to be valid? :

15, What value of Q must a coil possess so that when tuned to parallel
resonance by an ideal condenser, the impedanece at resonance will be ten
times the impedance of the coil alone?

16. A pure inductance L, and a capacitance C,; are connected in series.
Connected in parallel with them is a pure inductance L,. If an e.mf.
of variable frequency is impressed across the combination, what value of
impressed frequency will make the impedance of the circuit a maximum?



RESONANT CIRCUITS 47

L, = 11.258 uxh, C, = 0.001 uf, and L, = 14.072 ph.  What value of
impressed frequency will make the impedance a minimum?

17. Two circuits, each composed of a coil and condenser in series, are
connected in parallel with each other as shown in Fig. B. It is desired to
make the impedance Z of the combination a maximum at 175 ke, and at the
same time to have minimum impedance offered to frequencies of 165 and
185 ke. If L; = 0.01 henry, what are the necessary values for Ci, L», and
C,? Assume the resistance of the coils to be negligible.

_ . 18. The circuit shown in Fig. C is to be tuned so that the current I will
be a maximum for a frequency of 108 cycles and a minimum for an interfering
signal of 1.2 X 10° cycles. This is accomplished by tuning the coil and C,
to parallel resonance at 1.2 X 10 cycles. Then without changing them,
C, is adjusted so that the entire circuit betwecn a and b is in series resonance

Z— LI Ly R=/0n
L=200uh
G e
Fiec. B S Fic. C. g

at 10% cycles. Find the values of ' and C to produce the above conditions.
If the voltage impressed across a and b is 1 volt at 10° cycles, what will be
the current 7? If 100 volts at 1.2 X 108 cycles is impressed across a and b
from an interfering source, what will be the current I? Compare the ratio
of these two currents with the current ratio that would have been obtained
if ¢, had been removed and the circuit had been tuned to series resonance
at 10¢ cycles by means of Ca.

19. A coil having a resistance K; and an inductance L is connected in
parallel with a circuit composed of Rs and C in series. What relation must
exist among Ri, Rs, L, and C in order that the total impedance of the
combination shall be of the nature of a pure resistance at all frequencies?
Show also that the total impedance is constant and independent of the
frequency.

20. A coil whose impedance is Z; = 20 + 7200 ohms is connected in
parallel with an impedance Z, = R, — jX. ohms, both R, and X, being
adjustable. Find .the maximum value of R, which will still permit the
circuit to be adjusted to resonance.



CHAPTER 111

PROPERTIES OF COILS AND CONDENSERS

23. Inductance of a Single-layer Solenoid.—Since inductance
is defined as the number of flux linkages per ampere, the calcu-
lation of the inductance of a coil resolves itself into the com-
putation of the number of lines of magnetic force linking with
the turns of the coil. This definition translated into algebra, is

L = {VI_¢ X 108 henrys e
where N is the number of turns in the coil and ® is the magnetic
flux linking with them due to the current I. The factor 10-8 is
required to convert the cxpression into practical units. Only
in the simplest cases can the flux linking with the turns be readily
computed. The formulas for most of the commonly used types
of coils are complicated functions of their dimensions so that they
are usually simplified for practical computations by the use of
cocflicients.!

The flux passing through a solenoid whose length is large
compared with its diameter is given by
4rNT
where A = x7%, r being the radius of the solenoid in centimeters,
[ = length of the winding, in centimeters.

Substituting the above in (1), the expression for the inductance
becomes

4r?riN*
L= o henrys 3)
This can be written
] _ 7r2,'.2 E N (4)
= )V

* Bur. Standards Cire. 74, also Sci. Paper 169.
48
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where N/l is seen to be the number of turns per unit of length.
It is apparent that the inductance is directly proportional to the
number of turns in a long single-layer coil if the turns per unit of
length are constant. But if length of the winding is held con-
stant as the turns are varied, by changing the wire size or by
using two or more layers, the inductance will vary as the square
of the number of turns. .

As the majority of single-layer coils used in radio communica-
tion have lengths not much greater than two or three times their
diameters, a correction factor must be applied to equation 3)
which becomes

4r%r2N? :
L= T K (5)

where K is a function of 2r/l and is given by the curve in Fig. 37.
An approximate empirical formula due to Wheeler® for a single-
layer solenoid is

T?N?

L =45 =+70

microhenrys (6)

where 7 and [ are the mean radius and length of winding in inches,
respectively, and N is the total number of turns. For coils of
the proportions ordinarily used in radio work, equation (6) will
give an accuracy of about 1 per cent.

Maximum inductance for a given length of wire is obtamed
when the diameter is 2.45 times the coil length. This relation-
ship is not very critical, however, and the ratio can vary from
1.5 to 4 without reducing L for a fixed length of wire by more
than 3 per cent.

24. Multilayer Coils. Distributed Capacitance.—Single-laycr
coils are nearly always used for the higher values of radio fre-
quencies when they are utilized as one of the tuned elements of
the circuit. Choke coils, which are employed to introduce high
impedance in a circuit and thus exclude radio-frequency currents
from that portion of the circuit, frequently use multilayer wind-
ings. Here the losses caused by distributed capacitance are
usually of no consequence. The principal objection.to multi-
layer coils is that the distributed capacitance of the coil is greatly

2 Proc. I.R.E., vol. 16, p. 1398, October, 1928,
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increased unless proper precautions are taken. In any coil there
will be a small amount of capacitance between adjacent turns,
between each turn and every other turn, and from cach turn to
ground, as shown in Fig. 38. These various individual capaci-
tances are equivalent to a small condenser shunted across the
terminals of the coil. In a multilayer coil wound in the ordinary
fashion the voltage existing hetween the first turn of one layer
and the last turn of the next layer is relatively large as compared
to the voltage between adjacent turns in the same layer. This
greater voltage gives rise to a larger value of displacement current
through the capacitance between these turns, so that the dis-
tributed capacitance of a multilayer coil is greatly increased.
If a bank winding is used, as illustrated in Fig. 39, the distributed

OHOUOHOHO.

(6)X9)2)
A b 006 0600
F@%@@n@%@ ! 0'9%'6 100000

Two-layer bonk Three- layer bank
Fic. 38. o Fic. 39.
F1¢. 38.—Sonmie of the internal capacitances which contribute to the distributed

capacitance of a coil.
1. 39.—Bank windings.

capacitance is reduced considerably below that of a similar layer-
wound coil of an equal number of turns. The distributed capaci-
tance of layer windings may be reduced by allowing a suitable
spacc between each layer, thereby reducing the capacitance
between layers. Increasing the space between the turns of cach
layer will also lower the distributed capacitance.

Another form of multilayer winding known as a ‘“honeycomb ™
coil is illustrated in Fig. 40. These coils are layer-wound with a
space between adjacent turns, as shown, and are constructed so
that the wires of one layer cross those of the layer beneath at an
angle, reducing the area of contact and consequently lowering
the capacitance between layers. The distributed capacitance is
less than would be obtained with the ordinary form of layer
winding of similar dimensions. Radio-frequency choke coils
commonly use a honeycomb winding.
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-

The effect of these internal capacitances of a coil is the equiva-
ient of a condenser shunted across the coil terminals. As a
result, the coil will possess a natural resonant frequency, and at
frequencies above resonance the coil will act as a condenser. At
resonance the coil will have a very high value of apparent resist-
ance, as discussed in Chap. II, and becomes particularly effec-

Fia. 40.—Multilayer coils of honeycomb type.

tive as a choke coil at frequencies in the vicinity of resonance.
However, if used as a loading inductance L, in series with a
smaller coil L, the two being tuned by a condenser as shown in
Fig. 41, the high apparent resistance possessed by L. in the
vicinity of its natural period will materially broaden the tuning
and reduce the current in the circuit.
In addition to increasing the apparent resistance as the resonant
frequency of the coil is approached, distributed capacitance will
- increase the losses in the coil. This is due

S to the losses in the solid dielectric in the
electrostatic field between turns. The
magnitude of this loss will depend upon

Fie. 41—Two coils the nature of the insulation on the wire and
in series tuned by a also upon the material of the tube on which
veriable eondenser. the coil is wound. The absorption of moist-
ure by these materials greatly increases the dielectric loss so that
the coil should be suitably impregnated so as to cxclude
moisture. Impregnation will increase the distributed capaci-

tance somewhat, but this will usually be more than offset by the
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reduction in the losses. An impregnating material which has a
low dielectric loss should be used.

A coating of collodion is satisfactory for this purpose as it also
serves as a binder to hold the turns in place. Boiling the coil
in paraffin, or a mixture of paraffin and rosin, is also satisfactory
as this treatment tends to drive out any moisture present in the
cotton or silk insulation. When collodion is used, the coil
should be baked prior to its application, otherwise the moisture
already present will be sealed in. Shellac and most insulating
varnishes are unsatisfactory due to their larger dielectric losses
and higher diclectric constants. The amount of solid dielectric
in the electrostatic field of the coil
should be kept as small as possible,
consistent with good mechanical
design, particularly at the higher
frequencies. Coils for these fre-
quencies are usually space-wound
on a skeleton form or else employ
a size of wire large enough to make Fiu. 42— Multilayer coil = of

. . . rectangular cross section.
the coil self-supporting without
the use of a form. The comparatively few turns needed at the
higher frequencies enable this form of construction to be
practical.

The inductance of a multilayer coil of rectangular cross section
may be computed with fair accuracy from the followmg empirical
formula due to Hazeltine:

0.8r2N*
= or + 91 + 10¢

microhenrys @)

where all dimensions arc in inches as shown in Fig. 42; N being
the total number of turns. The accuracy is greatest when r,
l, and ¢ are approximately cqual.

25. Coil Resistance. Skin Effect.—In addition to the increase
in coil resistance at radio frequencies caused by dielectric loss,
the nonuniform distribution of the current throughout the cross
section of conductor is an even greater factor. This is known as
skin effect and can be best understood by considering an isolated
round wire as in Fig. 43. Assuming the current to be uniformly
distributed throughout the cross section of the conductor, the
flux deusity B at a distance x from the center of the wire will be
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given by the ordinate of the curve. Consider an elementary
filament a at the center of the conductor. This filament will be
linked by all of the flux extending from point a outward, which is
proportional to the total area under the curve. A similar ele-
mentary filament b located at the surface will be linked only by
the flux outside of the conductor. This flux is proportional to
the area under the curve to the right of ¢ and to the left of d.
As both filaments are carrying the same amount of current the
inductance of filament a will be greater than that of b since
inductance is defined as the number of flux linkages per ampere.
If the conductor isbeing traversed
by an alternating current, the
reactance, and hence the imped-
ance, of the central filament will
thercfore be greater than one
located nearer to the surface.
Since the wire may be thought
3 of as being composed of a bundle
[ of such filaments, all connected
Fiu. 43.—Flux distribution in and in parallel, the total current will
around a conductor carrying a uni- ;. . . .
formly distributed current. divide 1nversely as the 1mped—
ances of these paths.  This results
in an increased density of current as we proceed from the center
of the conductor, outward. At radio frequencies the reactance
of the filament becomes large compared to its resistance, so that
practically all of the current flowing through the wire is confined
to a thin shell at its surface. This distribution of the current
results in a much greater I2R loss in the conductor for a high-
frequency current than for a direct current of the same value.
Stated another way, the effective resistance of the conductor
increases with increased frequency. Since the central portion
of the wire contributes practically nothing to the conductivity
at radio frequencies, copper tubing is often used in place of solid
wire for coils and connections which carry considerable current.
Rectangular strip is also used, although it is not so effective as
generally supposed. The current is redistributed over the con-
ductor cross section in such a manner as to be encircled by the
smallest number of lines of force, so that the current density in
the case of rectangular strip is greatest at the two outer edges.
The remainder of the strip carries a comparatively small amount

|
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of current, so that the effective resistance is relatively high in
spite of the large amount of conductor surface. It is evident
from this example that it is not the amount of surface area that
determines the high-frequency resistance of a conductor, but
rather the way in which the conductor material is arranged.

The ratio of the alternating-current to the direct-current resist-
ance becomes less as the diameter of the wire is reduced. The
effective resistance of a No. 39 A.W.G. (d = 0.003531 in.) copper
wire at 1000 ke is 1 per cent higher than its direct-current
resistance. A No. 18 wire (d = 0.0403 in.) would have an
increase in resistance of 420 per cent at this frequency. These
figures apply to a straight wire. If the wire had been wound in
the form of a coil, the skin effect would have been much greater.
Skin effect is much less in materials or alloys of high specific
resistance, such as. Advance or Nichrome. This is due to the
impedance of the central filament being now composed chiefly of
resistance, reactance no longer predominating, so that the current
is more uniformly distributed throughout the cross section of the
conductor. Thus, in the casc of Advance, which has a resistivity
about thirty times that of copper, the size of the wire could be
increased to No. 23 (d = 0.02257 in.) before the resistance at 1000
ke became 1 per cent greater than the direct-current resistance.

Skin effect can be greatly reduced by the use of a special type
of stranded cable called Litzendraht (usually shortened to ““litz’").
This is composed of a number of strands of No. 38 enameled wire
transposed so that cach strand is on the outer surface of the cable
as much as every other strand. If this is proverly done, each
strand will be linked with as many lines of force as every other
strand, resulting in a fairly uniform current distribution through-
out the conductor. To be entirely satisfactory the strands
should be woven or braided so as to be completely transposed;
merely twisting them together causes a relatively small improve-
ment. The superiority of coils wound with commercial litz
over those using solid wire is confined to frequencies below
1500 ke.

26. Properties of Iron-core Coils.—The use of iron-core
coils in radio apparatus is chiefly confined to audio-frequency
devices such as interstage transformers and choke coils. Their
use at radio frequencies is usually confined to values below 150 ke,
unless especially prepared iron is employed for the core. W. J.
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Polydoroff? describes the construction of coils for broadcast
reception wherein tuning is accomplished by moving a core of
molded iron dust inside of the coil, the latter being shunted by a
fixed capacitance. A value of @ = 140 is claimed.

The chief difficulty with iron cores at the higher frequencies is
due to the increase in core loss (principally eddy current) which
greatly increases the apparent resistance of the coil. What
might be termed the effective permeability of the iron also dimin-
ishes with increased frequency. This is brought about by the
failure of the magnetic flux to penetrate very deeply into
the laminations or particles of iron composing the core, owing to
the shielding effect of the eddy currents. If we consider a particle
of iron traversed by an alternating magnetic flux, eddy currents
will be induced which will flow around the outer periphery of the
particle in a direction such as to weaken the flux that produced
them. Since the demagnetizing effect of the eddy currents will
be greatest along the center line of the particle, the flux density
there will be a minimum. The flux density will be a maximum
at the surface, so that the flux distribution throughout the particle
is quite similar to the distribution of current in a wire due to skin
effect. As the permeability of the iron is defined as the ratio
of the flux density to the magnetizing force, it is evident that this
reduction in flux is equivalent to a reduction in the permeability.

The inductance of a coil with an iron core is

L = ulg ®

where u is the permeability of the core and Lo is the inductance of
the coil prior to the insertion of the core. Owing to the nominal
value of effective permeability obtainable at the higher fre-
quencies and the large increase in the apparent resistance of the
coil due to eddy-current loss with existing core materials, unless
special precautions are taken, it is usually possible to obtain
larger values of @ for a coil by the use of an air core.

The eddy-current loss varies as the square of the frequency
and as the square of the thickness of the laminations if the flux
density is uniform. It is difficult to roll sheet steel much thinner
than 0.001 in., the usual thickness of laminations for radio-
frequency coils, so that a core composed of iron dust is often

3 Proc. I.R.E., vol. 21, p. 690, May, 1933.
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used. The material is mixed with a suitable binder which serves
to insulate the particles from each other and is then molded under
extremely high pressure into the desired shape. Reducing the
eddy-current loss in this manner automatically increases the flux
penetration and consequently increases the effective permeability.
The flux density at which the iron is usually operated is apt to
be low owing to the small value of radio-frequency voltage
ordinarily impressed across the coil. The relations which exist
between the voltage applied to the coil and the magnetic flux
in the core may be obtained as follows: Assume the flux in the
core to vary as a sine function of time so that at any instant

¢ = &, sin wf (9)
The voltage induced in the coil will be

c= — de X 10-8 volts (10)
dt
where N is the number of turns in the coil.

Substituting (9) in (10),
¢ = —wN®n cos wl X 1078 (11)
The Voltagé will be a maximum when cos a;t = 1, so that
E, = —oN®, X 1078 (12)

The impressed voltage is opposite to the induced voltage so that
reversing the sign of (12) and dividing by V2 to obtain the
effective value, we get for the effective value of the impressed
voltage, :

E = 4.44fNa, X 10 . (13)

which is an equation of fundamental importance in transformer
design. Consequently, with a coil or transformer of a given
number of turns and area of core, the flux will vary directly with
the impressed voltage, assuming constant frequency.

At low values of flux density the permeability of iron is low,
having a value of only a few hundred. The maximum perme-
ability will ordinarily be from 6000 to 10,000, depending on the
chemical composition and heat-treatment of the material.
Magnetization and permeability curves for a high grade of trans-
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former iron are given in Fig. 44. The magnetizing force H in
gilberts per centimeter is given by

47N

H = o

(14)

where NI/l is the number of ampere-turns per centimeter. The
ampere-turns per inch will be 2.02H.
By definition,

&

k=g (15)

so that the point of maximum permeability may be readily
determined from the B-H curve by drawing a line from the origin
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F1G. 44.—Magnetization and permeability curves for 4 per cent silicon steel

tangent to the curve. The variation of the inductance with
current, from (8), will therefore be a curve identical in shape with
the permeability curve in Fig. 44.  This will be true if the mag-
netizing current is cither direct or alternating, although in the
latter case the inductance will vary throughout the cycle. This
causes the instantaneous impedance to vary, resulting in a dis-
torted current wave, even though the voltage impressed across
the coil is sinusoidal. However, the flux in the core will continue
to vary sinusoidally so that the voltage induced in the secondary
coil (assuming the device to be a transformer) would be free from
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distortion, notwithstanding the distorted primary current. If
there is an appreciable resistance in series with the primary of the
transformer, such as the internal resistance of a vacuum tube, and
a sine wave of voltage is impressed across the two in series, the /R
drop across the resistance will be nonsinusoidal because of the
distorted current wave. Subtracting this nonsinusoidal IR drop
from the impressed voltage results in a distorted voltage wave
across the primary, and consequently a similarly distorted wave
will be induced in the secondary.
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Fra. 45.—Distortion of the current wave in a coil with an iron core due to
hysteresis.

The shape of the current wave can he readily obtained from the
hysteresis loop of the iron, as shown in Fig. 45. This hysteresis
loop is for the 4 per cent silicon steel of Fig. 44. Assuming the
flux to be a sine function of time, the impressed voltage will,
from (10), be 90 degrees ahead of ® in phase. The relationship
between the flux and the magnetizing current will be given by the
hysteresis loop for the iron. At any point @ on the hysteresis
Joop the magnetizing current will be .. If point a is projected
horizontally across to the flux wave, the point of intersection
will be the instant in time when the magnetizing current has the
value 7,. Other points can be obtained in a similar manner.
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27. Magnetic Alloys.—The flux densities employed in the cores
of choke coils and transformers used in radio circuits are often
quite small. This is due to the very small currents which arc
frequently dealt with and also to the necessity of designing the
apparatus so as to keep down the core loss. These conditions
requirce a material having a high initial permeability, low hystere-
sis loss, and a high specific resistance so as to keep the cddy-
current loss small. The initial permeability is defined as the
value of the slope of the B-H curve at the origin.

An alloy developed by the Bell Telephone Laboratories of
78.5 per ceént nickel and 21.5 per cent iron known as permalloy®
was the first to fulfill these requirements. It possesses rather
remarkable magnetic propertics at low values of magnetizing
force. By proper heat-treatment it can be given an initial
permeability of almost 10,000 and a maximum permeability of
over 100,000 at a flux density of about 5000 lines per square
centimeter. Its hysteresis loss is much less than for the best com-
mercial silicon steel. There is, however, one important limitation
to the material, namely, it is very susceptible magnetically to
mechanical strains. Stresses below the elastic limit may reduce
the initial or maximum permeability to a very small percentage
of the unstressed values. It is usually necessary to shape the
material to its final form and then heat-treat it in that condition.

The specific resistance of 78.5 permalloy is about 16 microhms
per centimeter cube as against 56 microhms for 4 per cent silicon
steel and 10 microhms for pure commereial iron, so that the
eddy-current loss will be greater than for silicon steel of the same
thickness of laminations. The magnetic properties are obtained
by a heat-treatment which is different from that which gives the
most favorable results for other magnetic materials. This is
probably the reason why this alloy remained so long undiscovered.
In addition to an ordinary anncal, 78.5 permalloy requires a
special heating at 600°C., followed by a rapid cooling.

It was found that if some of the iron were replaced by 3.8 per
cent of either molybdenum or chromium, the nickel content
remaining at 78.5 per cent, a simple anneal sufficed to develop
the desired magnetic properties. Magnetization curves for these
three permalloys are shown in Fig. 46 and the corresponding

“H. D. ArNoLD and G. W. ELmEN, Permalloy, an Alloy of Remarkable
Magnetic Properties, Jour. Frank. Inst., vol. 195, p. 621, May, 1923.
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permeability curves in Fig. 47. As will be observed, the addition
of these nonmagnetic materials has lowered the maximum perme-
ability, but the initial permeability has been increased, being
21,500 in the case of the molybdenum alloy. The specific resist-
ance is also greatly increased, resulting in a reduction of the
eddy-current loss. The addition of chromium produces the
greatest increase, giving a value of 64 microhms, while 3.8 per
cent molybdenum increases the resistance per centimeter cube

H in gilberts per cm.
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F1g. 46.—Magnetization curves of various permmalloys compared with silicon
steel and Armco iron.

to 57 microhms, or about the same as for 4 per cent silicon steel.
These alloys are frequently used in the form of dust cores,®
particularly in the case of loading coils for telephone lines.

The fact that permalloy approaches saturation at relatively
low values of magnetizing force, in addition to its relatively high
cost, restricts its applications. When used as a core material
for audio-frequency transformers the direct-current component
usually present in the primary winding is sufficient ordinarily to
saturate the core to such an extent that the magnetic properties

® W. J. SuackerroN and I. G. Barser, Compressed Powdered Permalloy,
Trans. A.I.E.E., vol. 47, p. 429, February, 1928.
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of the alloy may actually be poorer than in ordinary grades of iron
under similar conditions.

An alloy of 50 per cent nickel-iron is often used for high-grade
audio-frequency transformers. When properly annealed, initial
permeabilities of 3000 can be obtained, with corresponding maxi-
mum permeabilities of 50,000 or more. It has the further advan-
tage of possessing a higher saturation value than permalloy,
although still below that of ordinary silicon steel.

If an alloy of 50 per cent nickel-iron is subjected to a prolonged
heating in an atmosphere of hydrogen at a temperature of 1000°
to 1200°C. a remarkable improvement results in its magnetic
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F16. 47.—Permeability curves of various permalloys compared with silicon steel.

properties. This alloy is known as hypernzk. It has an initial
permeability which approaches that of permalloy and maximum
permeability, depending on the heat-treatment, of from 60,000
+0 160,000 at flux densities of about 5000 lines per square centi-
meter. At the higher values of B the permeabilities of the other
alloys fall below that of silicon steel. With hypernik the perme-
ability continues to remain higher than silicon steel up to flux
densities of 16,000 lines per square centimeter so that difficulties
due to saturation at low magnetizing forces are absent. A
similar heat-treatment of ordinary iron in hydrogen likewise
results in a large increase in the permeability. Initial and
maximum values of permeability of 4000 and 180,000, respec-
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tively, have been obtained, as compared with 250 and 9000 for
the anncaled iron prior to hydrogenization.

Another group of alloys composed of iron, nickel, and cobalt,
known as perminvar,® are of importance in that the permeability,
with proper heat-treatment, remains constant for an appreciable
range of magnetizing forces. Permeability curves for various
heat-treatments of an alloy having 45 per cent nickel, 25 per cent
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Flg. 48.—Permeability curves for perminvar.

cobalt, and 30 per cent iron are shown in Fig. 48. The sample
marked “baked” was first annealed and then held at 425°C. for
a considerable time. The initial permeability is somewhat higher
than for ordinary silicon steel and in the case of the baked sample it
remains constant for values of H up to 2.5. For this same range
of magnetizing force the permeability of the silicon steel of Fig. 44
rises to a maximum of 10,800 and then falls off to a value of 4400.

8 G. W. ELmeN, Magnetic Alloys of Iron, Nickel, and Cobalt, Jour.
Frank. Inst., vol. 207, p. 583, May, 1929,
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In addition to the constant-permeability featurc, the hysteresis
loss for flux densities within the range where u remains constant
is extremely small. This is illustrated in Fig. 49 where the
upper halves of hysteresis loops of various magnetic materials
are shown for a maximum flux density of 600 lines per square
centimeter. The loop for perminvar has no measurable area,
but other more sensitive methods show its hysteresis loss to be
of the order of 0.1 or 0.2 per cent of that of permalloy.  For flux
densitics above those for which g remains constant the hysteresis
loop of perminvar begins to acquire an appreciable area as shown
in Fig. 50. At a maximum flux density of 5000 the hysteresis
loss of the baked sample is very much larger than for permalloy.
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Fig. 49.—Hysteresis loops for various magn >tic materials,

Perminvar cores enable coils to be constructed which have
constant inductance, independent of the current sent through
them, provided H does not exceed 2.5. It will be shown in a
later chapter that if two different frequencies are impressed on a
nonlinear impedance—one which does not follow Ohm’s law——
modulation will occur. This means that new frequencies will
be produced which were not present in the applied voltages,
and that the imprint of one frequency is left on the other. This
problem is present in carrier-current telephony where several
different speech-modulated high-frequency voltages are impressed
on the primary of the same transformer. The use of a perminvar
core with its linear hysteresis loop will prevent cross talk and
interference due to these modulation effects.
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28. Incremental Permeability.—In many cases the iron-core
transformers and choke coils used in radio circuits carry a con-
tinuous current with a smaller alternating-current ripple super-
imposed upon it. In these cases we are almost always concerned
with the amount of inductance offered to the alternating-current
component,
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Frc. 50.—-llysteresis loops for perminvar for various values of maximum flux
density.

If the magnetizing force due to the continuous current is H,
resulting in a flux density B in the core, an increase of AH will
produce an incremental increase in the flux density of AB. The
incremental permeability is defined as

N (16)
which would be proportional to the slope of the magnetization
curve at the point in question if it were not for the effect of
hysteresis. Thus, if the magnetizing force is reduced by an
amount AH, the corresponding reduction in the flux will not follow
the magnetization curve, but will lie above it, following the path
of a hysteresis loop.

When a small alternating-current ripple is superimposed on a
continuous magnetizing foree, ns in Fig. 51, a displaced hysteresis
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loop will be produced and the values of AB and AH called for
in (16) must be measured from the tips of the displaced hysteresis
loop. The continuous magnetizing force is Hy, which produces
a flux density of By in the core. The quantity AH is proportional
to the double amplitude of the superimposed alternating current.
Since the inductance is directly proportional to the perme-
ability, the inductance offered to the continuous cyrrent is pro-
portional to the slope of the line Oc, while that offered to the
alternating-current component is proportional to the slope of ab,
which is much less. Furthermore, the incremental permeability
steadily diminishes as the direct-current flux density is increased,
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Frg. 51.—Displaced hysteresis loop Frg. 52.—Effect of a continuous

caused by an alternating-current magnetizing force on incremental
ripple superimposed on a continuous permeability.
magnetizing force.

as shown in Fig. 52. Increasing the amplitude of the alternating-
current magnetizing force AH tends to increase the slope of the
displaced hysteresis loop, causing an increase in us. The incre-
mental permeability is usually about 20 per cent of the normal
permeability at low flux densities -and falls off to about 10 per
cent of the normal value for values of B in the vieinity of 10,000
lines per square centimeter.

This decrease in inductance due to the reduction in incremental
permeability as the direct-current magnetizing force is increased
is illustrated in Fig. 53. The curves show the variation in the
primary inductance of a high-quality audio-frequency trans-
former as the continuous current in the primary is varied. The
two curves are for identical transformers except for the core
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material. Note that the alloy is affected to a greater extent
than the silicon steel by the direct-current saturation of the core.
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Fia. 53.—Decrease in primary inductance of an audio-frequency transformer due
to continuous current in primary.

When considerable direct current must be carried by the coil,
as in the choke coils of filter circuits of rectifiers, the inductance
offered to the superimposed '
alternating current can be gl w,‘fhoufa,r_
increased by the introduction
of an air gap into the mag-
netic circuit. This is illus-
trated in Fig. 54. The best
length of air gap will depend
upon the core dimensions and
the magnitude of the direct-
current ampere-turns.” Air
gaps are sometimes used in
the magnetic circuits of audio- ¢
frequency transformers, par- Zate

: . Fig. 54 —Showing the increase in
t'lcularly if an alloy COre  jncremental permeability for an iron-

material is to be used. core coil carrying a continuous current
29. Inductance of Iron- when an air gap is introduced.

core Coils with Direct and Alternating Current Superimposed.

The inductance encountered by a small alternating-current ripple

gap

7C. R. HanNa, Trans. A.I.E.E., vol. 46, p. 155, February 1927. For the
design of such choke coils see ‘“Radio Engineering Handbook,” MeGraw-
Hill Book Company, Inc., 2d ed., p. 476, 1935.
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superimposed on larger values of direct current will be given by

_ 0.47N%Aus

L= S 10° henrys 1)

where N is the total number of turns, A the area, and [ is the mean
length of the magnetic circuit, all dimensions being in centimeters.
The inductance offered to the direct-current component can be
obtained by substituting x for uy. In many cases the direct
current flowing through the coil is sufficient to produce a fairly
high degree of saturation in the core material, resulting in a
. relatively small value of us. If the reluctance of the magnetic
circuit is increased by the insertion of a small air gap, as shown
in Fig. 54, the resultant increase of ua caused by the reduced
direct-current flux density may result in an increase in the alter-
nating-current inductance, provided that the increase in us is
more than enough to offsct the increased reluctance caused by
the air gap. For any given conditions there will be a best length
of air gap which will produce the maximum alternating-current
inductance.

The total flux will be equal to the magnetomotive force divided
by the total reluctance so that in the case of an iron core [ centi-
meters in length containing an air gap of g centimeters, the direct-
current, flux will be

by = 0.4r N1, (18)
l n g
pAr A

where A and A, are the respective areas of the core and air gap.
The net area of the iron A, will be less than A4, owing to the
stacking factor caused by scale and air spaces between the lami-
nations. The expression for the flux produced by the alternating
current will be the same as (18) if u, is substituted for u. The
inductance in henrys offered to the alternating current wiil
then be °

L = A?idc X 10— = ZOLN-g X 10— (19)
#AAl + X;

It is often necessary to compute the inductance of an existing
choke coil or transformer, having an air gap in the magnetic
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circuit, when it is carrying a specified amount of direct current.
The flux density in the core is not directly obtainable from
magnetization curves of the material because of the fact that
only a part of the total ampere-turns are consumed in overcoming
the reluctance of theiron. But the reluctance of the iron depends
on the permeability, which is not known until the flux density is
known, since an empirical relation exists between u and B. It
is then necessary to plot a magnetization curve for the composite
magnetic eireuit of the choke coil in question by assigning various
values of flux density and computing the necessary number of
amperc-turns needed. The flux density corresponding to the
given available number of ampere-turns can then be read from
the curve. Knowing this value of flux density, u or uy can then
be obtained from the known data on the core material used.
Only a few points in the vieinity of the actual flux density need
be computed for the composite magnetization curve.

30. Condensers.—Electrostatic capacitance is present wher-
ever a difference of potential can exist between two conducting
bodies. The magnitude of the capacitance depends upon the
area of the conductors, the distance between them, and also
upon the nature of the dielectric traversed by the electrostatic
lines of force. The capacitance can be calculated only when
the conducting surfaces are comparatively simple geometric
shapes. In the case where the conducting surfaces are parallel
plates whose dimensions are large compared with the distance
between them, so that the fringing of the electrostatic field at the
edges may be neglected,.the capacitance is given by

C = 0.2246K%Wf (20)
where A is the area-of the active dielectric in square inches, d the
distance between the plates in inches, and K is the dielectric
constant of the material between the plates. The value of K is
unity for air and from about 1.5 to 8 for the ordmary types of
insulating materials.

Impregnated paper, mica, and air are the dielectrics most
frequently used in condensers for radio work. Paper is relatively
inexpensive but has the disadvantage of possessing appreciable
losses due to dielectric hysteresis when an alternating voltage is
impressed. These losses are similar in character to magnetic
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hysteresis and are manifested in the form of heat generated
within the dielectric. This energy loss causes the power factor
of the condenser to be greater than zero. Air is free from
dielectric hysteresis so that the power factor of air condensers
is due chiefly to the losses in the necessary solid dielectric
employed in their construction. There may also be a small
amount of I2R loss in the plates due to the charging current.
The power factor of a condenser is substantially independent of
the applied voltage and frequency, although it usually increases
rather rapidly with increased temperature. In service, the rise
in temperature due to dielectric losses brings about an increase
in power factor which further increases the losses, so that the
effect is cumulative. The dielectric strength of practically all
insulating materials diminishes rapidly with an increase in
temperature so that the condenser may break down in continuous
service under voltages which ‘could be withstood indefinitely

in intermittent service. Wax-impregnated paper

condensers undergo an aging process in service

Ry R which weakens the dielectric after a period of
CC ? months, so that a breakdown finally occurs.
T Thus, a group of condensers which successfully
@ (b withstood a test of 600 volts direct current for
Frg. 55.— 30 min. all broke down within a year of contin-

Representation yous service on 220 volts, 60 cycles. These
of an imperfect .. .
condenser by characteristics of paper condensers make it
perfect con- difficult to devise acceptance tests or accelerated
denser with .. 2 a .

resistance either 111€ tests from which definite conclusions may
in Sﬁriles or in pe drawn. Oil-impregnated paper is considered

ra . . .
parate to be superior to wax-impregnated paper, par-
ticularly for high-voltage service.

The effect of the losses in a particular condenser may be taken
into account by replacing the actual condenser with a perfect
condenser of the same capacitance having a resistance in series
as in Fig. 55a, or a resistance in parallel as in Fig. 55b. The
equivalent series resistance in terms of the condenser power
factor and capacitance may be determined as follows. The power

factor is

-
VS
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and since E; is small compared with X,, we may write

Ry = X.cos 0 = ‘%;C? (21)
Likewise
Ry = (22)
27 2xfC cos 0

31. Variable Condensers.—Variable condensers employing an
air dielectric are used to adjust the resonant frequency of tuned
circuits in radio receiving sets where a continuously variable
capacitance having small losses is required. They are usually
constructed of a series of fixed plates separated by washers, this
group constituting one electrode called the stator. Interleaved
between them with a small amount of clearance is a similar group
of plates mounted on a rotatable shaft, which constitutes the
movable electrode or rotor. The supporting frame, which is
usually operated at ground potential, may be electrically con-
nected to either one or the other of the clectrodes giving rise to a
grounded-rotor or grounded-stator construction. The capacitance
of the condenser is determined by the angle of rotation of the shaft.
By using semicircular rotor and statcr plates the capacitance is
approximately proportional to the angle of rotation so that
condensers using this type of construction are called straight-line-
capacity (SLC) condensers. This form of construction is rarely
used in receivers designed for broadcast purposes since the various
stations are separated by equal frequency intervals which would
result in crowding the higher frequency stations together on the
tuning dial of the condenser. By muodifying the shape of either
the stator or the rotor plates it is possible to have the capacitance
proportional to the square of the angle of rotation. A condenser
of this construction, when used with a given coil, causes the
wave length at resonance to be proportional to the angle of
rotation and is called a straight-line wave-length (SLW) con-
denser. The ideal condenser for broadcast reception is one
designed so that resonant frequency is proportional to the angle
of rotation. This type is termed a straight-line-frequency
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(SLF) condenser.® It has the disadvantage of requiring a long,
scimitar-shaped rotor plate pivoted near one end which requires
more space for rotation than the other types. Both of these
design types are affected by the distributed capacitance of the
associated coil, and in order to get absolute straight-line wave-
length or straight-line-frequency characteristics, it is necessary
to design the coil to match a particular condenser, or vice versa.
Most broadcast receiving sets use a tuning condenser lying
somewhere between the straight-line wave-length and straight-
line-frequency types. In order to simplify tuning adjustments
in modern receiving sets, all the condenser rotors are mounted
on a single shaft.

The ratio of maximum to minimum capacitance of the variable
condenser governs the tuning range of the circuit if the coil
inductance is fixed. Thus, if a 3:1 frequency range is to be
covered, a 9:1 change in capacitance must be provided. The
ratio of maximum to minimum ecapacitance of the ordinary
variable condenser will be from about 10:1 to about 25:1, the
latter ratio applying to the larger sized condensers. The dis-
tributed capacitance of the coil and the input capacitance of
the vacuum tube or other associated apparatus must be taken
into account along with the minimum condenser capacitance in
computing the tuning range of the circuit.

The better grade of variable condensers for laboratory pur-
poses are designed to have constant losses, independent of
changes in the rotor setting. It is found that in these types the
quantity R,wC? (see Fig. 55a) is practically constant for all
frequencies or scale readings and may be used as a figure of merit
for the condenser. If its value is known, the equivalent serics
resistance can be determined for any frequency or scale reading.
The value of this figure of merit is in the vicinity of 0.06 X 10—!*
for a good laboratory condenser. Thus, a 1000-uuf condenser
would have a series resistance of about 10 ohms at 1000 cycles
and about 0.01 ohm at 10% cycles. Consequently, the resistance
of a fairly good variable condenser is usually negligible at radio
frequencies in comparison to the resistance of the associated coil.

8 For design information on these condenser types see Proc. [.R.E. vol. 14,
p. 773, December, 1926; also ‘‘Radio Engineering Handbook,” McGraw-Hill
Book Company, Inc., 2d ed., p. 122, 1935.
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32. Electrolytic Condensers.—If two aluminum plates are
immersed in a suitable electrolyte, such as a solution of ammo-
nium borate or sodium phosphate, and connected to a source of
direct current, a thin film of aluminum oxide forms on the
positive plate which will gradually insulate the plate from the
solution. The thickness of the film depends upon how large a
voltage is used in its formation, higher voltages resulting in
thicker films. Owing to the extremely small thickness of the
film a capacitance of from 0.1 to 1.5 uf per square inch of area is
obtained, depending on the forming voltage. Very large values
of capacitance can therefore be obtained with only a fraction
of the space required by paper-dielectric condensers. 'The film
gradually disintegrates if the impressed voltage is removed from
the cell. Itisagain formed when the voltage is reapplied, accom-
panied by a large leakage current which soon drops to the normal
value of about 200 microamperes per microfarad, for working
voltages of about 450. Over a period of several hundred hours
of continuous operation the leakage current will gradually drop
to only a few microamperes per microfarad. If an electrolytic
condenser is operated for a considerable period of time at a voltage
appreciably lower than the forming voltage used, the thickness
of the film decreases and the capacitance rises. The maintenance
of the oxide film requires that the anode be held at a positive
potential, so that these condensers cannot be used on alternating
current. Their chief use is in filter circuits of rectifiers where
“their comparatively large losses are of no consequence.

The maximum continuous working potential of these con-
densers is about 450 volts. Voltages much in excess of this value
will puncture the film. However, the condenser is self-healing
and the film is restored upon reducing the voltage. Higher
voltage operation is readily secured by connecting two or more
cells in series. The operation under this condition is satisfactory
as the normal leakage resistance tends to equalize the voltage
drop across each cell. When paper-dielectric condensers are
operated in series across high direct-current voltages, it is
usually necessary to shunt each unit with a high resistance to
insure an equal division of voltage across the condensers. Other-
wise the voltage will divide in accordance with the insulation
resistances of the condensers and, while high in value, may be
appreciably different for the several units.
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In recent years ‘‘dry” electrolytic condensers have been
developed wherein the electrolyte is in the form of a paste between
two rolled foils. In other forms of construction a layer of gauze
or other absorbent material is saturated with the electrolyte and
then rolled up between the two aluminum sheets. Glycerin is
usually mixed with the electrolyte hecause of its ability to absorh
moisture. Condensers of this type are extremely compact and
are available in very large values of capacitance for low voltage
use. One commercial unit rated at 6000 uf at a working potential
of 15 volts has a volume of only 100 cu. in. Units for 450 volts
will have about a microfarad per cubic inch of volume, or about
15 per cent of the space required by paper condensers for the same
voltage.

The life of these dry condensers depends to a considerable
extent upon the conditions of use.

Problems

= 1. A coil having a diameter of 1.25 in. is wound with 100 turns of No. 30
enamel wire. If there are 88 turns per inch, what is the inductance of the
coil? Compare this result with the value obtained froin the empirical expres-
sion of equation (6). ,
2. The above coil was found to have
a value of @ of 110 at 1000 ke. What
Y g is the ratio of the resistance at this fre-
¥ 72 quency to the direct-current resistance,
if No. 30 wire has a resistance of 103
ohins per 1000 ft.?
3. A multilayer coil of the form of
Fig. 42 has a mean diameter of 0.75 in.
The winding space is 3{¢ by 3{¢ in. How
many turns are required to give an induc-
tance of 15 mh, if the winding space is
completely filled?
——4. An audio-frequency transformer
is wound on a shell-type core of 4 per
16. A. cent silicon steel of the dimensions shown
in Fig. A, where g =0, a = 0.375 in.,
and b = 0.875 in. gross. Owing to scale and air spaces between the
laminations, the stacking factor is 0.9, resulting in a net thickness of
core of 0.7875 in. The windings are as follows: primary, 3000 turns of
No. 40 enamel; secondary, 9000 turns of No. 42 enamel. From the mag-
netic data given in the table on page 75, determine the inductance of the
primary for a small value of alternating current if the direct current carried
by the primary is 0.005 amp. Assume that the mean path of the flux fol-
lows the center of gravity of the cross section as shown in Fig. 4, and at the
corners the path follows the quadrants of circles. What is the primary
inductance if the direct current is reduced to 0.003 amp.? :
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MagNETIC DaTta

].?lux earcl(e7 i Type AW 4 per cent silicon I Hypernik 50 per cent
lines per square -y
. steel nickel-iron
centuneter
B B Ba ] # B
2,000 5,200 1,248 47,800 10,800
3,000 6,450 1,242 51,400 9,950
4,000 7,500 1,235 | 49,600 8,400
5,000 8,300 1,195 45,500 6,880
6,000 | 8,840 1,130 40,300 5,560
7,000 9,050 1,035 | 34,500 4,450
8,000 8,800 920 28,500 3,530
9,000 | 8,200 790 23.000 | 2,800
10,000 7,350 655 17,600 | 2,190
11,000 6,160 520 13,000 1,700
12,000 4,740 380 9,600 1 1,400
13,000 2,950 240 7,220 1,100
14,000 1,550 120
15,000 700 50
16,000 300 | 20

5. In Problem 4 what is the primary inductance offered to a direct
current of 0.005 amp.? What voltage will be induced in the sccondary
if the flux produced by this current is reduced to zero at a uniform rate in
0.001 sec.?

6. If the transformer of Problem 4 is used as a step-down transformer
so that the direct current through the 9000-turn winding is 0.005 amp.,
what will be the alternating-current inductance of that winding?

7. It is desired to raise the primary inductance of the transformer of
Problem 4 by inserting an air gap ¢ in the inagnetic circuit so as to reduce
the dircct-current flux density in the iron to: (a) 8000, (b) 6000, (c) 4000
lines per square centimneter when the direct current in the primary is 0.005
amp. Find the required length of the gap in inches and the resulting
alternating-current inductance in cach case. Compare the results with
Problem 4.

_ 8. If the transformer of Problem 4 is replaced with a hypernik core of the
same dimensions, determine the alternating-current inductance of the
primary if the direct current in the winding is: (a) 0.005, (b) 0.003, (¢)
0.001 amp.

9. An air gap is inserted in the magnetic circuit of Problem 8 so as to
reduce the direct-current flux density in the iron to: (a) 8000, () 7000,
(c) 6000 lines per square centimeter when the direct current in the primary
is 0.005 amp. Find the required length of the gap in inches and the resulting
inductance in each case.

10. A choke coil has 3000 turns of No. 27 enamel wire on a 4 per cent
silicon steel, shell-tyvpe core of Mg, 4 having the following dimensions in
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inches: a = 0.625, b = 2 (gross), g/2 = 0.015. The stacking factor is 0.9.
What is the alternating-current inductance of the choke coil when carrying
a direct current of 0.2 amp.? 0.1 amp.?

11. A wax-impregnated-paper condenser is to have a capacitance of 2 puf.
How many square inchces of dielectric must be provided if the thickness is
0.003 in. and the dielectric constant is 2? o

12. An electrolyj,ic condenser has a capaeitance of 1.3 uf per square inch
of anode. If the oxide film has an estimated thickness of 0.0001 mm., what
is the dielectric constant of the film?



CHAPTER 1V

COUPLED CIRCUITS

33. Mutual Inductance.—If two coils of N, and N, turns are
so arranged with respect to cach other that the magnetic field
due to a current in one of them links in whole or in part with the
other, a change in current in the first coil will induce an e.m.f. of
mutual induction in the other.

This e.m.f. will be
d¢ di

o X 1078 = — —= volts (1

&= —N, al

where ¢ is the flux of the first coil that links with the second,
and M is the mutual inductance between the two coils. From (1)
we get

M= A% X 10-8 henrys 2)
so that the mutual inductance is defined as the number of fluz
linkages with one circuit per ampere of current in the other. If the
two coils have identical self-inductances L and are so related that
all of the flux produced by the one coil links with all of the turns
of the other, it is evident that the mutual inductance is equal to
the self-inductance of either coil. In the event that the self-
inductances are unequal, but with the same perfect degree of
magnetic coupling, the mutual inductance is the geometric mean
of the two self-inductances and will be

M = ~/L\L, 3)

The coupling between two coils is never perfect in practice, so
that the coefficient of coupling between two coils may be defined
as ‘
M
k= . (4)
\V'L\L,
77
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Consider the two coils connected series aiding in Fig. 56 with
a source of potential e impressed across them. Applying
Kirchhoff’s laws to the circuit, we have at any instant

¢ = ik + LI(Z; + Md“ + 2Ry + de“ + Md“ )
Since 7, = 22 = 1,
di
e—z(1n+R)+(Ll+L2+2M)’ (6)

If the two coils had been connected so that their magnetic
fields were in opposition, the e.m.fs. of mutual induction in
the coils would have been in opposite directions and the sign
preceding 2M in (6) would have been negative. The total
RL, M R, inductance of two coils connected in serifes

with mutual inductance between them will

M//// ////f therefore be

L¢=L1+L2i2M (7)

........... @ em e =
Fra. 56.—Two coils depending on whether they are connected
connected series aiding. i 2. . . A

series ailding or series opposing. Radio

variometers, which are constructed so as to permit one coil
to rotate within another through 180 degrees, make use of this
principle. The total variation in inductance obtained in this
manner will be 4.

If the impressed voltage in Fig. 56 had been 4 sine wave, the .
steady-state solution of the differential equation (6) would have
been

E = IR, + Ry)? + (L, + Ly + 2M)? ®)
or in vector form,
E = I(B1 + R) + jlo(L1 + Ly = 2M) 9)

When the two coils are not conductively connected to each other,
as in the case of the primary and secondary of a transformer, the
voltage induced in the secondary is always in opposition to the
agent that produced it. Thus, the open-circuit voltage E.
induced in the secondary coil due to a sinusoidal current I, in
the primary coil is

Ez =3 —jIle (10)
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This expression holds regardless of how the secondary coil may
be wound with respect to the primary.

34. Transformers.—Any two coils having mutual inductance
between them can serve as a transformer. For the lower range
of communication frequencics the two coils are wound on a
magnetic core to insure a high degree of coupling between them.
At high frequencies the loss in the core becomes a serious factor,
as discussed in the preceding chapter, b 7
and an air core is used.

The circuit of Fig. 57 represents a
typical transformer, either air core or
iron core, with a load Z, connected

. Fig. 57.—Transformer with
across the secondary and an impedance ,,,5cdance Z in serios with
Z, in scries with the primary. These the primary and aload Z; con-
impedances may be resistance, react- mected across the secondary.
ance, or any combination of these elements. The impedance
looking into the primary with the secondary on open circuit is Z,
and Z, is the impcdance of the secondary with the primary open.
The mutual impedance Z,, will be of the nature of a pure react-
ance jwM in the case of an air-core transformer. With an iron
core Z., will contain, in addition to the mutual-reactance term
a resistance component which simulates the core loss. Applying
Kirchhoff’s laws to the circuit, we get

Z
,_.T l,g

Zy

E=01Z+1,2,4+ 1Z, (11)
0 = IgZ2+IsZ3+IpZm (12)
From (12)
I = —] Zm (13)
s pZZ + Zs
Substituting this value of I, in (11),
Z5
E = Ip(Zl + Zp) _ Ipm
or
' E(Z, + Z,)
Vs &3 1
? (Z1 + Zp)(Z2 + Zs) - Zrzn ( 4)
Likewise
7 —EZ.,

= @+ Z)(Z + Z) - ZE,

It is to be understood that the above are vector equations and
the complex expressions for the various impedances must be

(15)
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used. The negative sign of (15) indicates that the secondary
current is 180 degrees out of phase with the primary current.
The impedance looking into the primary circuit from the source
of the applied voltage E is

_E_(G+Z)+ Z) — 23 _ _ %
Z=1,= gy =4t -g¥7 O
The term —2— 7 is the impedance reflected into the primary by

7, + Z,
the secondary. When using gencralized impedances the sign
preceding this term is negative, as shown. The denominator
will usually be of the form R + jX, so that the reflected imped-
ance will contain, in addition to a resistive term of positive sign,
a reactive term whose sign will depend upon the nature of the
total reactance in the secondary circuit. The sign of this reflected
reactance is always opposite to that of the total sccondary
reactance. In other words, if Z; + Z, is inductive, the reflected
term will be of the nature of —7X, which will reduce the inductive
reactance looking into the primary. With perfect coupling and
Z» a pure resistance, this reflected term will be just large enough
to annul completely the inductive reactance of the primary, and
the impedance looking into the primary will be of the nature of
a pure resistance.

The foregoing equations are applicable to any type of trans-
former and will be frequently used. In power transformers the
coefficient of coupling is nearly unity, resulting in a ratio of
transformation that is very nearly equal to the turn ratio.
Computations involving these transformers can be more readily
handled by dealing with the reactances caused by the small
amount of leakage flux present. In radio circuits, particularly
where the primary and secondary are tuned to resonance, the
coefficient of coupling may be very small and consequently
the leakage reactances are often 95 per cent or more, so that
the effective ratio of transformation is quite different from the
ratio of turns on the transformer. As.a result of these differences
it is much easier to analyze the coupled circuits used in radio work
in terms of mutual inductance rather than by turn ratio and
leakage reactance.

36. Coupled Resonant Circuits.—One common type of coupled
circuit used in radio consists of an antenna circuit inductively
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coupled to a tuned secondary circuit, as shown in Fig. 58, where
a is the actual circuit and b is the electrical equivalent. We
are usually interested in the conditions which will make the
secondary current 7, a maximum so as to develop maximum
voltage across Cy. Circuits of this kind are usually followed by
an amplifier, which is a voltage-operated device. The input
capacitance of the amplifying tube may be included in the value

L G R M R L

i
F L

= (a) . (b)
F1a. 58.—Tuned secondary coupled to an antenna circuit

of 3. The impressed voltage E will be the total voltage induced
in the antenna and will be

E = he (17)

where A is the effective height! of the antenna in meters and e is
the field strength of the received signal expressed in volts (or
microvolts) per meter.

The current in the secondary is given by (15) where

Z1+Zp=R1 +.7.(‘*’L1—‘w_1‘—>ERl+jX1

Zy+ Z, =R2+j(WL2—wL>ER2+J'X2

Zm = joM
Substituting these values in (15),

—EjoM _
(R1 +JX1)(R2 +.7X2) + M2
—EjoM (18)
(RiRy — X\ X, + 0®M?) + j(X\R; + X.R))

or in absolute magnitude
EoM

I = ——————— = — — e —— 19
I VEE: = XiXo + oMY F (iR + XaEp: D

1 The effective height h does not bear any simple relation to the actual
antenna height other than that defined by (17).

Iy =
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The secondary current I, will be a maximum when the denomi-
nator of (19) is a minimum, or for convenience in differentiating,
when the square of the denominator is a minimum. If X, is
considered to be the variable, I, will be a maximum when

wiM?

Xo= Xi55—;
2 1["5{‘*“1

(20)
In other words, if the antenna circuit is not resonant to the
frequency of the impressed signal (X, not equal to zcro), the
secondary must be detuned irom resonance by the amount
indicated by (20). If the secondary circuit is fixed in adjust-
ment and the antenna circuit is tunable, we find upon differ-
entiating (19) with respect to X, that I, will be a maximum
when

(21)

If both primary and secondary circuits arc simultancously
adjustable, I, will be a maximum when X, and X, arc both made
zero, provided wM is not greater than the critical value which
will be defined later. The expression for the secondary current
will then be

EoM

Tonwe = BB, + ol =

If the coupling between L, and Ly is now varied, keeping X,
and X, equal to zcro, differentiating (22) with respect to M shows
that maximum secondary current will be had when

oM = \/R:R; (23)
Substituting this value of wM in (22) we get
E
[ opt. ™ T — 24
"7 2v/RiRs 2

This represents the optimum condition and is the maximum
possible value of I that can be oktained from a source of c.m.f.
by any passive network such as a transformer.

These relations can be more readily visualized by the following
treatment due to G. W. Pierce.?

2 “Electric Oscillations and Electric Waves,” Chap. XII, McGraw-Hill
Book Company, Inc., 1920.
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Substituting the value of X, in (20) we have

ac

b1 — — L M g+ weraf 1 — 1_‘_>2]
oLg<l w2L202>,:R1+le<l oGy |

Defining

> 1 1 ‘/1/[2 w]11 (A)Lz
)2 = - 3 = ‘,2 = —— = — = =
Ll L](H Q- LQC2 . I/le Ql RI 2 R2

and substituting them in the above expression,

1 & _ON A e
-9+ (-3 -5) - )
: _f
_1 _ﬁ>= nz_i_f"
-A-9) -+ A =

or

f

where f is the impressed frequency and f, and f, are the respective
resonant frequencies of the primary and secondary circuits alone.

If the secondary tuning had been fixed and the primary had
then been adjusted for maximum ecurrent in the secondary, an
expression would have been obtained from (21) which would
have been identical in form with (25), except that all subscripts
would have been interchanged, 1 becoming 2 and vice versa.

Equation (25) represents the locus of all maxima of secondary
current and is plotted in Fig. 59 for & = 0.5 and various values
of Q. For example, if the antenna circuit has a resonant fre-
quency of 1800 ke, and a signal voltage of 1000 ke was induced
in it, f1/f would be 1.8, and from Fig. 59 the corresponding value
of fo/f is found to be 1.054. The secondary circuit would,
therefore, have to be tuned to 1054 ke for maximum secondary
current if the coefficient of coupling is 0.5.
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For finite values of @, the curve approximates a hyperbola for
large values of f1/f. As this ratio approaches unity, the curve
sweeps down through the point (1, 1) and into the third quadrant.
The curve Q; = 10 has a gap in it in the interval from 0.9745 to
0.894, which merely means that there is no setting of the tuning

l
l 11 =Res.freq. Dfpr/ery l
1.8 [~fo: Res.freq. of secondary | [ T B
£ = Impressed frequency Q=00
l-6 - le 1 — 1 -; — —~ 7
F ]
W4 —k=05 T ‘ — NG 7[ —
12 |- | | y'OIL |
1, L
0 | )
08 —T1— \/‘ ~l> —
06 —"F—T1T—A— 4+ + -
Y Q=5
04— —— l !
f [3Q=10 .l
0.217 ‘] — 2 -o!o — ! T
L 17 %
0 | ‘ I ‘
2 14 16 18 20

0 02 04 06 08 LO |
fi/f
F1g. 59.—Locus of maximum secondary current for various values of primary
reactance expressed as a ratio of the resonant frequency f; of the primary to the
impressed frequency f With this ratio known the corresponding adjustment
fz/f of the secondary is given by the curves for a coefficient of coupling of 0.5 and
various values of Q.

condenser C; which will produce a mathematical maximum of I,
between these values of fi/f.

If the resistance in the primary eircuit is small enough so that
1/Q? is negligible, equation (25) becomes

PP e

which is the equation of an equilateral hyperbola in terms of
(fo/f)? versus (f1/f)* with asymptotes at fl/f— 1=7f/f A
family of such curves is plotted in Fig. 60 for various values of k.
Since the first powers of the frequency ratios are used instead of
the squared values, the curves are not symmetrical about the
axes (1,1). For valuesof @, greater than 50 thereisno appreciable
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difference between the results of (25) and (26) except for very
small values of k. As the coefficient of coupling is made smaller,
the two hyperbolas approach the axes (1, 1) and coincide with
them when k = 0. If the primary and secondary are -both
tuned to the same frequency and the impressed frequency is
then varied, the values of f,/f and f,/f will move along a 45-degree
line through the point (1, 1). As will be noted in Fig. 60, the
secondary current will have two maximum values at the inter-

2.0 T T T

(EEENN AN
Q=c0 |

1.6 - _T_/ll/;l__

EEN
I
1.2 -'—-- — *fg\qf__l_

%o =SS
s 4:(0'.;3 k=01 ]]_ll
06— = L
0.4 — |~—+- l i L ] —
02 — -
0 | l 4{' l

0 02 04 06 08 10 12 14 16 18 20
fi/r
Fre. 60.—Locus curves of maximum secondary current for various coupling
coefficients.

section of the 45-degrec line with the pair of hyperbolas. As
the coupling is diminished, the two maxima approach each other,
theoretically merging into a single value only when k = 0. In
actual practice the circuit resistance is never zero so that the two
peaks of secondary current merge into a single maximum when
wM = \/R,R,, this condition being termed critical coupling.
Substituting Q;, @s, and k, this relation becomes

[;2 ‘
kIl = [
1

Y=o e

3
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If Q = Q. = Q, critical coupling becomes

1
k ) ‘ (28)

The family of curves in Fig. 60 may be viewed as the map of a
group of mountain ranges whose elevation at any point corre-
sponds to the value of secondary current. These ridges have
their maximum elevation at the intersection with the 45-degrec
line and taper off in height as the two ends of the hyperbolas are
approached. A cross section along the 45-degree line for a
typical case is shown in Fig. 61 for various values of coupling
above and below critical value.

For convenience, reciprocals of the previously used frequency
ratios are plotted in the upper half of the figure, since the
impressed frequency f is now considered as the independent
variable. The general shape of the locus curves will be much
the same as in Fig. 59. The family of curves has been rotated
so that the 45-degree line is now horizontal.

It will be observed that as the coupling is reduced, the two
peaks of secondary current approach each other and merge into
a single value at critical coupling. The top of the resonance curve
at this value of coupling is flatter and the sides are steeper than
the corresponding series or parallel resonance curves of Figs. 21
and 35. Coupled circuits using couplings equal to, or slightly
in excess of, critical value are often used where a narrow band
of frequencies is to be transmitted with fairly uniform response,
as in broadcast reception. Circuits of this type are termed
band-pass filters. The width of the band that can be uniformly
transmitted is limited by the increasing depth of the hollow
between humps as the coupling is increased. A smaller value
of Q tends to reduce the depth of the hollow, but it also reduces
the d scrimination against unwanted frequencies lying without
the transmitted band. A large value of @ produces very pro-
nounced double humps.

The approximate position of these two resonant peaks can be
determined by solving for f in (26) which gives :

PR \%ﬁ_: kf;é)V + 4kfifs (29)

The plus sign under the radical gives the high-frequency peak
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and the negative sign the lower. If hoth circuits are tuned to
the same frequency so that fi = fo = fo, (29) becomes

e
I= A+ (80)

This expression becomes inaccurate as k approaches ecritical
coupling, owing to the fact that Q has been assimed to be infinite

G
. R, k. |
a0+ 7 '1 L 4} -
o g kel N OV AL
(1 [ I e\, T ~ iy — |
Ly=L, =206k }f,‘ fye / /'r\X k \""005 |
8 301 € =Co=126.60uf) 1000k ‘
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Impressed frequency in kilocycles
F1g. 61.—Variation of secondary current with frequency in a coupled circuit for
coupling coefficicnts above and below critical value.
in (26). For larger values of k, (30) will be sufficiently aceurate
for most practical purposes.
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A reduction of k& below critical value causes a reduction in
the maximum value of I, and a more sharply defined peak. It
will be noted that the maximum value of I, is substantially con-
stant for all values of coupling equal to, or in excess of, critical.
If the resistance of the circuit instecad of @ had remained con-
stant with frequency, these peaks would have all been of the same
height. With @ constant, which approximates practical condi-
tiong for small ranges of frequeney, the high-frequency peak
hecomes taller and the low-frequency peak becomes lower as b ix
increased.

At cyjtical coupling there is only one intersection of the
45-degree line with the curve representing the locus of maximum
secondary current. The curve @, = 2 in Fig. 59 is typical of
the locus curve at critical coupling.

Viewing the family of locus curves as the ridges of mountain
ranges is also useful in understanding the differences observed in
the sharpness of tuning of the primary and secondary circuits
at various points. This is illustrated in Fig. 62 where 1 volt
at a frequency of 1000 kc is impressed on the primary of the
circuit shown. The setting of condenser C, is such as to resonate
the primary circuit to a frequency of 1500 ke. If C, is then
varied, I; will be a maximum at point A when f; is 1015.86 ke.
As f is varied, we are crossing the locus of maximum secondary
current along the line aa’. This line crosses the ridge at nearly
a right angle so that the sccondary tuning is sharp as shown by
the resonance curve drawn to the right of point 4. If Cs is left
at the point of maximum I and f, is now varied by means of C,
the variation will be along the line bb’. Since this line is nearly
parallel to the ridge, the primary tuning is broad, as shown by
the resonance curve above the point A. Furthermore, I, will
now be a maximum when f; is set for about 1465 ke as the eleva-
tion of the ridge riscs considerably as we approach B, the point
of maximum elevation for this value of coupling. The mathe-
matical explanation is that the locus is derived on the basis of
f» as the independent variable; consequently the coordinates of
point A will result in maximum secondary current only when f»
is the variable. :

At point B the sharpness of tuning will be practically the same
for either circuit, the secondary tuning having become somewhat
broader than at A. If the primary circuit is resonated to a
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frequency only slightly above the impressed frequency, as at
point C, we find the conditions just reversed from what they
were at point 4 ; the primary tuning being now quite sharp while
the secondary tuning is extremely broad. A similar condition
exists in the third quadrant of the locus curves. Here the
frequency of the primary circuit will lic below the impressed

1.6 — —
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F1Gc. 62.—Comparison of the sharpness of tuning of the primary and secondary

eircuits when the primary is tuned to a frequeney 50 per cent higher than the
impressed frequency.

frequency. An identical shift in the sharpness of tuning from
one circuit to the other occurs in this region. In general, the
secondary tuning will be broad whenever the primary constants
are such that f;/fis near unity. Under this condition the primary
tuning is quite sharp. As the ratio fi/f recedes from unity the
secondary tuning becomes progressively sharper, while the
primary tuning becomes broader.

These locus curves may be used also to predict the behavior
of coupled circuits when the primary and secondary are tuned to
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different frequencies and the impressed frequency is varied, by
drawing a line through the origin having the proper slope. For
example, suppose fi is 1000 ke and fz is 1100 ke.  Then in either
Fig. 59 or 60 a linc drawn from the origin passing threugh the
point fo/f = 1.1, fi/f = 1, will represent the variation in the
impressed frequency. The intersection of this line with the pair
of hyperbolas corresponding to the value of & of the circuit will
locate the resonance peaks. An idea of the relative heights of
the two peaks may be gained by noting the location of the inter-
section as compared with the intersection of the 45-degree line,
where the secondary current is a maximum. The shapes of the
curves can also be roughly estimated, following considerations
similar to those used in connection
with Fig. 62.

Ca . Ca 36. Antenna-circuit  Adjust-
o ™ ments in Receiving Sets.—A large

Ly BL: 5EC: L: € yumber of receiving sets for broad-
T ast  reception have the first

= (o) = (b) tuned circuit coupled to the an-

Frg. 63.—Two methods of cou- tenpa in the manner of Fig. 63a
pling the antenna to the first tuned .
ol o1} 0 e oo or else use an autotransformer

as in Fig. 63b. In the latter casc
the antenna with its series condenser C. (sometimes omitted)
and ground connection arc connected across the lower portion
of the secondary coil. In cither case the coupled circuit theory
of the preceding section is applicable. The constants of the
antenna circuit are reflected into the secondary so that the setting
of the secondary tuning condenser for maximun secondary
current will be somewhat different than for the condensers of the
subsequent tuned stages. These condensers arc all ganged
together in modern sets so that it is necessary to prevent the
antenna constants from detuning the first stage. The value of
capacitance required by the first tuned circuit is less than for the
other stages, since an antenna circuit operated at a frequency
below the resonant frequency reflects nductance into the second-
ary coil. This is taken care of by shunting the other tuning
condensers by a small “trimming” condenser. These trimming
condensers also compensate for variations in the capacitance
shunted across the various tuned stages caused by differences in
lengths of lead wires, tube-input ecapacitance, ete. If the ratio
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of f1/f for the antenna circuit is large, as would be the case with
a small antenna, we shall be operating on the nearly horizontal
portion of the hyperbola of Fig. 60, and the reactance reflected
into the secondary will be nearly constant over the entire tuning
range of the circuit. This is merely another way of stating that
fo/f is practically constant. However, if the coefficient of
coupling is large or the natural frequency f, of the antenna circuit
is too low, the value of f2/f will change appreciably over the tuning
range. This will prevent the several tuned circuits from remain-
ing in tuning alignment by a fixed setting of the trimming con-
densers. In order to avoid this difficulty, the antenna circuit
should have a resonant frequency which is considerably higher
than the highest frequency to which the set can be tuned. This
is usually accomplished by making the maximum capacitance of
the adjustable condenser C, rather small. It is usually adjusted
by means of a screw driver when the set is connccted to the
antenna. The purpose of the adjustment is to reflect the proper
amount of reactance into the secondary circuit so that the first
tuning condenser will be properly aligned with the others, and
is not to adjust the antenna circuit to resonance. From the
discussion relative to Fig. 62, this tuning adjustment will be
rather broad. Some sacrifice in sensitivity is necessarily made
by operating out on this portion of the hyperbola, as the maxi-
mum value of secondary current is much smaller here than the
values obtainable nearer to the intersection of the 45-degree line.
This is not serious in modern sets which readily obtain by sub-
sequent amplification all the sensitivity that can be usefully
employed.

It is also possible to prevent the constants of the antenna cir-
cuit from affecting the alignment of the tuning condensers by
going to the other extreme and making the resonant frequency
of the antenna circuit lower than the lowest frequency to which
the set can be tuned. Receiving sets employing this principle
use a very large inductance L, in the antenna circuit which causes
it to have a value of f; well below the lowest frequency we desire
to receive. A similar result could have been obtained by the
use of an antenna large enough to have had natural frequency in
this same region, in which case only a nominal value of L, would
be required. The antenna series condenser is not needed as it
tends to raise the frequency of the antenna circuit, which is not
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desired. Since all the frequencies to be received will be higher
than the natural period of the antenna circuit, negative reactance
will be reflected into the secondary coil and the effective value of
L, will be reduced. This requires more tuning capacitance
across L, than is required by the subsequent stages, which is
just the opposite to the previous case. A trimming condenser
shunted across C; in Fig. 63a ean then be used to compensate for
the reflected constants of the antenna used. In this case the use
of too large an antenna will not produce the alignment difficulties
caused by the failure of the first tuning condenser to properly
track with the others. Possible difficulties with too small an
antenna can be avoided by using a primary coil L, of sufficient
size so that its inductance, in conjunction with its distributed
capacitance, produces a low enough value of f; without an antenna.
Then any additional capacitance shunted across L, in the form
of a small antenna merely brings about a further reduction in f..
L Cs Another advantage of operating with f,/f
—fbw\l—| less than unity is that the selectivity of
G gr%Lz the first stage tends to become more
T T nearly uniform over the tuning range.
F1e. 64—Capacitively 37, Other Forms of Coupling.—In
CORTEE, CHEHE addition to inductive coupling, a transfer
of energy from one circuit to another may be accomplished
by capacitive coupling as in Fig. 64, where C; is the coupling
condenser. Circuits of this type have characteristics similar
inall respects to the inductively coupled circuits just considered.
Reducing the size of C; reduces the coefficient of coupling, which
in this case is defined as

" V(C: ¥ C5)(C: + Cy)

Combinations of inductive and capacitive coupling are illus-
trated in Fig. 65. The mutual inductance can be made to induce
a voltage in the secondary circuit which either aids or opposes
the voltage due to capacitive coupling, depending on the sign of
M. The first voltage varies directly with the frequency while
the second varies inversely, making it possible to secure a coeffi-
cient of coupling that varies with the frequency. This is of use
when it is desired to transmit a band of frequencies of constant
width and to allow this band to be shifted over the broadcast

31)
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range by tuning, without substantial change in its width. Figure
65b shows a circuit of this type described by E. A. Uehling.?
A constant band width over an appreciable tuning range cannot
be secured by means of magnetic coupling alone unless some

C[ CJ C{ M CZ
T =0
(a) (b
F1c. 65.—Circuits with both capacitive and inductive coupling.

mechanical means is employed to vary the coupling with the
tuning.

Problems

1. A radio-frequency transformer has a secondary inductance of 240 uh.
The primary and secondary are connected in series and the tota! inductance
is found to be 349.5 uh. With the coils in series but with the connections
to the primary reversed, the total inductance under this condition is 229.5 uh.
What is the primary inductance? What are the mutual inductance and the
coefficient of coupling?

2. Two coils L; and L; having an inductance of 0.01 and 0.09 henry,
respectively, have a coefficient of coupling between them of 0.8. If 1 volt
at 105 cycles is impressed across L), what will be the open-cireuit voltage
across L.? Assumc that the resistance of L, is
negligible compared with its reactance. G, M

3. In the circuit shown in Fig. 4, 1/wC,is made

. . R, R,
equal to wL,. The condenser C; is then adiusted LI Lz C
so that the impedance looking into the terminals 4 4
. R . . b
a and b is a pure resistance. What is the magni- Fie. A

tude of this impedance at 10¢ cycles if R, =
R, = 10 ohms and M = 10 xh?

4. In Problem 3 what would be the voltage across C; if the potential
impressed across a and b is 10 volts at 105 cycles? What would be the
secondary voltage if M were adjusted to its optimum value? What is the
optimmum vaiue of M? C. = 200 puf.

5. A coupled circuit similar to Fig. A4, except that C, is removed, has
the following constants: R, = 10 ohms, L; = 100 uxh, R, = 20 ohms,
Ly = 200 uh, M = 25.82 ysh. What must be the value of C; so that the
impedance looking into the primary shall be a pure resistance, if
w =6 X 10?7 What is the magnitude of this resistance?

6. The total constants of an antenna circuit similar to Fig. 58 are as
follows: L, = 121.5 ph, Cy = 200 puf, By = 25 ohms. Coupled to it with a
mutual inductance of 20 uh is a secondary circuit of L, = 200 gh and
R; = 10 ohms. Find the value of C; in order that the secondary current

3 Electronics, vol. 1, p. 279, September, 1930,
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shall be a maximum if the frequency of the impressed signal is 10% cycles.
How does-this value of C; compare with the value that would be needed to
resonate with L, if the antenna circuit were absent?

7. In Problem 6 the cffective height of the antenna is 4 meters and the
intensity of the received signal is 10 millivolts per mecter. What is the
voltage across C; when the latter is adjusted for maximum received current?

§. The antenna circuit of a short-wave receiver has a resonant frequency
of 2000 ke. The secondary circuit is coupled to the antenna with a coeffi-
cient of coupling of 0.2. 'To what frequency must the secondary be tuned in
order ti:at the secondary current shall be a maximum for a signal frequency

of 6000 ke? The effective Q of the antenna circuit

I is 10 at this frequency.

(43 M 9. The antenna coupling system of a transmit-
a ting station is shown in Fig. B and it is desired to

L, L, ¢, make the impedance looking into a and b equal to

& 1000 ohms, pure resistance, by proper adjustinent of
" In and M. The antenna has a natural frequency

of 108 cycles and a resistance of 50 ohms with L.
and C, both removed. Since it is desired to operate at 10° cycles, a con-
denser C; of 0.0002 uf is inserted in scries with the antenna and L. is
adjusted to resonate the antenna cireuit to this frequency. The tank circuit
L,C, is then coupled to the antenna circuit and adjusted, 'y being 0.002 uf.
The apparent @ looking into the terminals of coil Ly is constant as M
and L, are adjusted. The actual resistances of L, and L, are negligible.
Find the necessary values of Ly, Ly, and M.

10. If 1000 volts at 108 cycles is impressed across @ and b in Problem 9,
find the antenna current and the currents in L and C\.

11. An output transformer has the following constants at 400 cyeles:
Z, = 4850 + 765,000 ohms, Z, = 6.5 +j88 ohms. With Z, short-cir-
cuited the impedance looking into Z, is 3.91 + 2.4 ohms.  What is Zm?

12. A load of 10 ohms resistance is connccted across the secondary of the
above transformer. If 100 volts at 400 cycles is impressed across the
primary whkat will be the current in the load? What will be the primary
current? What will be the power input and output?

13. Show that in the casc of a coupled circuit having identical primary
and secondary constants, as in IFig. 61, the expression for the secondary
current is given by

Fig. 3.

EkQ?
v o -+ )]

where fo is the natural frequency of the primary and secondary alone.

Iz=



CHAPTER V
OSCILLATORY CIRCUITS

38. Free Oscillations and Mechanical Analogies.—The circuits
discussed in the preceding chapters may be looked upon as cases
of forced oscillation.  An external voltage of fixed frequency was
impressed on the circuit so that the steady-state current which
resulted was always of a frequency dictated by the source. The
problem is analogous to the casc in mechanics of a pendulum or a
mass supported by a spring which is acted upon by a periodic
recurrent force. The fundamental period of the resultant motion
will be the same as that of the applied force. The amplitude of
motion, which is analogous to the current in the electrical case, will
depend upon the magnitude of the force and its frequency relative
to the natural frequency of the vibrating system. When the
disturbing force is of the same frequency as the natural oscillatory
period of the system a relatively large amplitude of vibration
can be set up by means of an extremely small force. This is
exactly analogous to the case of series resonance. Thus, if a
resonant circuit is electrically disturbed it will oscillate at its
resonant frequency. The frequency of this free oscillation,
however, is affected to some extent by the resistance in the circuit.

The differential equations of the electrical circuit have their
exact equivalent in mechanics; inductance being equivalent to
mass, resistance to friction, and capacitance to compliance,
the reciprocal of stiffness. Mechanical analogies have been
extensively used to explain electrical-circuit behavior, but in
recent years electrical-network theory and methods of analysis
have progressed to such a degree that the complex prob-
iems of mechanical vibration, such as are met with in the design
of various acoustic devices, are being handled by means of their
equivalent electrical networks. This method of attack has
been responsible for marked strides in the field of applied
acoustics. '

39. Charge of a Condenser through an Inductance and Resist-
ance in Series.—If a source of potential, such as a battery, is

95
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applied to a circuit composed of R, L, and C in series by closing
the switch S in Fig. 66, the impressed voltage at any instant is
given by )

1R+L +C (1)

where ¢ is the charge on the condenser in coulombs.  Since
= [idt
(1) becomes

di
E =1R +LE_t+Cdet

which upon differentiation is

dl

v R+I

TR L C (2)

This is a linear differential equation of the first degree and of the

second order (contains second derivatives), with constant coeffi-

cients. All linear differential equations have as their solutions
an cquation of the form

[—’V\/\/\/\/—/W 7, - A kt (3)
\—4|l|l _‘ where A and k are constants whose values

arc determined by the limiting physical
pogg Ofﬁk—%‘"ﬁg com- conditions of the problem. Equation
series connected to asource (3) is only the type form as there are
;’;if:}fegfial by means of glways as many terms in the complete
solution as there arc units in the order of
the equation—in this case, two. The complete solution may

then be expected to be of the form

i = A 4 A 4)
Differentiating (3) twice

_—= kt
7 Ake
(5)
d*
= Al2ekt

and substituting (5) and (3) in (2),
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0 = RAket + LA + Zl,Ae"‘
- Ae“<Rk L+ %,) 6)

Neither 4 nor ¢! can be zero, for this would mean by (3) that the
current is zero for all values of time, and the problem has no
significance. Therefore it follows from (6) that the remaining
factor is zero, so that

Lk2+Rk+é=0

or
f 41
J— + | — =
k IE L, \I B q
2L
from which
—R + 4 |R* - e
o= o
; 1T (7)
—R — (R - =
ko = _\'f,_ 14
: 2L
Substituting (7) in (4),
-R+ \/Rz—% —R- \/Rz—%"
i= A 2L 4 A ! )

In order to determine the two values of 4 indicated in (4)
another relationship is needed.  The voltage across the condenser
is K. = ¢/C and from (1) is

di

E.::E—ZR—Ld—t

=F — (A 16k'l + Azékﬂ)R = L(Alklék” + Agkgek”) (9)

Since the current through an inductance cannot change instan-
taneously, it follows that when ¢ = 0,7 = 0. At the instant the
switch § is closed the entire impressed voltage appears across L
and E; = 0 when t = 0. Therefore, from (4)
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and (9) becomes

0 = E - L(Alkl + Agkz)

or
E = A\L(ky — ks)

since A; = — A4, Substituting the values of &k, and ks from (7)
in the above we get

A1 = = E

Ve -
z (1)
4, =

B 4L
2 _ 2
\/R C
Inserting these values of 4 in (8), the equation of the current is

b 4L 1 4L ]
E ¢ 2L352L | Lt AL 74 Vm"—c"% (12)

r= al
2
NI

Equation (12) can be expressed in hyperbolic form from the

z —Zz

relation sinh z = 6—2—, and an alternate expression for (12)
will be

A 420 1
i = —72—If—v 41'6 2L ginh 21\[ — %J ¢ (13)

Making the above substitutions in (9) with the relation

ez+e-r

cosh z = ———, the voltage across the condenser becomes

Rt

Y ’ \ - ‘4_L
\/};;—_411 Rsmh 2L\/R Xl -t 4

[, 4L 1 [, 4L\ .,
IR2 - 2 o 5
\,R ° cosh o\ 11’ T t.‘ (14)

Both (13) and (J4) contain the quantity \/R‘l - % and since
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R, L, and C may have any value, three possibilities arise:

Case I, R? > %
Case II, R* = 4—L—CL
Case 111, 2% < 4LCL

Case I is taken care of hy (13) and (14) and is illustrated in
Fig. 67 for a typical casc. The current through the circuit ulti-

i:q BN T—T_T 1 i—'['—_lj_'r_'_-l_— _lj—'\'" 7
2 T F-00wrs| |

2.0 — l ‘I—“ —\R=400hms 100

: ‘ _ | |Z=ioguh

. TS e
glo T I ]
£ | c
g 1.4 — 0§
12 - - 60 §
<10 —L:l - | /%/ I S
13 c . 5}
208 — ; f —_ 40 8
306 — ﬂ—'h+ —+— +—0 §

04 R —‘-« - —1208

02 —t_j _][_J._L-J__1> I;leo

0 111

et N B I I P 0
0 2 4 6 8 lO 12 14 16 18 20 22 24 26 26 30 32 34 36 38 40
Time in microseconds

Frg. 67.—Growth of current and voltage across condenser in a circuit contain-
4L

ing R, L, and C in series. Case I, R? > <
mately becomes zero and the voltage across the condenser becomes
equal to the impressed voltage.
Case IT results in an indeterminate form, since the quantity
under the radical becomes zero when R? = 4L/C, so that (13)
becomes zero divided by zero. Equation (12) may be written

pf ANmtE, 1 NE-
-] €L ¢t c

2L 1 [ 4L
2LN

The problem is to evaluate the quantity in brackets, which is of
the form
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st — 8t

8

when s = 0. This can be done by differentiating the numerator
and denominator with respect to s as follows:

dN/ds _ [te" + te"‘":|
3=0

aD/ds = i =2

Substituting this value for the bracketed expression in the above
equation for the current, gives us

i= 2 (15)

which is the expression for the current in a circuit such as Fig. 66
when R? = 4L/C. This is often referred to as the critical case,
in that the circuit resistance is just sufficient to prevent the cur-
rent from oscillating. Values of resistance equal to, or greater
than, this will cause the current to be aperiodic as shown in Fig. 67.
The critical resistance is analogous to the case of a ballistic
galvanometer, which, when shunted by a resistance of the proper
value (also termed the critical resistance in this case), will just
return to zero in the shortest possible time without overshooting
the mark.

In a similar manner the voltage across the condenser when
R* = 4L/C is found to be

Rt
E, = E[l - e”ﬁi@% + 1)} (16)

Case III results in a negative quantity under the radical
when R? < 41,/C, which can then be written

) 4L r If4L _‘2
\/R —TTINTE

From the relations existing between the hyperbolic and circular
functions, »z.,

cosh jz = cos
sinh jz = j sin z
(13) becomes
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—c 2L sinh JZIL\EL R%-¢
T R2
_ 21’/ _Re | 1 /4L 2. 17
= o R: 3L sin SINC R%-¢ (17)
VT -
Likewise, the voltage across the condenser in this case will be
Ee it 1 BL .,
T € 2L R
E. =E —"ﬁ{R sin 2L\/ <t +
T
1 [4L .
2 2.
\/ o R cos 2L\J — R t} (18)

Equation (17) shows that the current is of the form of the
produet of a sine term and a term which decreases exponentially

200
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Fia. 68.—Current and condenser voltage in a circuit containing E, L, and C in

series when a continuous voltage is impressed. Case III, E? < T

with time. It is plotted in Fig. 68, together with the voltage
across the condenser. It will be noted that the latter rises to a
value of almost twice the impressed voltage if the circuit resist-
ance is small. With R zero, the maximum value of E. is 2E.
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This should be taken into consideration in condenser tests where
the usual test procedure is to impress a high value of direct-
current voltage on the condenser. If the internal resistance of
the source is small, the inductance of the source, including the
leads, may constitute an oscillatory circuit and subject the
condenser to a peak voltage which will be nearly twice the sup-
posed test voltage.

The sine function of time which appears in (17) is equivalent
to sin wt or

411

Z,——I{

and the frequency of oscillation will he

1 1 I3
f= e~ i (19
It will be observed that the frequency of oscillation is affected hy
the resistance as was the resonant frequency in the parallel reso-
nance case. However, the expressions are not identical as will
he seen by comparing the expression with (16) of Chap. II.
If B is small compared to 4L/C, the approximate expression for
the current may be written

=
€ 2L sin

(20)

¢
- VIL/C VILC
The maximum value of current, neglecting the damping factor
€ 2L durmg the first quarter of the cycle, is given by
__ B
VL/C
By the definition of impedance, it is seen that the term /L/C is
of the nature of an impedance. It is called the surge impedance.
This factor limits the magnitude of the surge current that would
flow when a voltage is suddenly applied to a circuit composed of
L and C in series, such as a transmission line on open circuit.
40. Discharge of a Condenser through an Inductance and
Resistance.—If a condenser is initially charged and then allowed
to discharge through a coil having inductance and resistance by
closing the switch S in Fig. 69, the current at any instant will
be given by

(1)

max T
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. i L[
U. = 1R + Ld—t + EJ 1dt

This equation, upon differentiating, is identical with (2), and
hence its solution will be the same and will not be repeated here,
the only difference being in the boundary conditions. The impor-
tant case is where R? < 4L/C and the expression for the current
under this condition is

.

2B, _R 1 [4L .
— IW—E 2L sIn 2—L‘»\I,? — R*-t . (22)
T~ ® ' i

where E. is the initial voltage of the condenser. FPiu. 69.--

It will be observed that this expression is identical Condenser ¢

. . . . will discharge

in form with (17). The negative sign merely through L and

means that the current is opposite in direction to % when switeh
. S is closed.

the charging case.

Formerly, practically all radio transmitting stations cemployed
the oscillatory discharge of a condenser through an inductance
as the means of producing high-frequency currents.  The antenna
was usually coupled inductively to the circuit. Instead of the
switch S, some form of spark gap was used. The condenser was
charged by means of either a high-voltage step-up transformer
or an induction coil. The antenna current consisted of a
series of damped oscillations, one wave train being produced by
cach spark across the gap. Thesc high-frequency currents set
up an alternating electromagnetic and an alternating electrostatic
field surrounding the antenna which constitute electromagnetic
waves. These waves are radiated into space with the velocity
of light, as will be discussed later.

The coupling of the antenna circuit to the primary oscillating
circuit causes a complex oscillation in both circuits, which will be
considered in the following section.

41. Free Oscillations in Coupled Circuits.—If the condenser
C, is assumed to be charged in the coupled circuit of Fig. 70 and
is then allowed to discharge, the primary and secondary currents
at any instant will he given by

0 =4R + le_d?% + M% + Cllj 11dt (23)
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. diy | odiy | 1 (.
0= 7,2R2 + Lzm + MW + aflzdt (24)

Differentiating (23) and (24), and letting D stand for d/dt and D?
for d2/dt?, etc.,

0 = MD%, + (Lll)2 + RD + CL>“ (25)
1

0 = MD%, + <L2D2 + R:D + é—)iz (26)
2

To eliminate 73, apply the operator <L2D2 + R.D + Ci> to
2
(25) and MD? to (26). These become,

0= MD2<L2D2 FRaD + Ci>z + [L1L2D4 +
2

(RiLs + RoL) D + (ﬂ + RiBy + 9-2>D2 + (’i + 5‘>D
C2 Cl 1 2
1
+ 0102 71 (27)
0 = ]l[D2<L2D2 + R.D + Cl>12 + M?2D%, (28)
2

Subtracting (28) from (27) and multiplying by C.C: gives

CiCeo(LrLy — M¥)D%, + C,Co(R1Ly + R.L,)D%,
+ (CiLy + CiCoR Ry + C2L3) D%,
+ (CiBy + CalRo)Diy 4+ 40 = 0 (29)

By a similar procedure an identical equation can be obtained
for 4, The above expression is a linear differential equation of
the fourth order and its complete solu-
- tion involves the solution of a fourth-

degree algebraic equation. As we are

CIT Lf% Lz €2 more interested in the behavior of the

4 L2 T circuit from the standpoint of the fre-

F1e. 70.—Two oscillatory cir- qyencies of oscillation, an exact solution
cuits magnetically coupled. .

for the current will not be attempted.

If the circuit resistance is small, the frequency of oscillation
is but little affected, as previously shown. Neglecting the resist-
ances and expressing M in terms of the coefficient of coupling %,
(29) becomes

B, M R
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C.OLL(1 — K)ot + (CiLy + CoLa)oi +i =0 (30)

Assuming the resistances to be negligible enables the current to be
expressed by 7 = I sin wt. The derivatives of the current are

d* g
B —Jw? sin wi
d*% o
yri Tw? sin wt

Substituting these values in (30), we get

CchLng(]. — k")]w“ Sill wt — (Cllzl + 02112)10)2 Sin wi +
I'sin ot =0 (31)
or

lfjfzsz*— (}2 )f +1=0 (32)

where f; and f; are the resonant frequencies of the primary and
secondary. .
Solving (32) for f,

;= \/f’ + 2 + Vi = )+ RS
21 — k%)

(33)

which is identical with (29) of Chap. IV, since resistance has been
assumed to be negligible in both cases.

From (33) it is seen that there will be two frequencies present,
the higher value pertaining to the plus sign under the radical
and the lower frequency being given by the minus sign. If
the natural frequencies of the primary and secondary are equal

(C\L, = C,Ly) so that fi = f» = fo, (33) becomes

__Je

I=rzw e
As the coefficient of coupling approaches zero, the two frequencies
of oscillation approach each other. The two frequencies produce
beats in the resultant oscillations as illustrated in Fig. 71 which
depicts the currents in the primary and sccondary circuits when
they both are tuned to the same frequency. The larger the
coefficient” of coupling, the greater the difference in the two
frequencies, and the shorter the interval between beats. An
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excellent illustration of the behavior of a freely oscillating coupled
. circuit is given by the coupled pendulum shown in Fig. 72. The
two pendulums, individually adjustable as to length, are sup-

WWM/\ s

Primary current

F16. 71.—Currents in the primary and secondary of a coupled ecireuit when both
cireuits arc tuned to the same frequency.

ported by the horizontal string, the tension in which corresponds
to the degree of coupling between them. The pendulum initially
disturbed functions as the primary and communicates its motion
to the secondary, their motions being
analogous to the current. Beats are
produced in their oscillations in
exactly the same manner as in the
electrical case. By changing the
lengths of the pendulums the effects
Fig. 72.—Coupled pendulum 0f detuning one circuit or the other
model illustrating hehavior of may be observed.
coupled cireuits. 42. Spark Transmitters.—This
term is applied to transmitters which produce radio-frequency
currents by means of the oscillatory discharge of a condenser
through an inductance in series with a spark gap. Transmitters
of this type are practically obsolete and only a brief discussion of
them will be given. "The principles used are still employed in
high-frequency demonstrations using Tesla coils and similar
apparatus. High-frcquency currents produced in this fashion
are occasionally used in induction furnaces and in vacuum-tube
manufacture when it is necessary to heat the elements inside of
the glass bulb by eddy currents during the evacuating process.
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This method of producing high-frequency current is usually a
fruitful source of radio interference so that other methods are
usually employed.

The typical circuit of a spark transmitter is shown in Fig. 73.
When the key is closed the low-frequency alternating voltage £
is stepped up to about 10,000 or 15,000 volts by means of a
suitable transformer and impressed on the condenser C;. When
the secondary voltage of the transformer rises to the point where
it is sufficient to break down the gap, the condenser discharges
through L, and induces a voltage in Lj, which has been adjusted
so that the antenna circuit L2C, is in resonance with the primary
oscillating circuit. The antenna current will have the general
appearance of the secondary current in Fig. 71, which means that
two frequencies are being radiated. This is highly objectionable
as it causes the station to occu-
py too wide a frequency band /(ey Sparkgap

which would produce considerable

interference with other stations, # :“'
.Sfep -up

and also because the total encrgy -
is subdivided, a portion being transformer =

. radiated "at one frequency and Fia. 73.—Circuit diagram of a spark
the remainder on the other, with transmitter.
consequent reduction in the range of transmission. The fre-
quency band may be narrowed in width by reducing the coupling
between L, and L, but weak coupling must be used before very -
much improvement is produced, which appreciably reduces the
radiated power. If the primary circuit could be prevented from
oscillating after all of its energy has been transferred to the
secondary, the beats present in the secondary current would be
eliminated and it would then oscillate at a single frequency
which would be damped out at a rate governed by the antenna
constants. This can be accomplished by the use of a gap whose
resistance rises to a very high value as the amplitude of the
primary current diminishes and which remains sufficiently high so
that it is not re-ignited by the voltage induced from the secondary
coil L;. A rotary gap consisting of a toothed wheel rotating
between fixed electrodes is of assistance in accomplishing this
result. In some commercial types of transmitters the gap wheel
was mounted directly on the shaft of the alternator which supplied
power for the set. 'There would be as many tecth on the wheel as
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there are poles on the alternator so that synchronous operation
would result, producing one spark per half cycle. Another
type, known as the ‘“quenched gap’ is more satisfactory. It
conSists of a number of flat copper disks, separated by insulating
gaskets forming a series of airtight chambers in which the sparks
take place. The distance between each gap is short (from 0.01
to 0.02 in.) with a sparking area of several square inches. This
construction results in a rapid deionizing so that the gap re§ist—
ance rises rapidly as the current through it diminishes, which
causes a rapid damping of the primary, allowing the secondary
to oscillate without being reacted upon by the primary circuit.
As a further aid to rapid damping in the primary, the ratio of
C, go L should be kept as large as possible. The damping factor
t

¢ 2L will become greater with a fixed value of R as L is reduced.
The ideal condition would be for the primary to be discharged
in a single large aperiodic impulse. All of its energy would then
be transferred to the secondary during this single impulse,
thereafter allowing the secondary to oscillate freely without
interreaction between the two circuits. Under this condition
there is no need of tuning the primary circuit. Transmitters
approaching this mode of operation were known as ‘‘impulse
transmitters.” An aperiodic primary could be obtained by
increasing the primary resistance so that R? is greater than 4L/C,
but this would cause most of the energy to be dissipated in I2R
loss. Even with a gap capable of good quenching action the
coupling between the primary and secondary oscillating circuits
must not be too tight, or re-ignition of the gap will take place.
The step-up transformer used to charge the condenser C; must
be designed with poor regulation as the breakdown of the gap is
virtually a short circuit of the transformer sccondary. In addi-
tion to the excessive current that would flow, there would be a
tendency to maintain an arc across the gap which would prevent
the gap from acting as a switch whose opening and closing at the
proper points of the cycle allow the condenser to charge and dis-
charge. This poor regulation on the part of the transformer is
usually obtained by designing it to have high leakage flux between
the primary and secondary. This can be accomplished in a core-
type construction by winding the primary on one leg and the
secondary on the other, sometimes augmenting the leakage by
a magnetic shunt across the primary. A suitable external
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reactance in series with the primary can accomplish the same
result. A considerable portion of effective series reactance is
obtained in the relatively high internal synchronous reactance
present in the 500-cycle alternators usually employed with com-
mercial types of spark transmitters.

This high value of frequency was used so as to make the
received signals clearly audible through the noise due to atmos-
pherie disturbances, such as statie, and to take advantage of the
greater sensitivity of the human ear at the higher audio fre-
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Fig. 74.—Received signal before and after rectification by the detector.
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quencies. With either the synchronous rotary gap or the
quenched gap, one spark per half cycle is produced giving rise
to one oscillation or wave train in the antenna for each spark.
A similar oscillatory voltage is induced in the recciving antenna
by the impinging electromagnetic wave. This oscillation passes
through the tuned circuits of the receiving set and is impressed
on the detector. The ideal detector would be a perfect rectifier
which would remove the lower half of the reccived oscillations
as shown in Fig. 74. If a pair of telephone receivers are con-
nected in series with the rectifying device, the average value of
current through them would be similar to the dotted curve.
The by-pass condenser across the telephone receivers serves to
integrate the succession of rectified half waves of the train nto
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the single dotted impulse. Each wave train produces a single
impulse in the receivers so that a 500-cycle spark transmitter
producing two wave trains per cycle will cause a 1000-cycle tone
to be heard in the telephone receivers whenever the key at the
transmitter is depressed. The dots and dashes of the telegraphic
code can thus be formed. .

Where only 60 cycles was available, a nonsynchronous rotary
gap was used. This produced a number of sparks per cycle,
enabling a desirable high-pitched note to be obtained. The
number of sparks per second depended upon the speed of the disk
and the number of teeth. The setting of the gap electrodes in
this case had to be short enough to permit the gap to break
down at voltages much lower than the peak value, otherwise a
ragged note would be produced. This type of gap was popular
with the amateur radio fraternity prior to the introduction of
vacuum-tube transmitters using continuous waves.

The power requirements of a spark transmitter can be deter-
mined from the energy stored in a condenser which is given by

W = 4CE? joules (35)
The power in watts required by the condenser, which is equal to
the necessary rating of the transformer, will be

_nCE*®
T2

(36)

where C is the capacitance of the transmitting condenser in farads,
n is the number of charges of the condenser per second, and E is
the voltage across the condenser at the instant the gap breaks
down. If one spark occurs at each alternation of the power
supply, n will be equal to 2f.

43. Radio Interference from Electrical Sparks.—From what
has been said in the preceding sections on oscillating circuits it
will be seen that whenever an electrical circuit is made or broken,
an electric oscillation may be set up. All circuits possess induc-
tance and capacitance—either distributed, or with respect to
ground in the case of the latter—so that these circuits are all
potential transmitters. Fortunately, the transmission range of
these disturbances is usually not more than a few hundred feet,
but in some cases the oscillations may be transmitted along
vower circuits for considerable distances, and radiate energy
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which may be picked up by a sensitive receiving set anywhere
in the immediate vicinity of the conductors. The ignition system
of every automobile is a mobile transmitter with a transmitting
range of several hundred yards at frequencies of 107 cycles and
higher, unless it is equipped with its own receiving set, in which
case flters and suppressors must be employed in the electrical
system to reduce the noise produced by these unwanted oscilla-
tions. The suppressors used in the spark-plug leads are high
resistances which not only render the circuit nonoscillatory but
also reduce the steepness of the impulse. A single aperiodic
impulse is capable of sctting up an oscillation in the resonant
circuits of a receiving set if the wave front of the impulse is steep
cnough. In other words, merely preventing oscillations from
oceurring in electrical circuits is no assurance of freedom from
noise in adjacent receiving sets. From the standpoint of radio
interference direct-current circuits are usually much noisier than
alternating-current circuits, largely because of the continuous
interruption of portions of armature circuits in the process of
commutation.

44. Limitations of Spark Transmitters.—In addition to the
possibility of radiating energy at two adjacent frequencies due to
improper adjustment, spark transmitters produce a great deal
more interference with each other than do the continuous-wave
transmitters which have replaced them. This is due to the
damping present in their transmitted waves; the more rapidly
the oscillations in the antenna circuit die out, the more difficult
it becomes to tune out the particular transmitter. The reason '
for this can be best understood by the exactly analogous case in
sound. Suppose we have a stringed instrument, such as a piano,
in a room and produce a sustained musical tone by some other
instrument. The string on the piano which is tuned to the same
frequency as this tone will respond, while those closely adjacent
will respond to a much lesser degree. The sound waves produced
by the sustained tonc are impinging on all the other strings as
well, but get into interference with them and oppose their natural
vibratory motion as often as they assist it, so that the motion of
the other strings is negligibly small. The initial impulse of the
sound wave struck all of the strings, which would have set them
into vibration at their own natural frequencies if it were not for
the interference caused by the subsequent timed impulses of
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the disturbing musical tone. However, if a loud noise is pro-
duced in the room, such as a shout or the dropping of a heavy
object, all of the piano strings are set into vibration. This is
exactly similar to the cffect of static on a number of receiving
sets tuned to different frequencies. The irregular impulses
of static set the various receivers into oscillation by impact
excitation and cach receiver oscillates at a frequency dictated
by its own ecircuit constants. Consequently, static and other
similar irregular electrical impulses will be received regardless
of the tuning adjustments of the set. Very strongly damped
oscillations from a spark transmitter will act in the same fashion
and will be heard in the receiver even when it is tuned to a fre-
quency remote from the interfering oscillations. Use was made
of this in transmitting distress signals. The radio operator would
increase the coupling in the transmitter which would  broaden
the transmitted wave considerably, since it would now contain
two peaks and the damping in the antenna circuit would be
increased, owing to the added resistance reflected from the pri-
mary oscillating circuit. The possibility of the signals being
heard was thereby increased. Much of the electrical interference
discussed in the preceding section is usually strongly damped
in character so that the noise is spread over a considerable portion
of the tuning dial without a very well defined maximum.

Another point of view which is of use in understanding the
inability of selective tuned circuits to discriminate against
irregular impulses is to consider the latter to be resolved into a
Fourier series of an infinite number of harmonies. Tuning the
receiving circuit to various frequencies merely resonates it to one
of these harmonics. The absence of static at the very high
frequencies (5 X 107 cycles and higher) is then explained by the
almost negligible magnitudes of the constituent harmonics in
this range of frequencies.

As the damping in spark signals becomes less, the sclectivity
at the receiving end improves. With zero damping we have
a “‘continuous wave” and the selectivity then depends only upon
the sharpness of resonance of the tuned cireuits cmployed in the
receiver. Zero damping is impossible with spark excitation
owing to the resistance present in the antenna cireuit.

The energy radiated by the electromagnetic waves can be
accounted for by considering the antenna resistance to be
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increased by an amount sufficient to take care of the radiated
energy. This radiation resistance of the antenna augments the
ohmic resistance and the resistance due to dielectric losses in the
clectrostatic field of the antenna. The total antenna resistance
will be

Ra = Ro + Rd + Rr (37)

the three components being ohimic, dielectric, and radiation
resistance, respectively.

The amount of damping present in the antenna circuit may be
determined by the sharpness of resonance of a
suitable tuned-circuit indicator, such as a wave
meter.! The latter is merely a coil shunted by a
variable condenser, with a suitable indicating
intrument . in series, as shown in Fig. 756. A
hot-wire or a thermocouple instrument is usually _ Freé. 75.—

Wave meter
used. circuit.

The coil of the wave meter is looscly coupled to
the eireuit to be measured and resonance is indicated by adjusting
the condenser for maximum deflection of the indicating instru-
ment. The device may be calibrated to read the frequency, or
clse the wave length in meters. The relation between these two
is given by

N == = 1885+/LC (38)

¢
f
where A is the wave length in meters, ¢ the velocity of light in
meters per second (approximately 3 X 10%), f is in cycles, and L
and C are microhenrys and microfarads, respectively.

If the circuit is strongly damped, the sctting of the wave
meter condenser for maximum current will be quite broad. In
fact, when the wave meter is coupled to a primary oscillating
c¢ircuit having good quenching aection, it is almost impossible to
determine the frequency with any accuracy.

Spark transmitters are seriously limited as to power output
at radio frequencies much above 1500 kc. As the operating
frequency rises and C, stays fixed, L, will have to be reduced
until it is too small to furnish adequate coupling with L.. Reduc-
ing C; will reduce the power in direct proportion unless the trans-
former voltage is raised at the same time, which introduces
insulation difficulties and complicates the spark-gap design.

L Bur. Standards Circ. 74, p. 187.
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Problems

u/l A 4-uf condenser is connceted across a 1000-volt source of direct cur-
rent. The total inductance of the leads and source is 2 uh and the resistance
of the circuit is negligible. What will be the maximum instantaneous cur-
rent flowing through the condenser? What will be the maximum instan-
tancous voltage across the condenser? What is the minimum value of
resistance to be placed in series with the condenser so as to prevent the
condenser voltage from exceeding 1000 volts?

2. In the aperiodic case of the growth of current in a circuit containing
R, L, and C in scries, prove that the current reaches its maximum value

in a time
4L
i S —
L E+ \/R C
Y T —
2 _ M _ » _
\/R C R \/R 0 _
'/3. A surge generator used to produce artificial lightning for test purposes

is constructed of 20 condensers each having a capacitance of 0.25 uf. The
circuit is so arranged that the condensers are all charged in parallel to 100,000
volts and then are connected in series and discharged through a circuit
composed of a resistance of 260 ohms iu series with an inductance of 200 xh.
How long a time will be required for the discharge current to reach its
maximum value?

~“4. What will be the maximum value of the current in Problem 3?

6. The primary oscillating circuit of a 500-cycle spark transmitter is
adjusted to oscillate at a frequency of 500 kc. The capacitance of the
condenser is 0.01 uf and the effective resistance of the circuit is 1.5 ohms,
which may be assumed constant. If the condenser is charged to 15,000 volts
when the gap breaks down, what will be the effective value of the current
in the circuit? What power must the transformer supply? What is the
maximum value of the current, neglecting resistance?



CHAPTER VI

FUNDAMENTAL PROPERTIES OF VACUUM TUBES

45. Introduction.—Much of the rapid progress in electrical
communication in recent years has been due to the thermionic
vacuum tube. In addition to their applications in this field they
. have become an indispensable tool in many types of research
work. Thermionic tubes are also being used to an increasing
extent in various industrial control applications, particularly in
conjunction with photocells. ,

The physics of the vacuum tube has been rather extensively
treated in the literature and only a brief discussion will be given
here.  For a more detailed treatment containing an extensive
bibliography the reader is referred to Chaffee’s “Theory of
Thermionic Vacuum Tubes.”

The ordinary type of vacuum tube consists of a cathode capable
of emitting electrons when heated, an anode or plate which is
held at a positive potential so as to attract the electrons, and
some means of controlling their flow, usually by one or more
electrodes placed between the anode and cathode. These elec-
trodes are enclosed in a suitable evacuated container. Tubes
are classified as diodes, triodes, tetrodes, pentodes, etc., depending
upon the number of electrodes present. Most of these types are
very highly evacuated, although some contain small amounts of
gas or metallic vapor so as to produce certain operating character-
istics. Thyratrons and grid-glow tubes are examples of the latter.

46. History of the Thermionic Tube.—I'or several years,
heginning in 1882, Elster and Geitel had studied the conduetivity
of a gas in the vicinity of heated solids and flames, and while in
some of their later work they actually used a two-element vacuum
tube consisting of a plate and an electrically heated carbor
filament, they did not mention the possibilities of the device as
an alternating-current rectifier, although they had noted its
unilateral conductivity. The use of alternating current was
quite limited at this early date so that the need or uses of rectifiers
were not appreciated.

115
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Edison, in 1883, observed that if a plate sealed in the incan-
descent lamp, which he had recently developed, were connected
to the positive end of the filament through a galvanometer, a
current would flow. If the galvanometer lead was connected to
the negative end of the filament, no current flowed. This phe-
nomenon has been known as the Edison effect. In 1899, J. J.
Thomson showed that this current was due to the travel of
electrons from the filament to the plate. J. A. Fleming! in 1904
patented the two-clectrode vacuum tube, or “Fleming valve,”
as it was called, as a detector of high-frequency oscillations
through the rectifying action of the device.

In 19072 Lee de Forest made an important improvement in
the vacuum tube in the form of a third electrode or “grid”
introduced between the filament and the plate. This provided
a means of fundamental importance for controlling the flow of
electrons in the ‘““audion,” as he called the device. This control
electrode enables the three-electrode tube, or triode, to perform
its functions as an amplifier and oscillator.

Further improvements in industrial research laboratories
under Arnold and Langmuir followed, notably the use of a high
vacuum and the development of better types of filament. W.
Schottky,® in 1919, suggested the use of a second grid as an
electrostatic screen between the plate and control grid. This
“screen-grid”’ tube was further developed by Hull and Williams*
and began to be used in broadcast receiving sets in 1928. Prior
to this time the requirements of radio reception had been met by
a comparatively few types of general-purpose tubes whose chief
differences lay in the matter of filament voltage and power.
Shortly after the advent of the screen-grid tube other special-
purpose, multielectrode tubes began to appear in increasing
numbers, and for a variety of filament voltages, so that hundreds
of types are now on the market. A number of these merely
combine two or more groups of elements within a single bulb—
such as two triodes, or two diodes and a triode—which enables
a single tube to perform the functions of two or more individual
tubes. In 1935, a new construction whs introduced which

! British patent 24,850, Nov. 16, 1904.

2 . S. patent 879,532, filed Jan. 29, 1907,
3 Arch. Elektrot., vol. 8, p. 299, 1919.

4 Phys. Rev., vol. 27, p. 433, 1926.
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substituted an evacuated metal container for the glass bulb.
.This will ultimately bring about a reduction in the number of
tube types as many of the older varicties will not be duplicated
in the ‘“all-metal’ design.

The first patent disclosure of the oscillating properties of the
vacuum tube by Meissner® stimulated activity in the develop-
ment of tubes capable of handling considerable amounts of power.
Credit for this discovery is also attributed to Armstrong and
de Forest in America, and Franklin and Round in England.
The art was developing so rapidly that it is difficult to determine
where the credit belongs, as a considerable period of experimental
work usually precedes the date of patent application.

The engineers of the American Telephone and Telegraph
Company and Western Electric Company used about three
hundred 25-watt tubes in an experimental test with radio teleph-
ony at the Naval Station at Arlington, Va., in 1915. They
succeeded in being heard in Paris and also in Honolulu.  Encour-
aged by these results the research divisions of these organizations
began experiments with a view of increasing the power rating
of the tubes, as the use of a large number of small tubes in
parallel as oscillators, modulators, and amplifiers is ineflicient
and rather inconvenient. In the ordinary type of construction
using an internal plate, all of the heat developed at the plate by
electronic hombardment must be dissipated by radiation, which
limits the maximum rating of the tube to about 2 kw. The
development of a method of =ealing copper to glass by W. G.
Housekeeper enabled a new form of construction to be used.
The plate was a copper tube welded into a glass base and formed
a portion of the containing envelope. This design enables the
plate to be water-cooled and permits the construction of tubes
having a rating of 500 kw. A water-cooled grid of tubular
construction is also used in this size.

47. Emission of Electrons.—Elcctrons may be regarded as
minute negatively charged particles that are one of the con-
stituents of all matter. They have a mass of 9.035 X 107%¢ gram
and a charge of 1.59 X 10~1* coulomb. The giving off of elec-
trons from solid bodies may be accomplished by raising the
temperature so that the free electrons of the material are ejected

5 German patent, 291,604, Apr. 10, 1913.
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and escape from the surface tension of the body. 'This process
1s called thermionic emission. Only those electrons possessed of
a vclocity greater than a certain minimum value are able to
overcome this surface restraint and succeed in escaping. The
amount of work w represented by this escape is known as the
thermionic work function and represents the minimum amount of
kinetic energy the electron must have in order to pass through
the surface. The work w is ordinarily expressed in terms of a
potential V such that V times the charge e on the electron is
equal to w, or

Ve = w = Ym? , 1

where m is the mass of the electron and v is the minimum velocity
necessary to escape tle surface restraint. The equivalent
voltage V is called the electron affinity and is a measure of the
difficulty that electrons experience in escaping from different
materials. For tungsten it has a value of 4.52 volts.

The escaped electrons charge the space outside negatively
and leave the emitter positively charged, so that an clectrostatic
field is produced which tends to force the electrons to retur.
They would all eventually return to the emitting body in the
absence of any other positive charge in the vicinity. In the casc
of the ordinary type of vacuum tube the positive potential on
the plate attracts the eleetrons, giving rise to a thermionic current,
the magnitude of which depends upon the number of electrons
per second reaching the plate. This migration of electrons from
cathode to plate is equivalent to saying that a current is flowing
from plate to cathode within the tube, since our conventional
direction of current flow (which is a purely arbitrary assumption)
happens to be opposite in direction to the actual migration of
clectrons through the circuit.

The higher the temperature of the cathode or filament, the
greater the number of cleetrons which suceeed in escaping. 1f
- the plate is sufficiently positive with respect to the filament, all
.of the emitted electrons will reach the plate and a further increase
in plate potential will produce no increase in plate current.
This ‘saturation value of thermionic current per unit drea of
‘filament was shown by Richardson® to be

0. W. RicuarDSON, “Ymission of Electricity from Hot Bodies,”
Longmans, Green & Company, 1916.
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be
I, = AT?% T (2)
where 7T is the absolute temperature in degrees Kelvin, and b,
and A are constants depending on the emitting material. In the
case of pure metals A has the value of 60.2. The electron affinity
of the material governs the value of b, which is 52,400 for pure
tungsten.

If the plate potential is lowered, the intensity of the electro-
static ficld at the filament is reduced.  The field at this point is:
the resultant of two opposite forces, namely, the potential of the
plate, and the negative charges due to the swarm of electrons
surrounding the filament. This cloud of electrons constitutes a
space charge which causes the thermicnic current to fall below

p/
Ir, & =
:E, EPJ
=L&p
- Z
5 % £ Ep,
3 : -
o =1
® % 3 Ep,
S S
. a
/] 0 —
Plate voltage . Filament current

Fic. 76.— Variation of plate current with plate Fie. 77.—Variation of
voltage for various values of filament tempera- plate current with fila-
ture. ment current for various

values of plate voltage.

the saturation value I, as the plate voltage is reduced. This is
illustrated in Fig. 76 for several values of filament temperature
in the case of a diode. Ilach increase in filament current pro-
duces a higher value of saturation current since there are more
clectrons available.

The effect of space charge is illustrated in Fig. 77, using the
same circuit as before but making the filament current the inde-
pendent variable while the plate voltage En is held constant.
Saturation again occurs as the filament temperature is increased,
but it is now due to space charge as there arc abundant electrons
avaiiable. Raising the plate voltage to a value E,, immediately
increases the plate current to a higher saturation value. At
values of plate current less than saturation where the current is
limited by space charge, Child” has shown for the case where the

7 Phys. Rev., vol. 32, p. 498, 1011.
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cathode and plate are infinite plane surfaces that the theoretical
value of current is

I, =2336 X 10~ %-amp per square centimeter of cathode (3)
where d is the distance between electrodes in centimeters. This
expression shows that the plate current varies as the three-halves
power of the plate voltage. The derivation assumes that the
cathode is an equipotential surface and that the clectrons emerge
from it with zero velocity. For a cylindrical plate with the
filament along the axis, Langmuir has shown that

%
I, =14.68 X 10—"% amp. per centimeter length of cathode (4)

where 7 is the radius of the plate in centimeters. The diameter
of the filament is assumed to be negligible in comparison with the
diameter of the plate. The general expression for the plate
current where insufficient emission is not a factor is of the form

I, = KE} (5)

where K is a constant determined by the geometry of the tube.
At low values of plate voltage where the plate current is small,
the velocity of emission and ¢r drop (if present) in the cathode will
cause a deviation from the three-halves power and the character-
istic will frequently follow a square law in this region. The
potential of various portions of the filament with respect to the
plate will vary along the length of the filament if ¢r drop is present
in the latter. A similar deviation occurs at high values of plate
current due to inadequate emission from the cathode as satura-
tion is approached.

In addition to thermionic emission, electrons may be given off
by a body if it is bombarded by electrons or ions moving with
sufficient velocity. This is termed secondary emission and is of
importance in a type of tube known as the dynatron. Usually
secondary emission is a source of annoyance and has to be
guarded against in tube design.

A third form of electronic emission occurs when electromagnetic
radiation of sufficiently short wave length, such as x-rays and
ultraviolet light, falls on a body. This is known as photoelectric
emission and is the principle involved in photocells. The
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alkaline metals potassium and caesium exhibit this phenomenon
for wave lengths within the visible spectrum of light. The
emitting surface is usually a combination of various materials
chosen with the idea of improving the sensitivity within the
visible spectrum. While photocells arc a necessary adjunct to
television and talking pictures, a detailed discussion of their
theory and characteristics is beyond the scope of this chapter.
For such information the reader is referred to ‘Photoelectric
Cells and Their Applications’ by Zworykin and Wilson, and to
“Photoelectric Phenomena’ by Hughes and DuBridge.

48. Types of Cathodes.—The cathode of a vacuum tube may
be either in the form of a filament heated by the passage of current
through it, as previously mentioned, or of the indirectly heated
type. The construction of the latter usually consists of an
elongated metal cylinder of small diameter inclosing a heating
element. The heating element is a hairpin loop of tungsten wire
enclosed in a suitable refractory material, or to secure quicker
heating it is often coiled inside the cylinder and supported at
each end by insulating plugs. This type of cathode is widely
used in tubes for radio reception where only alternating current
is available for heating purposes as it greatly reduces the objec-
tionable hum that would be present when the filament type of
tube is heated by alternating current.

The indirectly heated or equipotential type of cathode would
be impractical if it were not for the existence of cmitters capable
of satisfactory emission at relatively low temperatures. It
would be almost impossible to secure the high temperature
required by tungsten or tantalum for reasonable cmission by
heating them indirectly unless a material were discovered for a
heater which had a considerably higher melting point than either
" of these two,

In the larger types of thermionie devices, particularly in mer-
cury-vapor rectifiers and thyratrons where a very large current
is carried, the watts required to heat the filament would be an
appreciable tax upon the overall efficiency of the device. If the
radiation loss at the cathode can be reduced, the emission effi-
ciency, expressed in amperes emission per watt of filament heating
power, can be considerably increased. One way in which this
can be accomplished is to use a ribbon type of filament coiled in
a flat spiral in a form similar to a clock spring. In this way
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each turn shields the other so that the heat loss by radiation is
mostly from the outside surface of the outer turn. The radiation
from the edges is small. This idea has been further developed -
in the case of equipotential cathodes by using a serics of con-
centric polished nickel cylinders which surround the cathode.
With this construction it is possible to bring the cathode to the
proper operating temperature with only 2 or 3 per cent of the
heating power that would be necessary if this heat shiclding were
not employed. From 0.5 to 1.5 amp. of emission per watt of
filament power can be obtained. Small holes are provided in
this “oven’ through which the electrons escape.

This type of design is of no use in high-vacuum tubes owing to
the effects of space charge. The electrostatic lines of force are
unable to crowd into these pockets and pull the electrons away as
fast as they are emitted, and the cloud of electrons which thereby
collects in these cavitics forms a space charge that repels the
further clectrons which are emitted and tends to drive them back
to the cathode. Conscquently, any method of heat shielding
designed to reduce the loss by radiation will also impede the
migration of electrons. Only when positive ions are present and
free to move into the cavity and neutralize the space charge will
the area lining the ¢avity emit all the clectrons it would if it were
fully exposed. In the mercury-vapor tubes using the above
form of cathode construction a continuous supply of positive
ions is formed by the collision of fast-moving electrons with the
vapor particles, and these ions neutralize the space charge so
that the migration of electrons is unimpeded.

This conservation of the filament heat requires appreciable.
time before the emitting surface reaches the proper operating
temperature. The time required ranges from 30 sec. to 30 min.,
depending on the size of the tube; the latter figure heing for a
mercury-vapor rectifier having a total emission of over 450 amp.
and requiring 330 watts for cathode heating.

The low-temperature emitters referred to above consist of a
. coating of the oxides of barium and strontium on a metal core.
This discovery was made by Wehnelt® in 1904 and is known as an
ozide-coated cathode. Tormerly the core material used was
platinum, but its expense led to a search for other materials.

8 Ann. Physik, vol. 14, p. 425, 1904.
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It appears that the core material may play some part in the
emission process and is not merely a supporting clectrical con-
ductor. Alloys of nickel and platinum are still used and give
very long life, 20,000 hr. being common with certain types of
tubes. The more usual material at the present time is pure
nickel; or alloys of nickel, such as  Konel’” which contains nickel,
cobalt, iron, and titanium. Cathodes of this type produce a
relatively large emission at low temperatures.  Most of the power
required to maintain the cathode at a given temperature is repre-
sented by the cnergy radiated as heat. The small loss by con-
duction is along the support and lead wires, since the cathode is
in a high vacuum. The energy radiated per unit arca varies as
the fourth power of the absolute temperature so that an emitter
such as tungsten which is normally operated at a temperature of
2400°K. will require considerably more cathode heating power
than oxide-coated cathodes of the same area whose operating
temperatures range from 900 to 1200°K. The melting point of
tungsten is 3655° K.

The active material is applied to the ribbon-shaped filament
by passing it through a thick aqueous suspension of very finely
divided barium and strontium carbonates. Several applications
are usually necessary to obtain a coating of the desired thickness.
The filament is passed through a drying oven after cach appli-
cation. In heater-type cathodes the carbonates are frequently
applied by a spray-gun. While the tube is being exhausted, the
cathode is heated to several hundred degrees above the normal
operating temperature which converts the carbonates into oxides
with the evolution of carbon dioxide. The high temperature also
serves to activate the cathode. This activation process, which is
more of an art than a science, is sometimes supplemented by
bombarding the cathode with positive ions by impressing a
positive potential of 100 to 200 volts on the plate before the tube
is highly evacuated.

The copious emission of electrons in oxide-coated filaments
seems to be from a layer of metallic barium only one molecule
thick which is formed on the surface of the oxide.®

A third form of emitter is the thoriated-tungsten filament.
These filaments consist of tungsten containing a few per cent of

9 J. A. BECKER, Bell Lab. Rec., vol. 9, p. 54, October, 1930; or Electrowics,
vol. 1, p. 390, November, 1930.
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thorium oxide, together with some reducing agent such as carbon.
They are activated after the tube has been thoroughly exhausted
by heating to a temperature of 2600 to 2800°K. for a minute or
more, after which the temperature is reduced to a value of 300
or 400° above the normal operating temperature of 1900°X. and
held there for some minutes.  The action of the high temperature
causes some of the thorium oxide to be reduced to metallic thorium
by action of the reducing agent and the subscquent heating
diffuses this thorium to the surface in much the same manner as
the barium layer in the oxide-coated filament. As the thorium
evaporates from the surface with use, it is replenished by further
diffusion from the interior of the tungsten.

This type of filament, while not having an emission efficiency
0 high as the oxide-coated type, is more rugged and may be used
with plate voltages which would cause the oxide-coated type to
disintegrate too rapidly. Thoriated filaments which have lost
their emission can frequently be reactivated, provided the
thorium content of the filament is not exhausted. The process
consists of impressing 350 per cent normal voltage across the
filament of the tube for about 15 sec., after which the filament
voltage is reduced to about 150 per cent normal for an hour or
two with the plate voltage removed. In the newer carbonized
types of filament the initial high voltage application is omitted.
If the loss of emission has been due to a poor vacuum, it is useless
to attempt reactivation. The film of thorium is chemically
very active and tubes employing these filaments must be very
thoroughly evacuated before they arc activated. Traces of
oxygen and water vapor are particularly detrimental. Positive-
ion bombardment will also destroy the surface film of thorium
so that a high vacuum is essential. This I's secured by vaporizing
within the tube some chemically active substance such as magne-
sium to absorb the residual gas just before the tube is sealed off
from the vacuum pump.

A recent improvement in thoriated filaments is to carbonize
the surface of the tungsten. This can be done by heating the
filament above 1600°K. in a hydrocarbou vapor at low pressure.
The vapor molecules which strike the hot surface decompose into
carbon and hydrogen. The carbon diffuses into the tungsten
forming a shell of tungsten carbide on the outer surface. The
gvaporation of thorium from the carbonized surface of the fila-
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ment is greatly reduced so that higher operating temperatures
can be used without deactivating the filament. At a tempera-
ture of 2200°K. the cvaporation of thorium is only about one-
sixth of that from a tungsten surface of the same temperature.
The higher working temperatures permissible with this type of
thoriated filament greatly increase the emission that can be
obtained from a given area of filament. The carbonized filament
also gives the thorium surface greater immunity from damage
due to positive-ion bombardment.

49. Comparison of Emitters.—The comparative emission
efficiencies of the three types of emitters are shown in Fig. 78.
The saturation current can be expressed with a fair degree of
accuracy in the form

I, = cPm (6)

where ¢ and 7 are constants for a particular filament and P is the
heating power supplied. Plotting I, against P on logarithmic
paper results in a slight departure from a straight-line relation-
ship. If the coordinates of the logarithmic paper are slightly
distorted, as is done in Fig. 78, a straight line will result. Graph
paper ruled in this fashion is known as power-emission paper.
Only two points arc needed to obtain the complete performance
of a given cathode, which, in addition to saving time, permits the
observations to be made at temperatures lower than the normal
value. This latter item is of considerable importance, as the
plate voltage required to produce complete saturation at normal
filament temperature will be excessively large and may ruin the
tube by reason of excessive plate heating.

The temperatures at the top of the figure apply only to tungsten
and thoriated tungsten. Oxide-coated cathodes vary consider-
ably as to color and roughness of the surface, type of core
material, cte., all of which affects the radiation so that a temper-
ature scale would apply to one particular type only.

As will be seen from Fig. 78, the oxide-coated cathode has the
highest emission efficiency. Commercial receiving tubes of the
filament type will ordinarily average about 600 milliamperes per
watt. - The efficiency of the heater type is much lower, ranging
from 30 to 100 milliamperes per watt, which is about the same as
the thoriated-tungsten filaments. Pure tungsten will vary from
2 to 10 milliamperes, depending on the life desired. Longer life
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is secured by operating the filament at lower temperatures and
thus reducing the rate of filament evaporation, which, of course,
reduces the emission efficiency. Thoriated filaments tend to
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Fic. 78.—Comparative emission efficiencies showing the relation between

cathode heating power and total emission for three types of cathodes.

The

temperature scale applies only to tungsten and thoriated tungsten.

lose their emission if operated below normal temperature with
the plate voltage at rated valte, as the diffusion of thorium to
the filament surface will not be rapid enough to make up for the

loss by evaporation.

power tubes.

This is particularly true in the case of
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Oxide-coated filaments usually have a longer life than the
other two types, particularly in the smaller tubes. Heater-type
cathodes are always oxide-coated because of the low tempera-
tures at which adequate emission can be obtained. It is more
difficult to scceure as high a vacuum which prevents the use of
oxide-coated filaments in the larger power tubes as these filaments
are readily injured hy positive-ion bormbardment. In this field
the thoriated filament is very satisfactory. Tungsten filaments
have to he employed in all of the high-power tubes as the ordinary
thoriated type is unable to withstand the very high plate voltages
used and the active layer of thorium is stripped off faster than
internal diffusion can replace it.

50. Effects of Gas.—As has bcen mentioned previously,
electrons traveling with sufficient velocity may, upon striking a
gas molecule, knock out one or more of its constituent electrons.
This has removed one or more negative charges from the gas
molecule, leaving it positively charged, or ionized. This process
is known as ionization by collision. The velocity needed by an
electron to ionize a gas in this manner is different for each gas
and is usually expressed in terms of the potential difference
through which an electron must fall in order to acquire the
necessary velocity. This potential difference is called the
tonizing potential of the gas. The ionizing potentials of most
gases range from 10 to 25 volts. The positive ions produced in
this way in a vacuum tube arc repelled by the plate and are
attracted to the negatively charged cathode. The mass of these
ions is very much greater than that of an electron—about 1840
times as great in the case of hydrogen—and if they are produced
in sufficient numbers and are subjected to a strong electrostatic
field, their bombardment of the cathode will cause it to dis-
integrate rapidly. The cathode is nearly always subjected to a
small amount of positive-ion bombardment, even in well-evacu-
ated tubes, as it is impossible to remove all traces of residual
gas.

The presence of these positive ions serves to annul the space
charge produced by the clectrons so that by using the proper
gas at a suitable pressure it is possible fo obtain saturation current
at comparatively low values of plate potential. This principle
is employed in the Tungar rectifier which uses argon at a pressure
of about 1 1h. absolute. With this device saturation currents of
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several amperes can be obtained with an internal drop in the
tube of only 5 to 10 volts. A heavy tungsten filament is used to
withstand the positive-ion bombardment, which is of reduced
intensity because of this low voltage drop. The filament tem-
perature is higher than that used in high-vacuum tubes, causing
the emission to be about ten times as great as ordinarily obtained
from tungsten. This is feasible only because the gas pressurc
within the tube is sufficient to reduce the rate of filament evapora-
tion to a nominal amount. The effect of positive-ion bombard-
ment can be shown in an interesting fashion in thesc tubes by
disconnecting one side of the filament heating eircuit while the
device is in operation. The bombardment is sufficient to keep
the opposite end of the filament white hot so that the tube con-
tinues to function.

The neutralization of the space charge by positive ions is also
used in the hot-cathode mercury-vapor rectifiers, which have
already been mentioned in connection with heat-shielded cath-
odes. These cathodes are oxide-coated and withstand the effects
of positive-ion bombardment only by virtue of the low internal
drop in the tube. It has been found that if this drop is kept
helow 25 volts, the velocity of the ions is not sufficient to injure
the cmitting surface.’® While these tubes are used in circuits
rectifying thousands of volts, it must be remembered that nearly
all of this potential is consumed across the useful load and that
the drop across the tube is only from 10 to 15 volts. It is exceed-
ingly important that the cathodes of these tubes be allowed to
reach operating temperature before the plate voltage is applied.
If the plate voltage is applied before the electron emission has
reached normal value, the internal drop in the tube will be
excessive and the cathode surface will be ruined. This is taken
care of in commercial applications by the use of suitable time-
delay relays.

A small quantity of metallic mercury is present in the evacu-
ated bulb so that the mercury-vapor pressure is governed by the
temperature of the coolest spot within the tube where condensa-
tion of the vapor takes place. Consequently, due consideration
must be given to the operating temperature of these tubes and
adequate ventilation must be supplied, as too high a temperature
will reduce the inversec or ‘“‘flash-back’ voltage that can be

A W. HuLy, Trans. A.I.E.E., vol. 47, p. 753, 1928.
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withstood, while too low a temperature will increase the internal
drop to the point where the cathode may be injured.

In the high-vacuum types of thermionic tubes the presence of
gas is highly objectionable because of the much larger internal
voltage drops present which would give rise to destructive bomn-
bardment of the cathode by the positive ions. The presence of
appreciable gas also causes erratic variations in the plate-current
characteristic. This was somewhat of an advantage when the
vacuum tube was first introduced, as these irregularities in the
characteristic greatly increased the sensitivity of the device as
a detector. The first de Forest audions were all poorly evacuated
or “soft” and would produce the characteristic bluish glow of
gaseous ionization, even with relatively low plate voltages. The
plate voltage and filament temperature had to be critically
adjusted for maximum sensitivity. As the technique of radio-
frequency amplification developed, the need for high sensitivity
on the part of the detector subsided and soft tubes as detectors
fell into disuse.

Gaseous types of cold-cathode rectifier tubes!! were formerly
used to a considerable extent in recciving setx and B battery
eliminators, but have since been

practically all replaced by the hot- t Ep; 5

cathode type. % 2
b1. Triodes.—The introduction of 2

the third electrode or grid between 8

the plate and cathode offers a means p

of controlling the flow of electrons to i

the plate. By making the potential / Ig,

of the grid negative with respect to o0+

the cathode the effect of the space Grid voltage

charge can be augmented, decreasing e 79, Variation of plate
I , and grid currents with erid
the plate current. . voltage in a triode.

If the grid potential is sufficiently
negative, the plate enrrent will be reduced to zero. The value
of grid voltage required to accompligh this is called the cut-off
voltage.

A positive charge on the grid partially neutralizes the space
charge, which increases the plate current.  With the grid positive,
some of the electrons are attracted to it, causing a current to

1V, Brsu and C. G. 8mrtr, Jowr. A.1.E.E.. p. 627, September, 1922,
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flow into the grid. As the grid is made increasingly positive,
the grid current continues to rise, and since the total number of
clectrons emitted by the cathode is fixed by the cathode tem-
perature, the plate current ultimately begins to fall as shown in
Fig. 79, particularly at low plate voltages. If the plate voltage
is increased to E,; the competition offered by the grid is corre-
spondingly less, resulting in a lower grid current and a higher
‘saturation value of plate current.

Since the grid is located closer to the cathode than the plate is,
a small change in the grid potential can offset a very much larger
change in the plate potential. If an alternating voltage is
applied to the grid it is then equivalent to the introduction of a
much larger alternating voltage inserted in the plate circuit.
This enables the tube to function as an amplifier.

52. Characteristic Curves of Triodes.—The plate current is
a function of both the grid and plate voltages, or expressed
mathematically

I, = f(E,, Ey) @)

It also depends on the filament current, but as this is usually
kept constant at rated value, the effect of variations in this item
will not be taken into account. The shape of the plate current
curves of IFig. 79 is similar to the diode of Fig. 76, and variations
in filament temperature will vary the saturation current of a
triode in a like manner.

Figure 80 shows a family of characteristic curves illustrating
the variation of plate current with grid voltage for various values
of plate voltage in the case of a typical triode of the heater type.
This group will be referred to as the I,-E, characteristics. The
only effeet of increasing the plate voltage is to shift the curves to
the left without changing their slope. If the plate voltage is
made the independent variable, as in Fig. 81, another very useful
group of curves is obtained, known as the I,-E, characteristics.
The tops of both groups of curves will ultimately bend over and
become horizontal as saturation is approached.

If the plate and grid voltages are simultaneously varied so as
to keep the plate current constant, a third group of character-
istics is obtained, as shown in Fig. 82. These show the relative
effects of the grid and plate voltages on the plate current of the
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tube and are of interest in that their slope defines one of the impor-
tant tube constants.
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63. Triode Constants.—The amplification factor u of a triode
is defined as the ratio of the change in plate voltage to a change in
grid voltage, the plate current remaining unchanged. The grid
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voltage change is seen to be in a direction opposite to the change
in plate voltage, 7.e., a decrease in plate voltage is offset by an
increase in the grid voltage. Mathematically, this definition
becomes

p o= —% di, = 0 (8)

and is equal to the slope of the curve in Fig. 82, which is negative
1 l T 1

Typé 56 Triode

Plate voltage Ep

Grid voltage Eg

Fra. 82.—Plate-voltage grid-voltage characteristics. The amplification factor
u is equal to the slope of the curve.

in the mathematical sense. Partial derivatives are used since the
third variable 7, is held constant. This is implied by di, = 0.
The slope at any point on the curves of Fig. 80 will be equal
to an increment of plate current divided by a corresponding incre-
ment of grid voltage and hence is of the nature of a conductance.
This has been called the mudtual conductance and is defined as
Gm = gie:," de, = 0 (9)
Recently the name grid-plate transconductance is being used to
an increasing extent for this quantity, using the symbol s., or,
more accurately, sp,, s0 as to fit in with the nomenclature which
had to be developed to take carc of multi-grid tubes. Trans-
conductance is defined as the ratio of a change in current in the
circuit of one electrode to the change in potential on another eclec-
trode, all other voltages remaining unchanged; or mathematically
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L _
Sik = 3o de =0 (10)
where 7 and k are the two electrodes in question.
The slope at a point on the I,-E, characteristic will be the
plate conductance g,. The reciprocal of this quantity is the plate
resistance which is defined as

1 e, _
= o = %, de, = 0 (11)

and is the apparent resistance offered by the plate circuit to a
small increment of plate voltage. This is not the same as the
resistance offered to the battery in the plate circuit as will be
seen from Fig. 83. The resist-
ance encountered by the bat-

-+
tery is g
v £
3\
E
R,,=I—’1=coto (12) %
& = ¢ cotg-rp
. Suoce Tyl
while that offered to an incre- Pl cot 0<Rp
mental change, such as a small ~
alternating voltage superim- L
posed on E,, is ' S R
0 £y Plate voltage
ro o= _A_el’ = cot ¢ Fic. 83.—Graphical determination of
p Af[p static and dynamic plate resistances of

a triode.
These two resistances will be
the same only if the characteristic is a straight line passing
through the origin. Equation (11) may be thought of as the
dynamic plate resistance while (12) is the. static plate resistance.
The former is the one with which we are chiefly concerned and
is the value implied whenever the plate resistance is referred to,
unless otherwise stated.

The variations in these ‘‘constants’ are shown in Fig. 84, for
a particular value of plate voltage. The values will be slightly
different for other plate voltages, but the general trend will be
the same. The amplification factor u remains reasonably con-
stant for a relatively wide range of conditions. The plate resist-
ance r, will be infinite at cut-off voltage and it again approaches
infinity in the vicinity of saturation, where the slope of the I,-E,
characteristic approaches zero. For a small variation of plate
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current, r, may be regarded as a constant with sufficient accuracy
for approximate calculations.

The cut-off voltage E, of a tube is defined as the value of
negative grid voltage required to reducc the plate current to zero
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Fra. 84.—Variation of amplification factor, mutual conductance, and plate
vesistance with plate current for a fixed value of plate voltage. Plate current
varied by varying grid voltage.

and is given by the approximate relation

E. - % (13)

The relationship existing among these various tube constants
is
Ae, A1, Ae,
= 8% _ 8% B¢ 14)
K= Re, ~ he, &1, 3% (14)
so that if any two are known the third can be determined.
b4. Expressions for the Plate Current.—The plate current of
a triode is a function of both the grid and plate voltages and may
be expressed by

I, = K(E, + nE,)* (15)

where K is a constant related to the plate conductance. The
quantity in parenthesis is termed the equivalent plate voltage.
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The expression assumes that the current follows the theoretical
three-halves power law. In actual practice the value of the
exponent varies from a trifle over uniiy to about 2.5.

The current can also be expressed as

3
I, = K'<E,, + %’) (16)

where K’ is a constant related to the mutual conductance g.,.
The quantity in parentheses in this case is called the equivalent
grid voltage. For small variations of grid voltage the character-
istic may be assumed to be linear and in this region the plate
current is given by

I, = %(Ep + uE, — ) 17

where e is the intercept of the I,-E, characteristic with the plate
voltage axis.

When the value of the exponent in the above equations is not
known, or if it varies appreciably over the operating range, an
analytical solution may be had by represent-
ing the characteristic in the form of a
Taylor’s series. This method of analysis
may be applied to any circuit containing a
nonlinear impedance, which is a circuit or
device which does not follow Ohm’s law. !

In addition to vacuum tubes, other examples 0 Ey VA
of nonlinear impedances are contact rectifiers  ¥ie.  85.—Voltage

. 0 and current relations in
of various types, saturated iron-core reac- g, ponlinear impedance.
tors, and certain nonmetallic conductors.

Assume that the characteristic of the nonlinear impedance is
represented by Fig. 85, and that we are operating about the
point (Eo, Io) by superimposing a small alternating voltage on E,.
The characteristic can be expressed as a power serles of the
form

Io + a(E Eo) + b(E .Eo)2 + C(E E'o)3
’ d(E — Eo)*+ - - - (18)

7

As many terms can be used as the accuracy of the solution
demands.
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To evaluate the constants, differentiate (18) with respect to
E, which gives us
dl
dE

The derivative dI /dE is to be evaluated at the point (Eo, Io) and
is equal to the slope of the characteristic at this point. Since
at this point E — E, = 0, (19) becomes

[diiEI’:|Eo.lo - (20)

and has the dimensions of a conductance.
The constant b is found by differentiating (19) with respect
to E, giving
d*l

=a + 2b(E — Eo) + 3c(E — Eo)*+4d(E — Eo)*+ - - - (19)

T = 2b + 6c(B — Eo) + 12d(E — B)* + - - (21)
which, when evaluated at the point (Eo, Io), becomes
1| 41
3|5, = @
The nth constant will be
17 d*1
ol =+ @
Substituting these values in (18) *
_ dl | dl PR,
I - Io + [EE’:Lo.lo( EO) + [dE2]Fo.lo (L LO) +
11 d®1 s drI
| = — )3 Jiad Ihadiind  — B 24
6|:dE3:|Eo,lo (E EO) + + m[dEn]Eo.lo (F LO) ( )

In the case of a triode either the equivalent grid voltage or
the equivalent plate voltage can be substituted for E in (24).
The application of Taylor’s series to a triode will be given detailed
consideration in Chap. XI.

bb. Vacuum-tube Notation.—In order to avoid confusion, the
following notation will be used so far as possible to designate the
various currents and -voltages in the circuits of the several
electrodes. The subscripts a, b, and ¢ will be used to denote
quantities in the exfernal filament, plate, and grid ecircuits,
respectively. The subscripts f, p, and g will denote internal, o1
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tube, quantities in filament, plate, and grid. Capital letters will
be used whenever possible for constant or direct-current values,
while small letters will be employed for alternating-current
values.

An illustration of this system is given in Fig. 86. The polarity
of the C battery in the grid circuit is purposely reversed so as to

—E
9

i 1p=lbfl'p

: ot lg=lctig

) eg Ey=Ec*8g
[

F1a. 86.—Illustration of vacuum-tube notation used.

bias the grid with a positive potential which will cause grid
current t6 flow. This is merely for illustration, as the normal
function of the (' battery is to hold the grid sufficiently negative
so that no grid current flows.

The voltage E. is termed the - . j—mfﬁ,«,

grid bias. ¢y 2 9 o peg %Eb
56. Equivalent Circuit of a + L iy I |

Triode.—If a small alternating Ep

voltage e, is applied to the grid ~ Actualcircuit Equivalent circuit

of a triode, as in Fig. 87, the Fie 87.—Actu:fl :x;(riis((;;ivalent circuits
alternating component of plate

current may be determined by assuming that the tube has an
e.m.f. ue, acting in the plate circuit through an internal resistance
rp.  The alternating plate current will be some function of the
alternating grid and plate voltages, which is expressed mathe-
matically by

i = f(en, €4) (25)
The total differential of this function is
. ai, 3y
di, = éa,de” + ae,,de”
= gyde, + gnde, (26)
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Since u = 7,¢m, (26) becomes

. 1
di, = 7_—(de + udey)
P

or
de,, de,
s + “gr (27)
From Kirchhoff’s laws
B, — e — e, =0
Differentiating,
dEb — deb — de,, =0
But as E, is a constant, dE, = 0, so that
de, = —de (28)
Substituting this value for de, in (27), we get
rp = —Zeb + u de” = —R + ude”
1p
or
. ude,
di, = A (29)
Integrating both sides,
L ue,
0 = —— A (30)

which is evidently the expression for the current in the equivalent
circuit of Fig. 87. Therefore a triode circuit can be handled as
though it were an alternator having an e.m.f. ue, and an internal
resistance r,. If the load in the plate circuit had been an
impedance Z, = R, + jX,, instead of a resistance, the current
would then have been

. uey
O il R 1
) rp + RBo + 7 X5 (31)
The scalar magnitude would be

vV (rp + Ry)? + X3

These expressions assume that r, and p remain constant as e,
varies, which is approximately true if the amplitude of e, is
small, or if the characteristic is made linear. For larger values
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of grid voltage, such as are impressed upon the grid of power-
amplifier tubes in a receiving set, r, may vary appreciably
throughout the cycle. In this case we must either resort to a
graphical solution or else use Taylor'’s series. Iquation (30)
is the second term in the series of (24) in the case of a pure resist-
ance load in the plate. The first term is the direct-current com-
ponent of plate current I,. The third, fourth, and higher order
terms of the scries represent the second, third, and higher order
harmonics of the plate current, assuming the grid voltage to be
given by e; = En sin wf. These higher order terms represent
distortion in the case of an amplifier, so that (30) gives the
amplitude of the fundamental component of the alternating plate
current. In the case of certain types of detectors and modulators
the third term of (24) is the useful one, since rectification is a
distortion process.

The equivalent circuit of Fig. 87 also neglects the effects of
capacitance between the various electrodes. These are of the
order of a few micro-microfarads in the ordinary receiving tube
and can be usually neglected except for high values of frequency.

57. Calculation of Triode Constants from the Structural
Dimensions.—The constants of a triode having plane electrodes
may be determined to a fair degree of accuracy from the follow-
ing expressions due to R. W. King.'2

p o 2 (33)

log. 2mpn

2.336 X 10—°4

S R N e

34)

where b, = distance from filament ta grid.
by = distance from grid to plate.
p = radius of grid wires,
n = number of grid wires per centimeter.

A = effective arca of plate.
all dimensions being in centimeters. Equation (34) gives the
value of the constant K in (15).

2 Phys. Rev., vol. 15, p. 256, 1920. Tar a comprehensive treatinent of
this subject the reader is referred to a paper by Quairo Kusuxosg, Caleula-
tion of Characteristics and the Design of Triodes, Proc. I.R.E., vol. 17,
p. 1706, October, 1929. '
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If the plate and grid are cylinders,

21rp2<—1- — l)n
u ==.74.,AJiLAAi£ELA, (35)
O 2mpn
—6
K - 1468 X 10 l\/p_p , 36)

where p, and p, are the radii of the grid and plate, and [ is the
length of the plate, all dimensions in centimeters.

In the case of a tube with plane electrodes the value of u
increases directly with the number of grid wires per unit of length
and with the distance from grid to plate. With cylindrical
electrodes, if all dimensions are constant except the radius of the
grid, (35) may be written in the form

2

p
M= C<Pt/ - J‘)

Pp

Differentiating this with respect to p, and setting the resultant
expression equal to zero, we get

e _ C<1 - 2&) ~0
dpg Pp
py = Yp» (37)

50 that p is a maximum in a triode with cylindrical electrodes
when the grid is placed midway between the cathode and plate.

58. Measurement of Triode Constants.—The values of u, 7y,
and ¢, may be determined graphically from the characteristic
curves of the tube by drawing tangents to the curves of Figs. 80,
81, and 82 and determining the slope at the points in question.
The accuracy obtained in this manner is not very great and it is
usually more desirable to measure these quantities dynamically
by means of a suitable bridge.

The amplification factor is readily determined by the circuit
of Fig. 88. The value of R, is about 10 ohms and R, is adjusted
for no sound in the telephonc receivers. The value of u is
given by

or
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R,
The condenscr C is sometimes necessary to balance out the inter-
nal tube capacitances and secure a good null point. The tele-
phone receivers are preferably conneected to the secondary of a
small step-up transformer offering low primary resistance to the
flow of the direct-current component of plate current. Shunting

(38)

Fic. 88.—Circuit for Fi16. 89.—Cireuit
the measurcment of p. for the measure-
ment of r,.

the telephone receivers across a low resistance choke coil is an
alternate method. The impressed aiternating voltage e should
be no larger than is necessary to secure a good balance.

The plate resistance r, can be measured by using the plate
circuit of the tube as the fourth arm of an ordinary bridge as
shown in Fig. 89. When the bridge >

is balanced, + 'ﬁ‘@
RyR; e~ ‘ =%
= 39 q t -
Tp Rl ( ) }_1, -

R; is about 10,000 ohms, or some
value comparable to r,, and R, is
fixed at 10 or 100 ohms. A balance
is secured by varying E,, which will
be comparable to K. in magnitude.
The variable condenser C balances
out tube capacitances as before. If r, is large, the value of C
needed may be inconveniently large, in which case C may be
shunted across Rs;. A choke coil or transformer should be used
with the telephone receivers, as in the measurement of u.

The mutual conductance can be measured by the arrangement
of Fig. 90. For a balance

Gk

F1a. 90.—Circuit for the measure-
ment of g
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R,

o _ ME _ [.LI]R;;
Ly = 1By T+ R v, + R,

If B2 can be neglected in comparison with r,, the above expres-
sion beconmes
B\ = £RsR; = gnRsR,
Tp
or '
R,
I = FF (40)
The variable condenser ¢ may be used to balance internal
capacitances, if necessary. The resistance E; can be varied to
secure a balance, while B3 may be a fixed value of 1000 ohms and
B, fixed at 100 ohms. The mutual conductance is usually
expressed in micromhos, so that with the above values of resist-
ance, ¢g. in these units will be ten times the setting of &,.
For an excellent discussion of the various dynamic methods of
measuring triode constants the reader is referred to “Theory of
Thermionic Vacuum Tubes,””13 Chap. 1X, by E. L. Chaffee.

Problems

- 1. The tungsten filament of a3 power tube is 5.15 in. long and has a
diameter of 16 mils (0.016 in.). The operating temperature is 2500°K.
at which value the specific resistance of tungsten is 444.5 ohms per circular
mil-foot. What is the total saturation current? What is the filament cur-
rent if the potential across the filament is 11 volts?

2. The filament in the above tube is replaced with a thoriated filament
having the following emission constants: A = 5, by = 31,500. The oper-
ating temperature of the new filament is 1900°K. and the specific resistance
at this temperature is 321 ohms per circular mil-foot. The power required
to maintain this temperature is 18.6 watts per squarc centimeter. If the
filament voltage and total saturation current are to he the same as before,
find the length and diameter of the new filament. What will be the filament
current?

3. The characteristic of a triode is given by

I, = 0.0021(E, + n&,)? milliamperes

where » = 13.8. It is operated at a plate potential of 200 volts and a
negative grid bias of —12 volts. If a signal voltage of ¢, = 2 sin wt volts is
impressed on the grid, find the maximum, minimum, and average values
of plate current. What is the percentage of second harmonic current in the
plate circuit? What is the plate current when ¢, = 0?

13 McGraw-Hill Book Company, Inc., 1933.



FUNDAMENTAL PROPERTIES 143

4. A triode having plane electrodes has the following structural dimen-
sions in centimeters: by = 0.169, b, = 0.466. 1/n = 0.29, p = 0.01, 4 = 12.
What is the amplification factor? What is the plate current for a plate
potential of 100 volts and a negative grid bias of —10 volts, assuming the
plate current follows the three-halves power law? What is r,?

6. Design a planc clectrode tube having = 10 and r, = 10,000 ohms at
E, = 500 volts and E, = —5 volts.
~ 6. A choke coil in the plate circuit of a tube having an amplification
factor of 9 and a plate resistance of 9000 ohms, has an inductance of 10 henrys
and a value of @ = 8. What will be the alternating voltage across the
choke coil if a 60-cycle potential of 5 volts is impressed across the grid
of the tube?’

- 7. The choke coil of Problem 6 is shunted by a condenser so as to make the
combination a parallel-resonant eircuit. What willbe the alternating voltage
across the parallel circnit? What is the value of capacitance nceded?

8. A variable resistance R, is inserted in the plate circuit of the tube in
Problem 6 in place of the choke coil. What will be the maximum alternat-
ing-current power that the tube can supply to Ry if ¢, = 5 volts? What is
the value of R, for maximnum power?



CHAPTER VI1I

AUDIO-FREQUENCY AMPLIFIERS

69. Vacuum-tube Amplifiers and Their Classification.—The
amplifying action of a vacuum tube is due to the fact that a small
voltage applied to the grid is the equivalent of a much larger
voltage acting in the plate circuit of the tube. Almost any
amount of amplification can be secured by employing a number
of tubes in cascade, the amplified output voltage of one tube
serving as the input voltage of the next.

The basic circuit of an amplifier is shown in Fig. 91. The
alternating component of plate current ¢, flows through the load

T TPlateNcurrent

amplified Hin

L | fa
oy e || 1111
E Ep

. Voltage Zg| |Load
/.b fobe :%;

i—(‘)"' Grid voltage
{
!
|

’e»EC»l

F1G. 91.—Basic circuit and characteristic of a triode amplifier.

impedance Z,, which may be a loud-speaker, the primary of a
transformer, or any other device. The voltage supplied to the
load will be 2,Z5, and the voltage amplification will be

WA
- (1)

where ¢, is the signal voltage to be amplified. - There will also

be a voltage drop across the load due to the djrect-current com-

ponent of plate current 1, equal to IR, where R is the resistance

offered by the load to the flow of direct current. The purpose
144

4, =
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of the voltage E. is to bias the grid sufficiently negative so that
the instantaneous grid potential never becomnies positive with
respect to the cathode. If the grid were allowed to become
positive, it would attract electrons and a current would flow in
the grid circuit. The energy represented by this current has to be
supplied by the source of e;, which is usually objectionable.

Amplifiers may be classified either as to their frequency range
or as to their mode of operation. The former classification divides
them into audio-frequency, radio-frequency, and direct-current
amplifiers. Each of these groups may be further subdivided as
to the nature of the coupling between stages and other details of
operajion. The -classification as to the mode of operation
depends upon how large a portion of the characteristic is being
used. These groups are as follows:

Class A amplifiers are those operated so that the output-wave
shapes of the plate current are practically the same as those of
the exeiting grid voltage. The grid must not go positive on
excitation peaks and the plate current must not fall low enough
at its minimum to cause distortion due to the curvature of the
characteristic in this region. Most of the amplifiers used in
radio reception operate as Class A devices.

Class B amplifiers are operated with a negative grid hias
approximately equal to cut-off so that the plate current is almost
zero when the grid excitation is removed. With a sinusoidal
voltage applied to the grid, the plate eurrent consists of a series
of half-sine waves, similar to the output of a half-wave rectifier.
The grid usually swings positive on excitation peaks, causing
grid current to flow. Class B ampiifiers are used in radio-
telephone transmitters following the modulated stage. They
are also being employed as audio-frequency amplifiers using two
tubes which operate so that one tube amplifies the positive half
cycle of the signal voltage while the other tube amplifies the
negative half cycle. Class B operation is characterized by larger
power output and higher efficiency than Class A.

A Class C amplifier is one in which kigh output is the primary
consideration and is employed only in radio transmitters. The
grid is negatively biased to a point considerably beyond cut-off
so that the plate current is zero with no grid excitation. The
grid-excitation voltage used is large and is often sufficient to
cause the plate current to reach saturation on the positive swings,



146 PRINCIPLES OF RADIO ENGINEERING {Sec. 60

resulting in a large grid current. The power output and cfficiency
are both higher than with Class B operation.

Other intermediate modes of operation, such as Class AB, will
be discussed later.

60. Distortion in Amplifiers.—An ideal Class A amplifier would
produce a plate-current-wave shape that would be identical in
form with the impressed grid-voltage wave. Any distortion
present will cause the wave of plate current to deviate in form
from the grid voltage. The following types of distortion may be
present in any amplifier, either singly or together:

1. Amplitude distortion.

2. Frequeney distortion.
3. Phase-shift distortion.

Amplitude distortion is due to the production of new fre-
quencies in the output which were not present in the input. If
the signal voltage e, applied to the grid in Fig. 91 is sinusoidal,
the plate current will be a distorted sine wave unless the portion
of the characteristic covered by e, is linear. Any distorted wave
can be resolved into its fundamental and harmonics, and since
the latter are frequencies which were not present in the input,
new frequencies have been produced by the device. itself. The
signal voltage to be amplified is usually a complex wave consisting
of a number of frequencies so that in addition to the harmonics
of the impressed signal frequencies, the output will also contain
the sums and differences of thesc various frequencies. As
mentioned in Sec. 54 of the preceding chapter, the relation
between the signal voltage and plate current can be represented
by the series

Ip=lo+(le,;+be§—|—('eg-|—--- 2

TFor convenience we shall assume that the impressed signal is
composed of only two frequencies and is given by

e, = E, sin wyt + E; sin wst 3)
Substituting (3) in (2),

I, =1Io+ aEisin wit + aE; sin wat + bE] sin? wit + bE} sin? wol
+ 2bEE, sin wt sin wst + - - -
bL’g

I(] + + + aE1 sin w,t + GEQ sin wal
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— 2} ;2
— 1eos 2wyt — 22

5 5 08 2wyt + DE [y cos (w) — w0 —

b2 Ey cos (w; 4 wa)t + - - -+ (4)

The sum and difference frequencies are more objectionable forms
of distortion than the harmonics in the reproduction of music
as the former are usually discordant. The higher powers of e,
in (2) give rise to additional frequencies.

Another form of amplitude distortion may be caused by the
flow of grid current if the grid is allawed to become positive.
When the source of e, has appreciabke internal impedance z,,
the positive half cycles will be reduced in amnplitude by an amount

Fic. 92.—Amplitude distortion caused by the flow of grid current.

is2, which will distort the applied grid voltage in the manner
shown in Fig. 92.

Frequency distortion is the unequal amplification of the
various frequencies contained in the signal. It is due to the
frequency characteristics of the input and output circuits associ-
ated with the tube. For example, if the plate-circuit impedance
Zs 1s chiefly inductive reactance, the value of this impedance at
the lower frequencies will be smaller than at the higher values,
which causes the voltage amplification to fall off at the lower
frequencies.

Phase-shift distortion is the change in the relative phase
relations of the different frequency components contained in the
signal voltage. This shift in the phase of the constituent
harmonics may occur without necessarily changing their ampli-
tude relations, resulting in an output wave which is no longer
identical in shape with that of the input wave. Thisisillustrated
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in Fig. 93 for the theoretical case where the third harmonic is
retarded in phase by an angle which is 6 degrees more than the
retardation imposed upon the fundamental. This type of dis-

[nput Qutput
Fig. 93.—Effect of phase-shift distortion

tortion in amplifiers is also caused by the characteristics of the
input and output circuits and is accompanied by frequency dis-

tortion as well.
Assume a tube having an amplification factor of ux and an

internal resistance of r, to have a pure inductance Ls in the plate

/"eg =205 377 €+ 8sin 1131 volts

l;o'/0000"‘
x—‘ A
s L
“o9 400
v
1 ~ e
.5 e i =L105 5in (3774 5645
I Impressed voltage f«omas,f;;//m 77?4"))
milliamperes

N
0.5K@= =5645°. >1

Fundamental
Third harmonic,

Mllliamperes
5
<

ol- VL SCES UL e

S ! 9 ==----" 180° ==--
0= Resultant current

“"’3 305°"

Fig. 94.—Phase-shift and frequency distortion produced in the plate current by
an inductive lowd in the plate circuit of an amplifier tube.

circuit. The equivalent circuit is shown in Fig. 94, and the
voltage acting in the plate circuit is assumed to be composed of
a fundamerntal and a third harmonic given by the expression

= FE, sin ot + E; sin 3wt

The fundamental component of the plate current ¢, will lag
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behind the fundamental component of ue, by the angle ¢1, which
is given by
_, wLy
1 = tan—! — (5)
Tp
The third-harmonic component of the plate current 1,3 Will lag
behind the third harmonic component pe, by an angle

. ®)
Since 180 degrees for the third harmonic are only 60 degrees fo1
the fundamental, the phase shift 6 in fundamental degrees will
be ¢, — 15¢s.

Letting uwe, = 20 sin 377t 4+ 5 sin 1131¢ volts, 7, = 10,000
ohms, and L, = 40 henrys, the fundamental component of plate
current will be

iy = 208 BTTE = 60 _ s (377t — 56.45°) milliamperes
V2 + (wly)?

and

fe = 2SI (UBIE — 63) _ 00 (1131¢ — 77.54°) milli-

’\/TZ + (Bwly)?
amperes
The phase shift 6 will be

77.54°
3

0 = ¢, — %4)3 = 56.45° — = 30.6 fundamental degrees

These values are shown to scale in Fig. 94. 1In addition to
the distortion caused by phase shift, frequency distortion is also
present, as the ratio of the amplitudes of the third harmonic
and fundamental are no longer the same in the output as they
were in the input.

Phase-shift distortion is not scrious in audio amplifiers as the
car integrates the various components without regard to their
phase relations as long as the shift in phase. is not too great. In
long telephone circuits used to transmit chain-broadecast pro-
grams, phase-shift distortion may be appreciable owing to the
difference in the velocity of propagation of the various frequen-
cies. This is compensated for by the use of suitable networks
designed to have an inverse characteristic from that of the line.
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The compensation results in a brief delay which may be observed
ty tuning a radio set to a frequency midway between two broad-
casting stations which are transmitting the same chain program
on adjacent channels. The difference in time delay between the
two stations is clearly apparent on spoken announcements.

Phase-shift distortion would be highly objectionable in an
amplifier designed to increase the sensitivity of an oscillograph
because of the alterations that would be produced in the appear-
ance of the wave. In fact, an oscillograph test is a convenient
means of determining the amount of phase-shift distortion in an
amplifier.

61. Amplifier with Resistance Load.—The effect of the load in
the plate circuit is to straighten out the characteristic, as shown

O L.

o]
AL

Fig. 95.—Effcet of resistance in the plate circuit on the Ip,-E, characteristic.

in Fig. 95 for the case of a pure resistance in the plate cireuit.
As the grid voltage is increased from cut-off, the plate current
rises and the voltage drop across K, increascs, causing a reduction
in the plate voltage applied to the tube. Consequently, the new
characteristic will lie below the curve for B, = 0 and will approach
the horizontal axis as R, becomes enormously large. As this
limiting position is a straight line, it is evident that the curvature
in the characteristic must diminish as Ry is increased. Straighten-
ing the operating characteristic in this manner will greatly reduce
the amplitude distortion. The dotted curve in Fig. 95 repre-
sents the actual working characteristic with the load R, in the
plate circuit and is spoken of as the dynamic characteristic. The
characteristic of the tube itself with Ry =0 1is the static
characteristic. '

If an alternating voltage e, is applied to the grid of the tube the
alternating component of plate current will be

9 lu'e!l LR
i, = {
I 7‘1} + Rb ( )
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The amplified output voltage is ¢,Rs, so that the voltage amplifi-
cation is
1R uls
= =D 8
ey r» + R (8)

As R, approaches infinity, A, approaches u of the tube as a limit-
ing value. The increase in the voltage amplification as R, is
increased is given in the following table for a tube having x = 10

1.0 T T R
08 b = 1——% E

A 06 T 1 T — T

__‘_) |

A 04 — J[ Tt
o.z/ 1 1 4_1L—l —
O[__J‘__l-.]. 1 B I

0 | 2 3 4 5 6 1 & 9 10

Fra. 96.—Variation of voltage ampljfication as a function of Ry /7).

and r, = 10,000. Figure 96 shows the variation in amplification
in terms of the ratio of E; to r,. The increase ip amplification

& Ao
1,000 0.909
10,000 5.00

100,000  9.09
1,000,000  9.90

is rather slow for values of B, much above four or five times the
value of r,. Furthermore, large values of R, will consume the
greater portion of K in the form of I,R; drop, so that the plate
voltage E, across the tube may be only a small fraction of K,.
In order to secure high amplification with a resistance load in the
plate circuit, it is necessary to use a tube having a high value of
u, or else use several stages of amplifieation in cascade.

The expression for the voltage amplification in (8) assumes
that 4 and r, are constant as e, varies, which is true if the ampli-
tude of e, is small. In many cases it is necessary to obtain as
large an amplified output voltage as the tube and the allowable
distortion will permit. In these cases e, may be too large to
permit this assumption to be made without appreciable error,
so that a graphical solution is often used. This method of solu-
tion also has the added advantage of enabling the amount of
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distortion to be determined, as will be shown later. The dynamiec
I,-E, characteristic shown as the dotted curve in Fig. 95 can
be used, but this curve has to be constructed from the static
characteristics of the tube for each particular value of load resist-
ance that is tried. It is accordingly more convenient to use the
static I,-E, characteristics, which will avoid this difficulty.
The procedure is illustrated in Fig. 97 for the high-mu triode
portion of a 2A6 tube, which has an amplification factor of 100.

]

1.2 —

Plate current in milliamperes

0 [ | —1 il = LA
0 20 40 60 80 100 120 40 160 180 200 220 240 | 260 280 300
4 Plate voltage é £y

Fig. 97.—Graphical determination of the voltage amplification of a triode with a
resistance load in the plate circuit.

The construction for a plate-supply voltage of E, = 250 is as
follows:

From E, a line is drawn with a slope such that tan 6 = R,
taking into account the difference in current and voltage scales.
The case illustrated is for a load of 100,000 ohms. Assuming a
negative grid bias on the tube of E, = 1.5 volts, the intersection
of this load line with the characteristics E, = 0 and E. = —3
will give the maximum and minimum values of plate current.
The grid potential will vary sinusoidally with time along the
load line from zero to —3 volts. Owing to the voltage drop in
Rs, the plate voltage across the tube will vary from a minimum
value of OA to a maximum value of OB. The voltage across Ry
is a maximum when the plate voltage is a minimum. The
maximum voltage across R, will be EyA, while the minimum
voltage will be EB. The useful or alternating component of
this voltage is 144 B, since the distance A B is equal to the double
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-

amplitude of the output voltage. The voltage amplification is

14(B — 1 _
A, = 4(36, V. 424_315—1022 =470

Using p = 100 and taking r, as the cotangent of the slope of the
characteristic E. = 1.5 where it intersects the 100,000-ohm-
resistance line, we find from the curve that r, = 102,500 ohms.
Substituting these values in (8),

100 X 100,000

= 102,500 + 100,000 ~ 94

4,
which is about 5 per cent higher than the more aceurate graphical
determination. This inaccuracy is due chiefly to the assumption
that r, remains constant over

the entire swing of grid voltage.  2° L T T / [ -l
. . ype ,
Load lines corresponding to 18— 00 —
other values of R, are shown 4 E'szfo""’."

dotted in the diagram. In
this way the performance of
the amplifier for various loads
may be readily determined.
The amplitude distortion is
diminished as the load resist-
ance in the plate circuit is in-
creased. The  straightening
effect of various values of load
resistance upon the dynamic
characteristic is shown in Fig. -

PN

~
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o

Plate current in milliamperes
o
[+ ]

o
»

o
~

5 :
Grid voltage

98. From the amount of curv-
ature still present in the char-
acteristic for K, = 100,000, it

F1:. 98.-—Dynamie characteristics of
a triode showing the effect of resistance
in the plate circuit upon the curvature
of the characteristic.

-is evident that there will be

appreciable amplitude distortion for a signal having an amplitude
of 1.5 volts. To reduce this, cither the signal must he limited toa
smaller value, or else the value of R, must be increased. Kre-
quency and phase-shift distortion will be absent in this type of
circuit and irregular direct-current impulses can be amplified,
since the impedance in the plate circuit is assumed to be a pure
resistance.
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62. Resistance-coupled Amplifiers.—The amount of gain
afforded by a single stage of amplification similar to the circuit
of Fig. 95 is not sufficient for many applications and scveral
stages connected in cascade must be used. If the input circuit
of the second stage were connected directly across the output
resistance R, of the first stage, the direct-current-voltage drop
I.R, across this resistance would impose an excessive voltage on
the grid of the second tube, which would hias it considerably
beyond cut-off. This would require a very large C battery in
the grid circuit of the second tube to offset this unwanted bias.
If only alternating current is to be amplified, a blocking condenser

(a) (b)
Fia. 99.—Resistance-coupled amplifier and its equivalent circuit.
in the grid lead of the sccond tube will serve to insulate the grid
from this direct-current potential and at the samc time offer a
path of low impedance for the alternating signal voltage.

The circuit is shown in Fig. 99a. The blocking condenser C
would insulate the grid of the second tube and allow it to accumu-
late a charge, so that a ‘““grid leak”” E. is provided which enables
the proper C bias to be imposed on the tube. The equivalent
circuit is shown in Fig. 99b. The condenser C, is the input
capacitance of the second tube, augmented by the stray capaci-
tance of the wiring, etc. The value of C, is by no means negligible
and depends upon the load in the plate circuit of the second tube,
and also upon the interelectrode capacitances of this tube.
It will later be shown that this input capacitance is approxi-
mately constant and independent of the frequencey for values
below 150 ke in the case of a tube having a pure resistance in its
plate circuit. The expression for this capacitance is

/
- _MRb
Ca - Cyf + Crm(l + T» JC Rb) (9)
where C,;; = grid-filament capacitance.
C,» = grid-plate capacitance.

All the quantities in (9) pertain to the second tuhe. The last
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term will be recognized as the expression for the voltage amplifi-
cation 4, of the second stage. If the second tube is the same as
discussed in the example in Sec. 61, for which C,; = Cpp = 1.7
puf, the input capacitance will be '

C, =17 + 1.7(1 + 49.4) = 87.4 uuf

There will also be some resistance associated with €, owing to the
resistance in the plate eircuit of the tube and also to the diclectric
loss associated with the wvarious interelectrode capacitances,
which will be discussed in Sec. 90, Chap. VIII. This resistance
can usually be neglected at audio frequencies.

At low values of frequency the effect of shunting C, across R,
is negligible, but as the frequency increases the effect becomes
more pronounced until at very high frequencies R. is virtually
short-circuited. This causes a reduction in the amplification
for the higher values of audio frequencies. With C, a fixed
amount, the lower the value of R, the higher the frequency at
which the drop in amplification becomes pronounced. However,
R is in parallel with R, in cffect, as the reactance of the blocking
condenser C' can be ncglected at all but the lower frequencies,
s0 that as R, is made smaller the voltage amplification will be
reduced. For moderate values of frequency the alternating-
current load impedance may be regarded as being composed of
R, and E. in parallel. The reactance of C, is usually too high in
this range of frequencies to be of consequence.

At very low frequencies the reactance of the blocking condenser
becomes of importance, since the output of the first tube is
impressed across C and R, in series. As 1/wC becomes com-
parable to R, less of the output voltage across R, is applied to
the grid of the second tube and the amplification again falls off,
approaching zero as the frequency is reduced. The insulation
resistance of the blocking condenser must be extremely high as
E, is impressed across it in series with R, and R,. If there is
appreciable leakage in the condenser, a current will flow through
R, which may be sufficient to place a positive bias on the grid
of the second tube, cspecially if E. is comparatively large. For
this reason a mica condenser is usually preferred. Its capacitance
is usually in the vicinity of 0.1 uf.

The values of R, and E. depend upon the type of tube used and
the range of frequencies over which constant amplification is
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desired. The grid leak R, will have a value of from one to ten
times R, the lower values being more usual.

The calculation of the voltage amplification from the cquiva-
lapt circuit of Fig. 99b for the entire audio-frequency range is

I C

T’\/\le\r? e /“egkbﬁc
eg R R, € 2 Ttk
’“;{9 g ¢ pRerReRHRerp S ot

’e

(a)-Low frequencies
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(c)-High frequencies
Fi¢. 100.-—Approximate equivalent circuits of a resistance-coupled amplifier.

rather tedious, so that the approximate equivalent circuits of
Fig. 100 may be used for such calculations with sufficient accuracy
for most purposes. The voltage amplification per stage of a typi-
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Fic. 101.-~Variation of voltage amplification with frequency in a typical resist-
ance-coupled amplifier.

cal resistance-coupled amplifier is shown in Fig. 101 for a 2A6
tube with R, and R, 0.25 and 0.5 megohm, respectively. The
values of the circuit constants are given in the diagram.

The voltage amplification may be determined graphically by
means of the construction shown in Fig. 102. This differs from
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the construction used in Fig. 97 in that the plate-circuit resistance
for the alternating component of plate current 7, is lower than
for the direct-current component I,. The direct-current resist-
ance is I, while the alternating-current resistance, neglecting the

. RR
effects of C and C,, is m
to the value of plate-supply voltage used, a line whose slope is
tan~! K is drawn until it intersects the characteristic correspond-

From the point E, corresponding

" Plate current

B N L

O Plate voltage Epminb% " B

Fig. 102.—Graphical construction for the determination of the voltage
amplification of a resistance-coupled amplifier when the alternating-current
resistance of the plate circuit is lower than the direct-current resistance.

ing to the value of C bias used, at point 4. Through point A
another line is drawn whose slope is equal to tan—! RRb—RC The
iy + Ifc
distance BC represents the double amplitude of the signal voltage,
e,- 'This line intersects the plate voltage axis at Ej;, which would
be the value of plate-supply voltage nceded if the direct-current
plate-circuit resistance were equal to the alternating-current
value. The voltage amplification will be

_ Epmnx - mein
Av - 260 T (10)
63. Impedance-coupled Amplifiers.—If an impedance, such as
a choke coil, is connected in the plate circuit of a triode, as shown
in Fig. 103, the alternating component of the plate current is

. MCq Heég
= = . 11
T ¥ Z 19+ R £ jols (1)
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The voltage es, in absolute magnitude, is given by
2 21 2
ey = 1,2y = - 'u_e"_\{%’ -tw_L”T . (12)
'\/(7'11 + Rb)2 + w“Lbz
and the voltage amplification is

= wVRE + WLy (13)
o V(@ + Rb)2 + wLf .

If the resistance of the coil is negligible compared to the
reactance, as is usually the case, (13) becomes

e

A, =

3]

A, = o owely (14)

Vrd 4+ Wi
As the frequency increases, wL, becomes large
compared with 7, and the amplification

Fig. 103.~—Ampli- -
fier with an inductive approaches u of the tube as a limiting value.

I . .. .. .
oad This is similar to the case of the resistance-

coupled amplifier when B, was made very large compared with r,.
The increase in voltage amplification as wLy is increased is given in
the following table for a tube having u = 10 and r, = 10,000. 1t

wly Ay
1,000 0.995

10,000  7.07

100,000  9.99

will be observed by comparing these values with those on page
151 for the case of a resistance in the plate circuit that the ampli-
fication per ohm of plate load is greater in the case of the induc-
tive load. This is due to the fact that the denominator of (14) is
the vector sum of the plate resistance and the plate load instead
of the scalar sum.

The above expressions for the voltage amplification are func-
tions of the frequency and it might seem that this type of ampli-
fier would be objectionable from the standpoint of frequency
distortion. This is not necessarily the case, since the amplifi-
cation is substantially constant and equal to u if wLy is very large
compared to r,. Consequently, if we choose a value of Ly $0
that wL, is large compared with 7, for the lowest frequency with
which we are concerned, the amplification will be practically
constant for all higher frequencies, provided that the capacitance
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shunted across Ly is negligible. This is illustrated in Fig. 104.
With a value of L, of 100 henrys the amplification is practically
constant for frequencies above 60 eycles.

In order to obtain high amplification per stage, it is necessary
to use a tube having a high value of x. These tubes have a
correspondingly high plate resistance so that rather large values
of Ly are necessary to extend the range of constant amplification
into the lower frequencics. The large number of turns on the
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Fre. 104.—Variation of voltage amplification at low frequencies for various values
of inductance in the plate circuit.

coil needed to secure the high inductance required gives rise to
saturation difficulties in the iron core, owing to the presence of I;.
Furthermore, the distributed capacitance is apt to be high, which
augments the capacitance C, shunted across the coil in the case
of a cascade amplifier. The tube-input capacitance C, will be
of the same order of magnitude in a reactance-coupled amplifier
as it was in the resistance-coupled case. The total capacitance
shunted across L, will constitute a parallel-resonant eircuit of
very high impedance at some particular frequency. 7This merely
insures a closer approach to the maximum theoretical value of
amplification, but at frequencies above resonance the impedance
begins to fall and the amplification curve begins to droop in a
fashion similar to the resistance-coupled amplifier. At resonance
the impedance of the parallel circuit is usually so high that the
resistance of the grid leak R. becomes the limiting factor. The
amplification can usually be determined for this resonant fre-
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quency by the use of (8) for the resistance-coupled case, by sub-
stituting R. for Ry. The circuit of a typical stage of an imped-
ance-coupled amplifier is shown in Fig. 105.

Impedance-coupled amplifiers have one advantage over resist-
ance coupling in that the resistance of the coil to direct current
is relatively small, so that the average plate voltage impressed

ey | z, Z,
AN
Fic. 105.—Impedance-coupled ampli- I'16. 106.—Double impedance-
fier. coupled amplifier.

on the tube is almost equal to E, This allows lower values of
plate-supply voltage to be used. The apparent resistance of the
coil to alternating current is much greater than the direct-current
resistanee because of the core loss.

In place of the grid leak R. in Fig. 105, a coil Z. of high induc-
tance may be used, as in I'ig. 106. At some value of frequency Zsy
and Z. will constitute a series-resonant circuit shunted across Zy,
resulting in a resonant rise in the voltage e, across the coil Z.
The vector expression for this voltage, neglecting any other
impedance, such as tube-input capacitance that may be shunted
across Zs, is
,“GaZ_i_ 7
7"le + Zl(Z2 + Zr) + 7'p(Z2 + Zc) :

ue Ze
- (15)
r,,(l + Z—%Z) + 7+ 2

€y = izZz =

At resonance, Z; + Z. = R., which is the resistance of the coil Zs,
and (15) becomes

e = — —’fe;{Z e (16)
r,,(l + Z—) + Re
If Z, is very large compared with Rs, the approximate value of e;
will be

,U.G”ZQ
17
Tp + R2 ( )

€y =
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By making Z, greater in magnitude than r, 4 R, it is possible to
make the voltage amplification exceed u of the tube, which has
been heretofore the maximum value obtainable. The amplifi-
cation curve of the ordinary type of reactance-coupled amplifier
tends to fall off at the lower frequencies, as shown in Fig. 104.
By choosing Z. and Z; so that they are in resonance at some low
value of frequency, the drop in amplification which normally
occurs in this region may be made to
have a resonant rise superimposed
upon it.

64. Amplifier with Inductive Load. |
The circuit of Fig. 106 is commonly 7
used to couple a load, such as a loud- |
speaker, to an amplifier when it is i
necessary to exclude the direct-current Fi¢. 107.—Amplifier using

parallel feed.

component of plate current I, from the

speaker windings. This form of connection is often called shunt
or parallel feed, as the plate-supply voltage is connected across
the tube through a suitable choke coil instead of in series with the
load and the tube. The connections are shown in Fig. 107. The
blocking condenser prevents the battery current from flowing
through the load Z,, while the high inductance L of the choke
coil practically excludes the alternating component of plate cur-
Ttent and confines it to the load. The value of inductance
required does not need to be so large as was the case with the
impedance-coupled voltage amplifier since these applications are
mostly concerned with power output and use tubes having a
much lower value of r,. The resistance R of the choke coil is
very small compared to the internal resistance of the tube and the
average value of plate voltage supplied to the tube is approxi-
mately Ep. The blocking condenser is usually made large enough
so that its reactance is small in comparison to Z,. With
inductive loads the reactance of C serves to annul partially some
of the inductive reactance.

The voltage and current relations for this type of circuit are
shown in Fig. 108, for the case where Z, is a pure resistance R,
and the recactance of C is negligibly small. The construction
differs from that of Fig. 102 in that the resultant resistance in
the plate circuit is now higher for alternating current than for
dircet current.  Note that the maximum value of plate voltage
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is greater than E,. This is caused by the e.m.f. of self-induction
o

dt
tracted from, E,.

When the plate circuit impedance contains reactance, the path
followed by the grid voltage is an ellipse as shown in Fig. 109.
The path taken around the ellipse will be clockwise, as shown by
the arrows, if X, is inductive. If X, had been capacitive, a
counterclockwise direction would have resulted, with correspond-
ing phase shifts of I,,and E,. The major axis of the ellipse makes
an angle with the vertical whose tangent is |Zs|. The center of
the ellipse is located on a line drawn from E, making an angle

in the choke coil, which alternately is added to, and sub-

_ B S
O  Plate voltage E'p,,,,',,_E%gf'b Epmar.

Fiq. 108.—Current and voltage rclations for the circuit of Fig. 107 when the
load Z is a pure resistunce, Ry.
with the vertical whose tangent is K. The example assumes
that the alternating-current resistance of the plate load is the
same as its direct-current resistance. This line intersects the
clliptical path at its points of tangency with the horizontal lines
representing the maximum and minimum values of plate current.
If the direct-current resistance of the load had been lower than
the alternating-current value, as is often the case, a third line
through the center could be drawn making an angle with the
vertical whose tangent is the direct-current resistance. The
intersection of this last line with the plate-voltage axis would
then be equal to E; and the points of intersection of the other
lines with this axis would represent fictitious values. The
ellipse degenerates into a straight line when the reactance of the
load is made zero. The path of operation becomes a circle in
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the case of a pure reactance load equal to r, in magnitude. A
perfect ellipse or a circle is obtained only when the working
portions of the static characteristic are linear and parallel.
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Fig. 109.—Path of operation on the I,-E, characteristic for an inductive plate
load.

In most cases the reactance of the load is small compared to
its resistance, so that the path of operation may be assumed to

be a straight line instead of an ellipse —r

with sufficient accuracy for most i

purposes. ;g e L
65. Transformer~-coupled Amplifiers. ! £y

In the preceding cases the amplification ‘L'“!—‘*"['W‘
per stage has been limited to a value Fic.110.—Transformer-cou-
approaching u of the tube, with the pled amplifier.

single exception of the double impedance-coupled amplifier. In
order to increase the gain, it is possible to use a suitable step-up .
transformer, as shown in Fig. 110. Assuming the secondary to
be on open circuit and perfect coupling to exist between the twe
windings, the secondary voltage e. will be the ratio of transforma-
tion times the voltage e, across the primary. The primary volt-
age under these assumptions will be the same as for the
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impedance-coupled case given by (12), and the seconaary voltage
will be
0y = pe N/ B + o?LE o
V(ry + B)? + o3

where a is the ratio of transformation and is equal to Ny/N,.
The inductance of the primary must be large if frequency dis-
tortion in the form of loss of amplification at the low frequencies
s to be avoided. If R, can be neglected in comparison with
wl, and with r,, the voltage amplification is

(18)

0
The amplification curve for low frequencies will be similar
in appearance to Fig. 104 if the ordinates of the curve are multi-

plied by the ratio of transformation a. At frequencies such that
wl, is very large compared to 7, of the tube used,

Ay, = na (20)

(19)

The above approximations are valid only for frequencies below
about 500 cycles. For higher frequencies the effects of distributed
capacitance, tube-input capacitance, and primary and secondary
leakage rcactance, become of increasing importance. The
equivalent circuit of a transformer may be regarded as an ideal
transformer which has the various imperfections of the actual
transformer inserted in its external primary and secondary
circuits.

An ideal transformer is one whose primary and secondary
impedances are infinite inductive reactances; hence there will
be no losses or magnetizing current. The coefficient of coupling
is unity, and therefore M = A/L,L,, and is also infinite. The
ratio of transformation will be a = N,/N, = «/L,/L,, since the
inductance varies as the square of the number of turns. It
should be remembered that an infinite term is one which is larger
than the largest assignable quantity and that infinite quantities
arc not necessarily equal. The currents in the primary and
secondary of an ideal transformer can be obtained from (14) and
-(15) of Sec. 34 for an actual transformer, by inserting the above
relations and neglecting finite terms in comparison with infinite
terms.  These equations for an ideal transformer are
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EZ, E E

=, o = = (21)
Z,Z Z.Z Z, 1
At Ih Lo+ 8 g+ I
and in a similar fashion
;I-Z2 + aZ,

From (21) the impedance of the secondary load Z, as viewed
from the primary terminals of the transformer will be Zz/a*. In
other words, an ideal transformer will step down or step up the
secondary load impedance by an amount equal to 1 /a? depend-
ing on whether the ratio of transformation a is greater or less
than unity.

The equivalent circuit of a transformer-coupled amplifier is
shown in Fig. 111a, where L, and L, represent an ideal transformer

(0)-Equivalent circuit of fransformer-coupled amplifier

2
Kemrit gz
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(b)- Approximate equivalent circuit
Fic. 111.—Equivalent circuits of transformer-coupled amplifier.

as defined above. The primary-winding resistance, leakage
inductance, and distributed capacitance are ri, L1, and C,. The
similar sccondary quantities are represented by 72, La, and C..
The core loss and magnetizing components of the no-load current
flow through R. and L.. The condenser C'., represents the capaci-
tance between the primary and secondary windings, while C,
is the input capacitance of the second tube.

Reducing the secondary quantities to their equivalent primary
values results in the circuit of Fig. 111b, with the added approxi-
mation that C.. is equivalent to a shunt capacitance whose value
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is Cwm(e £ 1)2 The choice of sign depends on whether the
capacitive coupling is aiding or opposing the magnetic coupling.
At low frequencies, R,, L., and C. may be neglected, but at higher
frequencies these approach scries resonance, causing a resonant
rise in the output voltage across C.. The height of this resonant
peak is governed by the value of R., and the frequency at which
it oceurs, by L. and C.. At frequencies in the vicinity of reso-
nance I, and L, may be neglected, as the impedance of this cirenit
is very high compared to the impedance of R, L,, and C, in
series. The primary distributed capacitance €, should be
inserted in place of R, and L. for frequencies much above the
resonant frequency of L, and C..

The voltage applied to the grid of the second tube for fre-
guencics above the value for which (18) is accurate, from Fig.
1115, will be given by the vector equation

me,a

ij,<r,, + 7. + ";Z”>

(23)

Gy =

where
Z. = R, + joL,

. 1
Ze - Rc +.7<er - wC,,)i

For the higher frequencies where 7, is very large, the last term
in the denominator of (23) may be neglected. For very high
frequencies Z. in the last term shouldbe replaced by the reactance
of the condenser C,.

66. Transformer Characteristics.—Figure 112 shows the
variation of amplification with frequency for several different
types of transformers. Curve 1 is for a small type widely used
in receiving sets in 1926. Insufficient primary inductance
(about 15 henrys) is responsible for the droop in the curve at the
tower frequencies. Curves 2 and 3 are for larger transformers
typical of the designs a few years later. The primary inductance
has been increased giving better low-frequency response. The
high resonant peak of transformer 2 is due chiefly to too low a
value of secondary resistance. This particular design used No. 36
enameled wire on both primary and secondary instead of the
usual No. 40. The height of the resonant peak can be materially
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reduced by increasing the secondary resistance, so that wire
sizes smaller than No. 40 are often used for the secondary.
Production difficulties are greater with the smaller sizes of wire.
A high resistance of 0.5 to 1 megohm shunted across the secondary
is effective in removing the resonant peak from the characteristic.
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Fra. 112. —Volt age amphﬁcatlon per stage of a transformer-coupled amplifier for
various types of transformers.

The entire curve is lowered but the amplification is more nearly
constant over the frequency range.
Curve 4 is representative of a modern design of good quality.
High primary inductance is secured by the use of an alloy core.
- The value in this case is 116 henrys with a direct current of
2.6 ma in the primary. As will be recalled, the alternating-
current inductance of a coil with a magnetic core is reduced as the
direct-current excitation is increased, as was shown in Chap. III,
Fig. 53. The top curve in this figure was obtained with the same
transformer that was used for Curve 4 in Fig. 112. It is, there-
fore, desirable to keep the value of I, as small as possible by the
use of a moderate value of plate voltage on the tube and a suffi-
cient value of negative bias on the grid. This is feasible if the
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magnitude of the alternating voltage that is to be amplified is
small. If the alternating voltage is relatively large, insufficient
plate voltage will give rise to appreciable amplitude distortion.
The incremental permeability of the iron increases somewhat
with the amplitude of the alternating current, which in part
helps to offset the reduced inductance caused by the increase in I
when larger plate voltages are used. The use of a suitable air
gap in the magnetic circuit will reduce the effect of the direct-
current magnetization, as pointed out in
Chap. III.
Mé: The undesirable effect of direct current

in the transformer primary may be
—lii; avoided by the circuit of Fig. 113. This

Fig. 113.—Transformer- circuit is similar to the double impedance-

gz::lﬁ o PliBer using (o0 pled amplifier of Fig. 106 and thefe will

be a similar resonant rise in amplification
at some low value of frequency. The choke coil in serics with the
plate-supply voltage must also have a very high inductance, so
that the difficulties present in the transformer design are now
transferred to the choke coil. However, all of the winding space
can be utilized on the choke coil, whereas the primary winding
can only occupy a portion of the winding space in the case of
the transformer.

In power transformers the space occupied by the primary and
secondary windings is about the same, since the winding having
the greater number of turns will use a proportionately smaller
size of wire. In audio-frequency transformers the size of the
wire used on the secondary is already as small as practical con-
siderations will permit, and if it is desired to increase the ratio of
transformation, assuming the winding space and core size to
be fixed, the only way in which this can be accomplished is to
reduce the number of primary turns as the secondary turns are
increased. This will reduce the primary inductance and impair
the performance at low frequencies. In addition, the coefficient
of coupling is apt to decrease with a greater number of secondary
turns, so that ratios of transformation above 4:1 or 5:1 are
difficult to secure without some sacrifice in performance. A 3:1
ratio represents the usual practice.

The secondary distributed capacitance, together with the input
capacitance of the second tube, resonates with the equivalent
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leakage inductance of the transformer to produce the character-
istic peak in the amplification curve at high frequencies. At
frequencies above this value the amplification falls rapidly. In
order to extend the useful range of amplification the distributed
capacitance and leakage inductance must both be kept small.
Low leakage inductance means a high coefficient of coupling
hetween primary and secondary, which can be obtained by more
closely interleaving the two windings, ax is done in power trans-
formers to sceure better regulation. However, this increases
the capacitance C. betwcen the two windings, which is not

2| .-1Secondary

. Cenfer line .

Fra. 114.-—Audio-frequency transformer with sectionalized winding to reduce
the distributed capacitance.

altogether desirable. The coupling coefficient in audio-frequency
transformers will ordinarily range from 0.99 to perhaps 0.999,
but with a primary inductance of 50 to 100 henrys and a secondary
inductance which will be a? greater, the value of L, referred to the
primary will be in the vicinity of a henry, in spite of the high
coupling coefficient. The value of Cp will be usually from 50
to 100 wuf, and C; will be roughly a times greater, so that the
resonant peak will ordinarily occur somewhere between 5000
and 10,000 cycles. The use of alloy cores which enable high
inductance to be obtained with fewer turns helps to overcome
these difficulties.

The distributed capacitance can be reduced to some extent
by winding the primary and secondary in sections on molded
spools which fit over one another, as illustrated in Fig. 114. The
primary is wound in two parts, one inside and one outside the
secondary, which reduces the leakage reactance.

67. Comparison of Amplifiers.—Transformer-coupled ampli-
fiers are the most widely used type and can be designed to give
substantially uniform amplification over the ordinary range of
audio frequencies. They are capable of producing higher amplifi-
cation per stage than the impedance-coupled type, unless tubes
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having a high amplification factor are used in the latter. In
this ease very high valucs of coupling inductance must be used.
The resistance-coupled amplifier is capable of delivering constant
amplification over a wider frequency range than the two other
types, particularly in the lower frequencies. 1t is cheaper.to
construct and is lighter and more compact than the other types.
With the recent advent of various types of tubes having very
high amplification factors the former limitation of low gain per
stage is no longer present. However, these tubes are apt to be
considerably more microphonic than those having a lower value
of u, so that mechanical vibration must be avoided if the output
is to be free from noise. Microphonic noise is caused by the
vibration of the tube clements which causes small variations to
take place in the distances between them. This affects the
amplification factor and is equivalent to impressing a very small
alternating voltage on the grid of the tube.

When several stages of amplification are used in cascade, the
total amplification will be the product of the amplifications of
the individual stages. If all the stages are identical, the total
amplification will be

A= A (24)

where 7 is the number of stages. With like stages any frequency
distortion present in the individual characteristic will be magnified
in the overall characteristic, so that the amplification character-
istic of each individual stage must be much flatter than the
required overall characteristic.

68. Amplification Expressed in Decibels.—The voltage-
amplification curves of Fig. 112 show considerable differences in
gain between the various transformers at certain frequencies.
The question arises as to what extent would these differences
be apparent to the ear if a comparative audition test were made
at some particular frequency? The sensation of loudness is
rather difficult to mcasure in terms of physical values. Numer-
ous tests indicate that the scnsation of loudness is proportional
to the logarithm of the stimulus, so that a logarithmic scale of
ordinates in I'ig. 112 would more nearly approximate the per-
formance of the amplifier as interpreted by the ear.

In telephone communication a unit known as the decibel (db)
is used to express the gain or loss in nower due to the insertion of
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a particular piece of apparatus in a circuit, and is equal to 10
times the common logarithm of the ratio of the two powers, or

Number of decibels = 10 logo % (25)
1

where P, is the power supplied to the circuit before the insertion
of the device and P, the power supplied after the device has been
inserted. Since the power output to the circuit is proportional
to the square of the voltage impressed across it, (25) can also be
written

Number of decibels = 20 logso % (26)
1

" The gain produced by an amplifier can evidently be expressed
in decibels as

Ay = 20 1ogm£-“ = 20 logso 4, (27)
7

The size of this unit is convenient in that a change in seund
energy of 1 db is about the minimum amount that can be detected
by the average ear.

The decibel is also used to express energy levels in terms of an
arbitrary standard of reference or ‘“zero level.” This reference
level in communication measurements is now taken as 0.001 watt,
although other values have been used. In rating microphones,
zero level is taken as an output of 1 volt (on open circuit) for a
sound wave having a pressure of 1 dyne per square centimeter
(1 bar). Thus, if a particular microphone is rated as —36 db,
it will require an amplifier having a gain of +36 db to raise the
output to zero level. 'This may be accomplished by a two-stage
amplifier having an amplification of 18 db per stage, or else a
three-stage amplifier having an amplification of 12 db per stage.
Since the decibel is a logarithmic unit, the total gain of an ampli-
fier can be conveniently found by adding together the gains of
the individual stages. Computations relative to amplifiers and
attenuating networks are very much simplified by the use of this
type of unit.

69. Measurement of Voltage Amplification.—The voltage
amplification of an amplifier can be readily measured by the
arrangement of Fig. 115. The input voltage is determined by
sending o known current from an audio-frequency oscillator
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through a suitable voltage divider or attenuator. If the amplifier
under test is provided with an input transformer, the resistance
R, must be kept small in comparison with the input impedance,
or the input voltage will no longer be IR;. The output may be
read directly by a vacuum-tube voltmeter. The amplifier
should be terminated in a load impedance Z equal to the normal
load on the amplifier. This is usually a pure resistance. In
case the output of the amplifier is intended to be impressed on the

@+ . —Vacuum{
: % Amplifier
e £y under test _EZ tube

FiG. 115.—Circuit for the determination of voltage amplification.

input terminals of another vacuum tube, as in the case of a test
on an individual stage, Z plus the input capacitance of the
vacuum-tube voltmeter should be equal to the input capacitance
of the following tube. The input capacitance of the voltmeter
is usually much lower than the following amplifying tube because
of the differences in the plate loads of the two tubes. The correct
value of capacitance is of consequence only at the higher audio
frequencies. At the lower frequencies it can
MM — be disregarded.
é. :—% 2z, 0. Considerations for Maximum Power.
g 7 _z_ In any amplifier we may be concerned with
Fig. 116.—Source SeCUring either the maximum voltage, power,
of e.m.f. B of internal or current. The first two conditions are the
impedance Z; with a . .
load impedance Z,. ~ More usual, although the last requirement is
occasionally met with in special applications.
Before considering amplifiers for these various requirements,
let us investigate the general case of a source of e.m.f. £ having
an internal impedance Z; and a load counected across this source
which has an impedance Z,, as shown in Fig. 116. The current is

E

J ==
Z+ Z,

(28)
If the current is to be made a maximum, assuming the load to
be the variable, Z, should be made as small as possible.
The voltage across the load is

EZ,

V=IZ2=7J_1+Z«,

(29)
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Considering Z; again to be the variable, V will be a maximum and
equal to E when Z, is made infinite. Therefore for maximum
voltage output the impedance of the load should be made as
large as possible. This requirement applies to the voltage ampli-
fiers just. considered.

If the power output is to be a maximum, the conditions will
depend upon what element of the circuit is variable. Assuming
71 and Z» to be pure resistances the power output will be

R,

P = G F Ry

(30)
If the resistance of the load is the independent variable, the power
will be a maximum when dP/dR, = 0. Differentiating (30)
with respect to 2 and equating the result equal to zero gives us

R1 = Rz (31)

ax the necessary condition, which means that the resistance of the
load must be made equal to the internal resistance of the source.
But if the internal resistance of the source had been variable,
with the load resistance fixed in value, maximum power would
have been obtained when R, was made as small as possible.

Substituting (31) in (30), the expression for the maximum
power when the load is the variable is

B2

mezm‘z

(32)
This expression is useful in determining the maximum possible
power a given source of e.m.f. is capable of delivering. Thus, a
storage battery having an e.m.f. of 6 volts and capable of deliver-
ing 1200 amp. on short circuit—from which we find the internal
resistance to be 0.005 ohm—from (32), is able to deliver a maxi-
mum output of 1800 watts.

If both Z, and Z, possess reactance as well as resistance, the
power absorbed by the load will be

E’R,
(Ry + Ry)* + (X1 + X»)?

P =1I'R, = (33)

The conditions for maximum power output will depend upon
which term is made the independent variable. If only R of the
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load is varied and X, remains fixed, we find by differentiation
that
R, = VEF + (X, + X»)? (34)

In other words, the resistance of the load must be made equal to
the magnitude of the impedance of the remainder of the circuit.
Since X, remains fixed, it is viewed by R as being a portion of
the internal impedance of the source.

Making X, the variable and holding 2, constant, (33) is found
to be a maximum when

" Xs= —X, | (35)

which means that if X, is inductive, X should be made capacitive
so that the total reactance in the circuit is zero. If this is not
feasible, then X, should be made as small as possible. )

In most cases both R; and X, will vary as the impedance of
the load is changed. Suppose the load is some form of coil whose
winding space is fixed, as the moving coil in a dynamic-type of
loud-speaker. In order to increase the impedance of the coil
it is necessary to use a greater number of turns of smaller wire.
For example, if the number of turns were to be doubled, wire of
half the present cross-sectional arca would have to be used. The
resistance would then be four times as great, and since the indue-
tance varies as the square of the number of turns, the reactance
of the coil would also be four times its former value.

Loads of this kind will therefore have a fixed ratio of X, to
R,, so that Z, can be expressed by

Zr = Ry + jQR, (36)

where @ = X,/R,.
The expression for the power in the load in this case is

ER,
(Br + E2)* + (X1 + QR,)?

Differentiating this expression with respect to R, the power
absorbed by the load is found to be a maximum when

VEI+ X =RNVTHQ  or |Z)] =12 (39)

In this case the impedance of the load should be made equal in
magnitude to the impedance of the source.

P = (37)



Sec. 70] AUDIO-FREQUENCY AMPLIFIERS 175

If the impedance of the source is variable and the load is
fixed, it will be seen by inspection that (33) or (37) will become
larger as Z, in the denominator is diminished in magnitude.
Consequently, if we have a given load, such as a loud-speaker,
and have the choice of a number of amplifying tubes to supply
encrgy to the load, all of which have the same value of u (i.e., the
same e.n.f.), the tube having the lowest internal resistance will
supply the greatest amount of power for a given value of grid
voltage. This fact is frequently overlooked in the desire to
“match impedances” on any and all occasions. The impedances
of the load and the source should be made equal only when the
load is the variable.

The above expressions are applicable to a vacuum tube as a
source of e.m.f., provided the internal resistance and amplifica-
tion factor of the tube remain constant.

ln. & 3 . 2 Zy L Zm A2
This is approximately true if the signal —t—
voltage applied to the grid is small.« For E 2y EZS %Zz
signal voltages of large amplitude, 7, will | S i
change throughout the cycle and there-  mo. 117.—Load 2
fore is some function of e, Conse- coupled to a source of
quently, the above derivations are no ?{,rrn,,',fér.by means of a trans-
longer valid, as the internal resistance

was treated as a constant when the expression for the power was
differentiated. The conditions for maximum power output for
large signal voltages will be considered presently.

When the impedance of the source and the load are both fixed
and are unequal in magnitude, a transformer may be inserted
between them to step up or step down the impedance of the load
for maximum transfer of power. The secondary current in
Fig. 117 is '

- —EZ.
P2+ Z,)(Z2 + Zs) — 2,
Assuming an ideal transformer whose primary and secondary
impedances are infinite and letting a? = Z/Z, (@ = Ns/Ny),
then Z, = a?Z, and Zn = \/Z,Z, = aZ,. Inserting these rela-
tions in (39) and neglecting finite quantities in comparison with
infinite quantities, we get
—EaZ, —Ea

£ . — = Q o 4
2= T 17 - AR F BT i%

I (39)

I
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The absolutc magnitude of (40) is

Fa

I 9 = - = = —— = _ = (41)
I I \/(aglf[ + 11':2)2 + ((l2)(l + X2)2
If a is the variable, |7| is a maximum when
RE + X3 _ |2, Z3]
2 = 2 2 = P = — 42
CTNRA® T " TNz @

Therefore the power in Z; of Fig. 117 will be a maximum when the
ratio of transformation of the transformer is made equal to the
square root of the impedance ratio of the load and the source.
The transformer winding having the greater number of turns is
2 . connected tf) the .larger qf the two imped-
Sy #72 ances.  While this relation assumes the
E Zé_}zz use ‘of an ideal transformer, it can .be
: applied to an actual transformer with
T sufficient accuracy for most purposes.
Fra. 118.—Source of ~ .
el with a fixed and  1N€ source of e.m.f. may occasionally
a variable load shunted have a fixed value of impedance %, perma-
across it. nently shunted across it, as in Fig. 118, and
also shunted across the source is an adjustable load 7,. What
must be the value of thix load impedance so that the power
absorbed by Z, will be a maximum? For simplicity we will
assume that the various impedances arc all pure resistances. The
current in Z, is given by

ER,

b= Rk RaRo + BiRS (43)
The power in R, is
F2RER,
Dy = SR o Unhet SN
P = Gr T Bk, + T )

Differentiating (44), we find that the power in K. will be a
maximum when
R, — R\R,

"R+ R (45)

The right-hand member of (45) will be recognized as the
resultant resistance of R, and R, when connected in parallel.
Thercfore the cireuit of Fig. 118 is equivalent to a source whose
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c.m.f. is E and whose internal resistance is R, and R, in parallel.
It can be shown in a similar manner for impedances that

7 Zo
Z+ 7Zy

for the case when Z; = R, + jQR..

71. Power Amplifiers.—The various circuits used with voltage
amplifiers are also used as power amplifiers. Triodes for this
purpose when used as Class A amplifiers usually have a relatively
low value of r, in.order to obtain a reasonable amount of power
output with a nominal value of plate-supply voltage. This
results in a comparatively low value of u so that a large grid-
excitation voltage must be used. In recent years pentodes have
been used to a considerable extent, as these tubes require a much

|Z,| = (46)

*Plate current

NS

0 Plate voltage EP”I//‘I E;atyEpmax. £y
F1g. 119.—Arcas representing power in the plate circuit.
«maller value of signal voltage for a given output. These will be
discussed later.

The amount of power amplification under Class A operation
is theoretically infinite as the grid is at all times negative with
respect to the filament so as to prevent the flow of grid current.
Actually, the input impedance of the tube is not infinite, owing to
the input capacitance and conductance, the latter being caused
by dielectric losses and reflected plate load. This input imped-
ance is usually high enough to be disregarded from a power
viewpoint at audio frequencics, except as it affects the per-
formance of the preceding voltage amplifier. The energy repre-
sented by the useful output of the power tube is furnished by the
plate-supply voltage Eb, as the term ue, is a fictitious e.m.f.

The power relations in a triode for a pure resistance load B, in
the plate circuit may be shown by means of the I,-E, charac-
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teristics of the tube as shown in Fig. 119. The power furnished
by the B-supply will be E,I,, which is equal to the area Oacd.
The average power supplied to the tube is E, I, and is equal to
the area Oabe. The average power lost in the resistance R, is
(Ey — Ep,p)y and is cqual to the arca ebed. The average
value of the useful or alternating-current power will be

E E

Pa,c — Pmax__ Pavg X ’LP — epzp

ve  viz

since e, and ¢, are the maximum values of the alternating quanti-
ties. This is evidently equal to the area of the triangle fbg.
Since tan § = R, and tan ¢ = r,, the useful power will be a maxi-
mum when 6 = ¢, assuming e, to be

2 small.
. g)’_;/_%ﬁ» The usual method of coupling the
2 E; * 27% load to the tube is by means of an out-
o e M put transformer of suitable ratio, as
F1a. 120.—Load coupled to shown in Fig. 120. The circuit of Fig.
?Oﬁ;‘;‘rie by means of a trans- 107 is also used, but it requires a load
impedance which is comparable to 7, of
the tube. The use of a transformer removes this restriction on
the value of the load impedance, as the ratio of transformation
can always be chosen so that impedance “looking into”’ the pri-
mary of the transformer will be of the proper value relative to 7.
The power in R of Fig. 120 will be, assuming an ideal trans-
former,

2 2,2 25272
P = DR, = <%¢,,> Ry = ARf = (afrﬁi‘%ﬁ (47)
(12<7'p + FRZ> P 2

where a = N,/N,. If the load is an impedance Z; = R, + jX.,
(47) becomes
weeR
P=tor,+ry 1 S
The power will be either the maximum value or the average
value, depending on whether ¢, is the maximum or effective value
of the signal voltage.
These expressions for the power again assume that x and r,
are constant which is true only for small values of ¢,. Power
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amplifiers will ordinarily have a comparatively large value of e,
impressced upon them, so that graphical methods of determining
the power output are usually employed, especially since the
construction enables the amount of amplitude d15t01t10n to be
determined at the same time.

72. Graphical Determination of Power Output and Distortion.
Since the I,-E, characteristics are not parallel straight lines,
there will be a certain amount of amplitude distortion present.
In triodes the distortion is chiefly a second harmonic of the

g
g

Plate current

A IS el B R
0 Ein. E,. Epgy. Plate voltage

Fie. 121.—Construction for maximum undistorted power output.

signal voltage, assuming the latter to be composed of a single
frequency so that the sum and difference frequencies discussed
in Sec. 60 will be absent. This second harmonic causes the
current and voltage in the plate circuit to be unsymmetrical
about the time axes along I, and E,. The amplitude of the
fundamental can be obtained by taking one-half of the difference
of the maximum and minimum values, which ecliminates the
second harmonie.

The average power output at fundamental frequency, from
Tig. 121 will he

Box = Buin , Loax = Loin _ 1

- X - EWme E’min 1 max 1 min

This diagram is for the circuit of Fig. 120 and assumes an ideal
transformer. The load line makes an angle of tan~! R, with the
vertical, where R, = R,/a®. The average plate voltage will
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coincide with E, since there is no resistance drop due to the flow
of the direct current I, in the transformer primary. The con-
struction for the case of an actual transformer with the primary
voltage drop taken into account is the same as Fig. 108, where
Ey, — E,.. is equal to this voltage drop.

The distortion is greatly increased if the minimum value of
plate current under operating conditions is allowed to fall to too
low a value, as the curvature in the characteristic is pronounced
in this region. If the minimum current in Fig. 121 is fixed by
distortion considerations and the path of operation is bounded
on the other end by the curve E. = 0, the value of R, for maxi-
mum power output may be found as follows:

Emax - EmE\

Rb B 7nxax - Imin (50)
14 Emnx - Emiu
i = '/‘2(100 - In_\ax ) (51)
Substituting the value of (E,,, — E,;) from (51) in (49)
P =20 = La) (T — L) = oy (52)

The distance z + y is constant, as I, and I., are fixed, so
that

z+y=c and P = Zzy
or

VR S} O
P—4x(c x) 4(0:1: z?)

If P is to be made a maximum, dP/dxz = 0, which gives us
¢ = 2z, so that z = y. Therefore

(Ico - Inmx) = (Imnx - Imin)
From (50)
E max E min

Imn.x - Imin = Igb

and from (51)
Emax - Emin
Ico - Imux - “27;'
30 that
Ry, = 2r, (53)
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This has been termed the condition for maximum undistorted
output, so designated because it results in the maximum power
that can be obtained under the conditions that were imposed on
the problem.! Values of load resistance higher than this will
cause some reduction in output, but the amount of distortion
will be reduced by a greater percentage, as will be seen in Fig. 123.
It may happen that when R, = 2r,, the distortion may be more

\-Second harmonic

(/0per cent) ’

X
~ o — S

~ 0%+ Grid voltage N/
i

a =% Inar~Imin.)

b %2Umaxtmin) 1o

Frg. 122.— Production of second harmonic in a triode.

than is desirable, so that at the present time maximum undis-
torted output is taken to mean the maximum power output into a
resistance load under the conditions that the total generated
harmonics shall not exceed 5 per cent.

The amount of distortion can be determined from the maxi-
mum and minimum plate currents in Fig. 121, assuming that
harmonics higher than the second are negligible. TFigure 122
shows the dynamic I,-E, characteristic of a triode with a sine
wave of voltage impressed on the grid. The resultant plate-
current wave is I, and the respective amplitudes of the funda-

1 Tor examples of calculations under various imposed conditions see

J. C. Warner and A. V. Loughren, The Output Characteristics of Amplifier
Tubes, Proc. I.R.E., vol. 14, p. 735, December, 1926.
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mental and second harmonic are @ and b. From the figure

L =Iv+a+2b (54)

IToiw =In—a+2b (55)
Subtracting, '

a = 34(Lnax — Lumn) (56)

Adding (54) and (55) and solving for b

p = YU +21m) -1 57)

The percentage of second harmonic in terms of the fundamental
is
%(Imnx + Imin) _ Ib
Imax - Imin

% 2nd = 1002 = 100 (58)

The curvature of the characteristic causes partial rectifica-
tion to take place and the average value of plate current rises
from I, to I, when the signal voltage e, is impressed on the grid.
It will be observed that this increase is equal to the amplitude
b of the second harmonic. This rise in plate current when
distortion occurs can be readily observed by means of a suitable
direct-current milliammeter in the plate circuit. With no ampli-
tude distortion present, the ncedle of the meter should remain
stationary while the signal voltage is being impressed. The
amount of distortion present can be gaged by the increases in
plate current as the signal fluctuates in intensity.

The increase in plate current due to rectification causes the
voltage drop in the primary winding of the output transformer
to increase from IR to I.R when the signal voltage is applied.
This must be corrected for, if appreciable, by shifting the load
line upward so that the operating point O".in Fig. 108 coincides
with I; instead? of I;.

The variation of power output and sccond-harmonic distortion
is shown in Fig. 123 for a type 45 triode. The values were
. determined from the I,-E, characteristics of the tube by means
of (49) and (58). As will be noted the power output is a maxi-
mum for a load of 3400 ohms, which checks fairly well with the
relation given by (53). From the standpoint of distortion it
would be advisable to have the load resistance about 4000 or

2 C. E. K1LGoUr, Proc. I.R.E., vol. 19, p. 42, January, 1931.
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5000 ohms with this particular tube. This would reduce the
power output only about 5 per cent for a given signal voltage,
but the distortion would be reduced about 50 per cent.

73. Approximate Determination of the Output of a Triode.—
The power output of a triode with a resistance load in the plate

eircuit will be approximately

,U'2302Rb

P = 0¥ Ry

(59)

This expression assumes the [,-F, characteristics to be
parallel straight lines and will be the average power if ¢, is the

2.2

T T T — 1 | T T 1
2.0 L B N I ¢_T 1 | @pgﬁfr/aa’e
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Fig. 123.—Variation of power output and second harmonic with load resistance
for a typical triode.

maximum value of the signal voltage. If K, = 27, which is the
condition for maximum undistorted output, (59) can be written

2

1S

97,

P

(60)

This expression is useful in estimating the power output of a tube
for a given signal voltage. For Class A operation the grid is nega-
tively biased so that the maximum signal voltage causes the
potential of the grid with respect to the filament to vary from
zero to an amount somewhat less than cut-off. Assuming the
cut-off voltage of the grid to be given by E,/u, the maximum
permissible value of e, will be Ey/2¢. Substituting this value of
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€, in (60), the maximum value of the average power output will
be approximately
B}
= 561, (61)

The peak value of power output will be twice this value. This
expression is useful in roughly estimating the maximum power
output of a triode under Class A operation in terms of its plate-
supply voltage and plate resistance. Where a relatively large
amount of power is required with a moderate plate voltage it is
evident from (61) that the intcrnal resistance of the triode must
be small.

74. Push-pull Amplifiers.—There will always be more or less
amplitude distortion in the preceding types of power amplifiers,
owing to the curvature of the characteristic. A large value of

load resistance will make the

dynamic characteristic more

nearly linear, but this entails
£, some sacrifice in power output.
The arrangement of Fig. 124,
known as a push-pull circuit, can
be made to reduce amplitude
distortion to negligible pro-
portions. The input transformer has a center tap brought out
from the secondary winding which is connected through the C
hattery to the common filament connection of the two tubes.
Assuming an alternating signal voltage to be induced in the trans-
former secondary, the potential of one grid will become more posi-
tive with respect to its filament while the grid of the other tube
will become increasingly negative. This will cause the plate cur-
rent of the first tube to increase while the plate current of the
other tube diminishes. The alternating voltages across the two
halves of the primary of the output transformer are in phase,
although the direct-current voltage drops are in opposition.
The net magnetomotive force exerted by the two halves of the
primary is zero when no signal is impressed, as I,; and ;s are
flowing in opposite directions around the primary. With a
signal voltage impressed, the magnetomotive force produced
by the plate current of the two tubes is equal to that which
would be produced by a current equal to the difference between

F1e. 124.—Push-pull amplifier circuit.
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the current flowing in tube 1 and that flowing in tube 2, flowing
in one-half of the primary winding.

This is shown in the diagram of Fig. 125. The dynamic
I-E, characteristics of the two tubes are drawn with those of

-~ Dynamic characteristic -

— fube |
L
£0
p=1
| e
ra
=
L
-
£
=1
L%}
2
S
a ]pl

- Fundamental
s\, 2nd. /farmon/'c} s

’
30 o
. = :-_~=.:§_—'-_=V.—__]bl
-Resultant curren;"
Egg ~ by Time—>
Eg2
___________ b2
—————————— i i
2nd. Harmonic! /¥

Fundamerial--------X_%

Plate current -tube 2

Fig. 125.—Graphical determination of the resultant characteristic of a push-
pull amplifier showing the cancellation of even harmonics produced by the curva-
ture of the individual tube characteristics.
tube 2 inverted, so that zero grid voltage is at the left-hand end
of the diagram and the ordinates of plate current are drawn in
the negative direction. The resultant characteristic is obtained
by taking the difference between the two plate currents for
corresponding grid voltages. It is interesting to observe that
this resultant is a straight line in spite of the considerable curva-
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ture present in the two individual dynamic characteristics. This
is not always the case, although the resultant will always be
straighter than the two individual characteristics. The indi-
vidual plate currents and their constituent harmonics, obtained
in the manner of Fig. 122, will be as shown. As will be seen,
the second harmonics are in opposition and cancel. All other
even harmonics will also be in phase opposition, so that the
resultant current will contain no even harmonics, assuming

1~ Ideal characteristic

/,
Resulfant 7] 7 Imax

e P et 4 1 -Resultant current

Fig. 126.—Production of a third harmonic duc to curvature in the resultant
characteristic of a push-pull amplifier.

identical tubes. Odd harmonics will be in phase and hence will
not cancel.

The resultant current shown is that value of current which
would have to flow through one-half of the primary winding in
orcder to produce the same effect as the difference between the
two plate currents flowing through the whole primary. This
current is equal to @, + a; and can be obtained by projecting ¢,
on the resultant characteristic. The voltage e, is the signal

- voltage applied to the grid of either tube and is equal to one-half
of the secondary voltage of the input transformer.

When the dynamic characteristics of the individual tubes are
such ds to produce odd harmonics in their plate-current wave
shapes, the resultant characteristic will deviate from a straight
line, as shown in Fig. 126. The resultant current will then
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contain odd harmonics, the third being the most important.
At overloads an appreciable amount of fifth harmonic may be
produced. The magnitude of thée third-harmonic distortion can
be determined from the maximum value of the resultant current
and an ordinate I, corresponding to e, as follows: From
Fig. 126
L =a+c¢ (62)
I.=5—c¢ (63)

Z

Adding (62) and (63), we find the amplitude of the fundamental
to be
Loue + 1

Subtracting (63) from (62) and solving for ¢ we get

¢ = Imax g 21: (65)
The percentage of third harmonic present in terms of the
fundamental is

Imax - 2Iz

(]
% 3rd = 1002= 100 57— =" (66)

This expression assumes that the fifth harmonic is negligible.
The dynamic I,-E, characteristics have to be constructed
for each particular value of load resistance used, so that a con-
struction due to B. J. Thompson® which obtains a family of
composite characteristics for a push-pull amplifier directly from
the I,-E, characteristics of the tube will reduce the amount of
labor involved. This construction is similar to that of Fig. 125
and is shown in Fig. 127 for a typical triode. The curves for
tube 2 are inverted as before, with zero plate voltage at the right-
hand end of the diagram and the ordinates of plate current
drawn in the negative dircction. The two plate-voltage scales
will coincide at the point E, The resultant or composite
characteristics are shown by the heavy lines and are obtained by
taking the difference between the two plate currents for corre-

3 Proc. I.R.E., vol. 21, p. 591, April, 1933.
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sponding grid voltages. It will be noted that these composite
characteristics are very nearly parallel straight lines in this
particular case. The load line is drawn in the ordinary manner,
making an angle with the vertical whose tangent is Ry, and pass-
ing through the point E, at zero-resultant plate current. In the
case illustrated, E, = 250 volts and R, = 1000 ohms. This
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Fi1c. 127.—Composite characteristics of a push-pull amplifier.

value of Ry is the impedance looking into one-half of the primary
winding of the output transformmer. The plate-to-plate load
resistance is four times this value, or 4000 ohms, which would
be the value of R, in Fig. 124, assuming the total number of
turns on the primary and secondary to be equal.

The total power output of the amplifier is readily obtained
from
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[max [gmaxRb
P = R, = Y 67
<\/§> ’ 2 (67)

assuming the odd harmonics to be negligible. If they are suffi-
clent to produce appreciable error, the output at fundamental
frequency may be obtained from

(l"’]{rb _ _(_[mgx‘:*_AII)‘zl{b
5 45

P =

(68)

where a is the amplitude of the fundamental and is given by (64).

The slopes of the composite characteristics are seen to be
practically constant, so that the apparent internal resistance of
the source is also constant. This is due to the coupling between
the two tubes through the two halves of the output-transformer
primary. Hence, maximum power output will be obtained in
this case when the resistances of the load and the source are made
cqual. This optimum value of load resistance sometimes results
in values of I, which are excessive and the resultant plate loss
exceeds the allowable rating for the tube. In such cases a load
resistance somewhat greater than the optimum value must be
used. The power dissipated at the plate in the. form of heat
will be the power supplied by L, minus the output to the load,
including the losses in the output transformer.

The value of the apparent internal resistance is obtalned by
taking the cotangent of the slope of the composite characteristics.
The value of this resistance for the type 45 tubes operating under
the conditions of Fig. 127 is 800 ohms, which is about one-half r,,
for this tube at E, = 250 volts and E. = —50 volts. The power
output and percentage distortion in the form of the third har-
monic are shown in Fig. 128, for various values of plate-to-platc
load resistance. The values of the latter are four times Ry, since
the total output of the amplifier is thought of as being impressed
across only one-half of the primary winding.

Comparing Fig. 128 with Fig. 123 for a single tube of the same
type, with the same signal, bias, and plate-supply voltages, it is
seen that the push-pull amplifier is capable of delivering almost
three times s much power as the single tube and with con-
siderably less amplitude distortion. The erroncous statement.
is frequently made that the output of two tubes in push-pull is
theoretically only twice that of a single tube, and that slightly
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greater output than this can be obtained by impressing somewhat
larger signal voltages than could be tolerated with a single tube
without excessive distortion. The greater output of the push-
pull circuit is due to the lower apparent internal resistance of the
combination, which may be viewed as though it were a single
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Fig. 128.——Variation of power output and third harmonic with load resistance for
two typical triodes in push-pull.

tube of internal resistance R, and load resistance R, The
average power output can be computed from
IR A D)

= 3R, + R (69)

where ¢, is maximum value of the signal voltage applied to one
grid, and R, is given by AE,/AI, of the composite characteristics.
The value of I, is approached by r, of the tube for high values
of plate current. For approximate estimates of output using
(69), I, may be taken as r,/2.

The maximum power output will occur in push-pull amplifiers
operating Class A when R, = R, and (69) becomes

2,2 L4
Powe = 45 (70)

~ 8R,

76. Advantages of Push-pull Amplifiers.—In addition to the
considerable reduction in amplitude distortion and the increased
power output per tube, the push-pull circuit has other advan-
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tages. The pl'éte supply for most power amplifiers is obtained
from rectified alternating current which may contain more or
less ripple, depending upon how effectively the rectifier output
is filtered. In push-pull circuits the small alternating current
in the plate circuit produced by this ripple voltage flows in
opposite directions in the two halves of the output-transformer
primary, so that no voltage is induced in the secondary. This
assuntes that the two tubes are identical and that the impedances
of the two halves of the primary winding are accurately balanced.

The biasing voltage E, is usually obtained by using the IR
drop across a resistance inserted in the negative lead of the plate
supply. In the ordinary type of amplifier any unfiltered ripple
flowing through this resistance is introduced into the grid circuit
and is amplified by the tube. The amplified signal current will’
also flow through this resistance and will be fed back into the
input cireuit in opposition to the signal voltage unless suitable
filtering circuits are provided. In push-pull amplifiers the ripple
voltage superimposed on E. affects both grids alike, so that the
plate currents resulting from this source annul each other in the
output transformer. No signal currents other than even har-
monics of the signal frequency will flow in the B supply circuit,
so that filtering circuits across the biasing resistance to avoid
feed-back difficulties are not required in push-pull circuits
operating as Class A amplifiers.

When alternating current is used for heating the filament, the
electron stream may be modulated by both the alternating
clectrostatic and electromagnetic fields surrounding the filament,
which is equivalent to a small alternating potential applied to the
grid. The external connections to the filament are made to a
center tap in the sccondary winding of the filament heating
transformer, or else to the mid-point of a low resistance shunted
across the filament. If this connection is displaced from the
clectrical center, an alternating potential will again be applied
to the grid. Here again, all these effects tend to cancel in the
push-pull circuit. Tubes using indirectly heated cathodes are
relatively free from hum caused by the use of alternating current
for heating purposes unless followed by an amplifier having a
high gain. Here the ordinary construction used in heater-type
tubes is not sufficiently free from hum to be used in the early
stages of high-gain amplifiers and specially designed tubes have




192 PRINCIPLES OF RADIO ENGINEERING [Sec. 76

to be employed.® The majority of power amplifiers work
directly into the useful load without subsequent amplification
and filament-type tubes can he used without objectionable hum.

It has already been mentioned that in push-pull eircuits the
direct-current components of plate current of the two tubes
flow in opposite directions in the two halves of the output-
transformer primary, so that the core is not subjected to a
continuous magnetizing force. This greatly inereases the inere-
mental permeability of the core and cnables a higher primary
inductance to be secured with the same number of turns. This
feature enables core materials of various magnetic alloys to be
used, for the high ineremental permeabilities of these materials fall
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Fii, 129.—Methods of adjusting individual biasing voltages in a push-pull
amplifier for equal plate currents.

very rapidly as the continuous magnetizing force is increased, as
discussed in Chap. III. When alloy cores are used in the output
transformers of push-pull amplifiers, it is important that the
two tubes have the same values of I,. As it is inconvenient to
sort through a group of tubes to find a pair that are alike in this
respect, provision is sometimes made for the bias voltage of one
or both of the tubes to be adjusted individually for equal
plate currents, as shown in Fig. 129. This method of securing
the required C bias is discussed in the following section.

76. Methods of Obtaining C Bias.—With battery operation of
receiving sets the negative bias for the grids of the various tubes
is readily obtained by the use of a C battery for this purpose.
In sets operated entirely from an alternating-current lighting
circuit, the biasing voltage is obtained from the voltage drop
across a suitable resistance in sefies with or shunted across the

4J. 0. McNaLLy, A “Low-hum’” Vacuum Tube, Bell Lab. Rec., vol. 11,
p. 158, February, 1933.
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plate-voltage supply. In the radio-frequency amplifying stages
the bias for all tubes can be obtained from a resistance common
to the plate circuits of all tubes, as feed-back difficulties due to
this common coupling between stages are easily avoided by the
use of by-pass condensers. Audio-frequency amplifiers are
usually biased by individual resistances, as the much lower
values of frequency dealt with makes it difficult to properly
by-pass these currents when a common resistor is employed,
unless rather large condensers are used.
When a resistance R, is inserted in the
negative lead of the supply voltage, as shown
in Fig. 130, the average voltage drop across €
this resistance will he I,/ and if the grid '
return lead is connected to the lower end of
R., the grid will be held negative with respect ¥ic. 130.—Sell-biased
to the filament by the amount of this drop. amplifier
The alternating component of plate current ¢, will also ﬂow
through R, and will produce a voltage drop 7,R, which will be 180
degrees out of phase with the signal voltage e, if Z; is a pure
resistance ;. The alternating voltage applied to the grid will be

ey = € — iplte (71)

)
°F

and the plate current will be

o e = k)
D= 7',) + ]r‘b + Iﬂc

_ pes .
“mFRGID TR (72)

The apparent cffect of this biasing resistance, in the absence
of the by-pass condenser C, is to augment the internal resistance
r, of the tube by a factor B.(x + 1), which seriously reduces the
power output. In the case of the type 45 tube previously
considered, R, would have to be about 1600 ohms to secure a
negative bias of 50 volts, and with an amplification factor of 3.5,
the term R.(x + 1) would be 7200, or about 4.5 times the value
of r, for this tube. In addition to this reduction in power output,
there would also be considerable frequency distortion if the load
were not a pure resistance. Assume that Z, contains an appreci-
able amount of inductive reactance. Then at the higher fre-
quencies 7, will be smaller than at lower frequencies for the same
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value of ¢;. Consequently, from (71), the net voltage impressed
on the grid will diminish as the frequency of the impressed signal
is reduced. Vector expressions must be substituted in (71) and
(72) if reactance is present in the circuit.

If the biasing resistance is shunted by a condenser whose
reactance is small compared with R, at the lowest frequency with
which we are concerned, the impedance offered by the com-
bination to alternating currents of higher frequencies becomes
progressively smaller, and the troubles caused by the reversed
feed-back or ‘“degeneration” will be climinated. This requires
a rather sizable condenser. For example, the reactance of a
2-uf condenser at 60 cycles is 1326 ohms, which would still be

(a)

Fri. 131, -~Methods of avoiding reversed feed-buck in self-biased amplifiers.

comparable to the value of R, so that a much larger value of
capacitance must be employed if undue discrimination against
the low frequencies is to be avoided. The value of the plate
current when a by-pass condenser is placed across R. can be
determined from (72) if the term R, in the denominator is
replaced by the vector expression for R, and C in parallel.

One method which does away with reversed feed-back without
the need of a very large by-pass condenser is the circuit illustrated
in Iig. 131le. The bias is applied to the grid through a high
resistance R, while the signal voltage is applied to the tube
through the condenser C,, the reactance of which is small com-
pared to R;. The high value of R; tends to prevent the feed-back
voltage from entering the input eircuit. The method of parallel
feed of Fig. 131b attacks the problem in another way in that the
alternating component of plate current does not flow through
the biasing impedance. The push-pull circuit when operated
Class A is free from feed-back troubles due to the biasing resist-
ance.  Furthermore, since two tubes are employed the value of R,
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required will be only one-half that needed by a single tube, as
in the push-pull case the current flowing through R, will be 21,.

In-all these self-biasing circuits the biasing voltage rises
somewhat as the value of e, increases. This is due to partial
rectification in the tube which causes the average value of the
plate current to rise from I, to I,, as shown in Figs. 122 and 125.

77. Push-pull Amplifiers, Class B.—In order to secure greater
outputs with a given tube and plate-supply voltage than can be
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Fi1g. 132.—Plate- and grid-current characteristics of a push-pull Class B amplifier.

obtained under Class A operation, it is possible to operate a
push-pull circuit as a Class B amplifier.® The cireuit is the same
as for Class A operation, except that the tubes are biased almost
to cut-off, as shown in Fig. 132. By properly choosing the value
of load impedance and bias voltage the resultant characteristic
can be made to approximate a straight line. The dynamic
characteristic must be essentially linear if distortion is to be
avoided, as the curvature in the one characteristic is not offset
by that of the other except in the vicinity of cut-off. In order

¢ L. E. Barron, High Audio Power from Relatively Small Tubes, Proc.
I.R.E., vol. 19, p. 1131, July, 1931.
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to obtain a large power output the grids are driven positive
during a portion of the cycle, so that the preceding stage of
amplification must be capable of furnishing the necessary power
represented by the flow of grid current. In addition, the pre-
ceding amplifier—usually termed the “driver”’—must also have
good voltage regulation, or the tops of the signal voltage e, will
be flattened. Poor regulation is eaused by high internal imped-
ance in the source of e, so that a step-down ratio is usually
used in the push-pull input transformer. The internal plate
resistance of the driver tube will then be reduced by the square
of the transformation ratio as viewed from the push-pull stage.
The step-down ratio is limited by the maximum undistorted
voltage that can be developed across the primary of the input
transformer by the tube used in the preceding stage. The Class
B stage is sometimes excited by a smaller push-pull Class A
amplifier, which, in addition to its other advantages, will have
an apparent value of plate resistance of approximately one-half
that of a single tube, as was pointed out in connection with
Fig. 127. }

This mode of operation is a very satisfactory solution to the
problem of obtaining reasonable power outputs for loud-speaker
operation in battery-operated recciving scts. The cost of the

* plate and filament energy supplied to the last or power stage in
sthe ordinary alternating-current receiving set is of little concern
to the user. But in a set operated entirely from dry batteries
the cost of the energy is about $10 per kilowatt-hour, so that the
B battery requirements of the last andio stage, as to the current
drain and the number of cells needed, are important considerations.

As an example of the relatively large amount of output obtaina-
ble under Class B operation, a pair of type 30 triodes requiring 2
volts at 0.06 amp. cach for filament heating are capable of
delivering from 1 to 2 watts output—depending on the distortion
allowable—with only 157.5 volts on the plate and a grid bias of
—15 volts. The total plate current varies from 1 ma when no
signal is being received to a pecak value of 50 ma. The fluctua-
tions of plate current with the signal voltage are similar in appear-
ance to the output of an unfiltered full-wave rectifier. The
average plate current is very much less than with Class A opera-
tion because of the small value of 7, when no signal is being
received. Thix results in much longer serviee life of B batteries
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in battery-operated scts. This is particularly true in cases
where the receiving set is turned on continuously but receives
messages only at intervals, such as police radio cars. Likewise,
when other B-supply devices are used which operate from a
storage-battery source, there will be a corresponding reduction
in the drain on the latter. With Class A operation the plate
power supplied remains practically constant and  does not
fluctuate appreeiably with the received signal.

The typical power tubes used in Class A applications are not
well suited for Class B operation. Their amplification factors
arc low so that a large grid-excitation voltage is necessary, which
requires a relatively large amount of power on the part of the
driver to swing the grids positive. Tubes with a high amplifica-
tion factor are therefore more satisfactory.

The fluctuations in the total plate-current input to the two
tubes are at a frequency which is twice that of the impressed
signal and the variation is from almost zero to a value limited
by the allowable plate dissipation of the tube. This requires a
source of plate voltage having good regulation, such as a battery,
<0 as to prevent similar fluctuations in the terminal voltage of
the supply, which would affect other tubes connected to the
same source. It is rather difficult to sccure the regulation needed
from the ordinary diode rectifier, because of its large internal
resistance. The hot-cathode mercury-vapor type with its con--
stant internal-voltage drop is satisfactory, but in receiving sets
it is apt to produce objectionable noise owing to radio-frequency

" disturbances within the tube itself unless the rectifier is shielded
and provided with radio-frequency choke coils in series with the
plate leads. This difficulty is not present in amplifiers for public
address systems and similar applications, so that mercury-vapor
rectifiers are satisfactory sources of Class B plate power in
these fields. '

Self-hias is not practical in Class B amplifiers owing to the
extreme fluctuations in the plate current. Either a battery or
a small auxiliary rectifier must be used to supply the biasing
voltage. This drawback has led to the design of tubes having a
very high amplification factor so that they can be operated at
zero bias. Grid current will then flow during the entire cycle
of the excitation voltage, but this disadvantage is offset to some
extent by the fact that the input impedance remains more nearly



198 PRINCIPLES OF RADIO ENGINEERING [Sec. 77

constant during the cycle. An interesting example of a tube
for this purpose is the type 46 which employs a double grid.
These are wound one within the other in the form of a flattened
helix and each is brought out to its respective pin on the tube
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Fra. 133.—Dynamic characteristics for type 46 tetrodes used as push-pull
Class B amplifiers.

base. For Class B operation both grids are connected together
at the socket which results in a high amplification factor. The
tube is also suitable for Class A applications, and when so used
the outer grid is conrected to the plate. This has the effect of
moving the plate closer to the inner or control grid and reducing
the distance b, in (33), Chap. VI, with the consequent reduction
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in the amplification factor from about 65 with the first connection
. to 5.6 with the second. This possibility of dual application
enables one tube to be used as a Class A driver of pair connected
for Class B operation, as shown in the diagram of Fig. 133. The
dynamic characteristics of the push-pull stage are shown in the
same figure. This combination is capable of delivering an out-
put of 16 watts into a load resistance I, of 1300 ohms. The
power required for grid excitation is 0.95 watt.

The load resistance R, is the resistance of R; as viewed when
looking into one-half of the primary of the output transformer.
Thus, if the total number of turns on the primary and secondary
of the output transformer in Fig. 133 are cqual, the value of R,
would have to be 5200 ohms in order for By to be 1300 ohns.
The effective ratio of transformation of the output transformer
is No/14N,.

The input transformer alternately furnishes power to the grid
of one output tube and then the other, so that its effective ratio
of transformation would be 14N,/N, in computations involving
the driver stage. This ratio of transformation should be chosen
so that the load impedance R, in the plate circuit of the driver
tube is higher than the normal value for optimum output as a
Class A power amplifier in order to insure low distortion in the
driver stage. An allowance should be made for the transformer
efficiency in computing the output of the driver stage. The usual
transformer will have an efficiency approaching 80 per cent at
output peaks. _

Current flows in opposite halves of the primary of the output
transformer during alternate cycles, so that mutual coupling
effects between the two tubes are absent except at very low values
of plate current. Consequently, the composite characteristics
of Fig. 127 when applied to Class B operation will coincide with
the static I, E, characteristics of the tube, except for small
values of plate current. The power output of a Class B stage
can be determined graphically in the same manner as in Fig. 127
for Class A operation. The load line is drawn through E, making
an angle with the vertical of tan=! R,. Since the power during
one-half cycle is furnished by tube 1 and during the remaining
half cycle by tube 2, the inverted characteristics for tube 2 in
Fig. 127 do not need to be drawn. Equations (64) to (68) for
Class A operation are all applicable to the Class B case. An
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appreciable amount of fifth harmonic may be produced under
certain conditions of operation and when this is the case, the
values of third harmonic and power output given by (66) and
(68) will become inaccurate.

Theoretically, no even harmonics are produced by push-pull
Class B amplifiers, if the two tubes are identical and if the imped-
ances of the two halves of the output transformer primary are
balanced. Any dissimilarities in the characteristic curves of the
two tubes will introduce even harmonics, and to a greater extent
than in Class A operation. In the latter case the resultant
characteristic is obtained as the difference between the two
dynamic characteristics. This may be seen from Fig. 125. If
the ordinates of the upper dynamic characteristic had all been
increased by a fixed amount, the resultant characteristic would
have been raised by this same amount without change of slope
or curvature, and no even harmonies would have been introduced
in the resultant current. But if these tubes had been operating
Class B, even harmoniecs would have beent produced by this
change in the characteristic of tube 1. It is evident from this
that the tubes used for Class B operation should be as closely
matched as possible if the produetion of even harmonies is to be
avoided. Kven harmonies produced by the driver stage will, of
course, be reproduced in the output of Class B stage.

The chief advantages of Class B operation are that large
amounts of power can be obtained {from moderate-sized tubes
and that the plate power required is substantially less than with
Class A for the same amount of useful output. The distortion
is greater than with Class A operation.

Tubes combining two high-mu triodes contained in a single
bulb and designed for Class B operation are on the market. The
triode units have separate external terminals except for the
cathode, which is common to both units. The two triodes may
be connected in parallel to serve as a driver and in this way
reduce the number of different types of tubes required.

A duplex tube of this type can also be used to produce a two-
stage resistance-coupled amplificr as the high value of u required
for satisfactory Class B operation makes these tubes suitable
for this purpose.

78. Push-pull Amplifiers, Class AB.—This mode of operation,
sometimes called Class “A prime,” is intermediate to Class A
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and Class B. The grid bias employed is somewhat greater than
- for Class A but less than cut-off. The grids are not usually
driven positive, although they may be if sufficient power is
available in the preceding stage. Somewhat greater power out-
put can be obtained than with Class A operation and with less
amplitude distortion than with Class B. Self-bias can be used,
hut the average value of plate current fluctuates and the biasing
resistance must therefore be shunted by a very large condenser
or suitable filter network to minimize the resultant variations
in the grid-bias voltage. Ilectrolytic condensers having a
capacitance of 50 uf or larger are suitable for this purpose. An
auxiliary rectifier is sometimes used for biasing, as in Class B
operation. The use of a fixed bias of this sort enables somewhat
larger outputs to be obtained than is possible with self-bias. The
idle plate current and attendant dissipation of power may be
made appreciably less than with Class A operation. This item is
of importance in high-power modulators used in radio telephony.
These modulators are merely large audio-frequency power
amplifiers whose alternating-current output is made to vary the
plate voltage supplied to a radio-frequency power amplifier, and
in this way causes the radio-frequency output to vary in ampli-
tude at an audio-frequency rate. In large transmitters the out-
put of the modulator is rated in kilowatts rather than in watts,
so that the attendant saving in the cost of plate power over what
would be required with Class A operation is a factor worthy of
consideration. Modulators can be also operated Class B.

Calculations of distortion and power output can be made by
means of (66), (67), and (68). The composite characteristics
are constructed in the same manner as in Fig. 127. For example,
if E, were made 275 volts and E. was increased to —75 volts, the
lower family of curves would all have to be displaced to the right
by 50 volts and the point £, = 275 will be the same for both
groups. The composite characteristics can then be constructed
from the following pairs of curves: E, = —75, E, = —75;
E, = —100, E.» = —50; etc.

Class AB operation produces somewhat less distortion than
Class B and can be operated self-biased. The plate power
consumed is somewhat greater, although less than with Class A.

79. Amplifiers Using Tetrodes.—The most common form of
tetrode is the scrcen-grid type. This tube was developed pri-
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marily for radio-frequency amplifiers, although it is used
occasionally as a resistance-coupled voltage amplifier. The con- -
struction of this tube is shown diagrammatically in Fig. 134.
The second or screen grid is introduced between the control grid
and the plate, completely surrounding the latter so as to reduce,
so far as possible, the capacitance between the control grid and
plate. The magnitude of this capacitance is reduced in this
manner to value less than 0.01 pef. It will be shown later that
the capacitance between control grid and plate serves electro-
statically to couple the input and output circuits, enabling some
of the amplified output energy to be fed back into the input
circuit. A continuous oscillation may
be sustained, depending upon the mag-
nitude and phase of the energy thus fed
z, back. The reactance of C,, in the

Screengrid-.

Y Cortrol A

i grid . . X
Input g ordinary triode is usually too large to
cause trouble from this source at audio
ik A frequencies.
Fe & A positive potential of about one-half
Fia. 134.—Connections of a 1 . o h
) (s Es, or less, is impressed on the screen

grid. The I,-E, characteristics of a
typical tube of this type are shown in Fig. 135 for a screen-grid
potential of 90 volts. The values to the left of the line A are
rather unstable, as the plate voltage is lower than that of the
screen-grid in this region and the effects of secondary emission
from the plate are pronounced. As the plate voltage increases
from zero the plate current rises to a maximum and then begins to
fall off. This reduction in the plate current is caused by the sec-
ondary electrons which are knocked out of the plate by the
impact of the primary electrons, and which travel to the
screen grid, since it is at a higher positive potential than
the plate. The net plate current will be the algebraic sum
of the electrons leaving, and arriving at, the plate. The
number of secondary electrons which leave the plate may
exceed the number which arrive, in which case the plate
current will actually reverse and flow out of the plate. As
the value of the plate potential approaches that of the screen
grid, the number of secondary electrons which travel to the
screen grid are reduced, as indicated by the reduction in the
screen-grid current. The plate current abruptly rises and then
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increases at a rather slow rate after its potential cxceeds that of
the screen grid. In this region the plate resistance is very high.
The amplification factor is also large so that the mutual con-
ductance is comparable to that of a triode of similar size. For
the type 24-A tube shown in Fig. 135, u = 400 and », = 400,000
ohms at E, = 180 volts and E, = —3 volts.

The shape of the curve of grid current in the ordinary triode
is often very similar to that of the plate current of the tetrode to

10
T T T T ] T T 11
gl 7ypeld-A S - L | [ L —
| Screen voltage =30 [ | | |
8+ e - ,,J};f.’— =
Al 7 ' '
E1—1—r I — — ' —
g |F | | |
£6 —t— ) =
E 5 11[‘/ i
2 |
£ ‘ | [
:f’ 4 | /4/ l _——i—:“;: EC::J'O =
Kol Y -t A ! ! I | - -]
kS ; | [ 1 [Ec=-45
AN/ ——
X s \/ | “ j f : —r-—J" _;__I B SR S A
\ | \Be=60] | L |
] /\ = S __,.—-]._L — 1
. "-*---I--q-@’?a_wcrenwcna.o L
0 I —1 L 1 Y M el it simtuted et
0 50 100 150 200 250 300 350 400

Plate voltage
Fig. 135.—Characteristies of a typical screen-grid tetrode.

the left of the line A, and for the same reasons. When the grid is
considerably positive, secondary emission occurs and these
secondary electrons leave the grid and are attracted to the more
positively charged plate. This causes the current in the grid
to rise and then fall off as its positive potential is increased, in
much the same manner as the plate current of a tetrode for low
plate voltages. As the positive grid voltage approaches that
of the plate the grid current begins abruptly to rise again as
fewer secondary electrons are attracted away from the grid to
the plate. .

Tetrodes can he satisfactorily used as voltage amplifiers pro-
vided the amplitude of the impressed signal is not too large.
They arc not capable of delivering very much output when used
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as Class A power amplifiers owing to the limitations imposed
on the allowable plate-voltage swing. Serious distortion will
result if the plate voltage falls below that of the screen grid.
This limitation as to distortion is not a factor in radio-frequency
power amplifiers, which usually operate Class C, so that screen-
grid tubes are satisfactory in this field. They are designed to
operate with a screen-grid voltage much lower in proportion to
the plate voltage than is customary with receiving tubes.

80. Tetrodes with Space-charge Grid.—In this type of circuit
the grid nearest the cathode is operated at a small positive poten-
tial, often by connecting it to the positive end of the filament, as

shown in Fig. 136. This grid attracts
electrons from the cathode and aids to
some extent in reducing the space

Zp charge, which gives it its name. The
N second grid is used as the control grid.
_L|||}+ S The advantage of this circuit is that
Le 778 higher mutual conductance is secured

F16. 136.—Connections of a gnd at lower plate voltages than with
tetrode with a spacc-charge . Q .
grid. . an equivalent triode. Screen-grid

tubes are sometimes operated as
space-charge tetrodes by using the screen grid as the control grid.

81. Power Amplifiers Using Pentodes.—The various types of
power amplifiers previously discussed all require a fairly large
grid-excitation voltage in order to deliver appreciable power
outputs. The trend in broadcast receiver design in about 1928
began to eliminate the first stage of audio-frequency amplification
and the power amplifier was operated directly from the output
of the detector. This was made possible by the change from grid
to plate detection, which enabled much larger radio-frequency
voltages to be handled, with the consequent increase in the audio-
frequency output of the detector. The elimination of the first
audio-frequency amplifier reduced the possibilities of hum caused
by the lack of sufficient filtration in the B supply, and also reduced
the amount of frequency distortion. The demand for larger
power outputs from the loud-speaker continued to increase and
in many cases the maximum output of the power stage was
unattainable owing to the inability of the detector to furnish the
required grid excitation without serious distortion. KEither a
power tube capable of furnishing large outputs with a much

Controlgrid .,
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lower grid voltage than that required by the available triodes was
necessary, or else the first audio stage had to be restored.

The pentode was offered as an inexpensive solution to this
problem. This tube avoids the power limitation present in the
screen-grid tetrode resulting from secondary emission by the
introduction of a third grid between the screen grid and plate,
as shown in Fig. 137. This “suppressor grid” is at the same
potential as the cathode and serves to repel the secondary
clectrons back to the plate when the plate potential falls helow
that of the screen grid. The screen
or second grid can now be operated Svpressorgrid-.,
at the same potential as the plate, -Soe9e- Aj
which increases the mutual conduct- i C;ZZO/"
ance of the tube. This grid is similar 72
to the others in construction as it is ¥ gk
unnecessary to shield the control Ee A
grid from the fluctuations in the plate  Fia. 137.—Connections of
potential at audio frequencies. In gf{:f_“de with s suppressor
pentodes used for radio-frequency
amplification this shielding is necessary and the screen-grid con-
struction is then similar to that employed in tetrodes for the
same purpose.

The suppressor grid is connected to the mid-point of the fila-
ment within the tube, or in the later types using an equipotential
cathode, it is brought out to an individual pin in the tube base
and the connection is made externally. This construction ismore
flexible and permits triode operation of the tube by reconnecting
the grids, as in the case of the type 46 tube previously discussed.
Triple-grid tubes are available which lend themselves to various
modes of operation. When used as a pentode, the grid nearest
the cathode serves as a control grid, while the second and third
are used as a screen grid and suppressor grid, respectively. For
Class A triode operation the second and third grids are tied to the
piate and the first grid again serves as the control electrode.
This connection reduces the internal resistance and amplifica-
tion factor to values low enough for satisfactory operation as a
Class A power amplifier. For Class B operation in push-pull
circuits the amplification factor should be high enough to permit.
the tube to operate with zero bias, as self-bias is impractical
This is accomplished by tying grids one and two together and
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using them as the control grid, while the third grid is tied to the
plate.

The I,-E, characteristics of a typical pentode are shown in
Fig. 138. With 250 volts on both the plate and screen grid and
a negative bias of —16.5 volts, the amplification factor is 150
and the internal resistance is 60,000 ohms. The proper value of
load resistance for this tube is 7000 ohms, which is very much
less than 7,. A higher value of load resistance would increasc
the power output, but the amplitude distortion would also
increase. This will be evident if we reduce the slope of the load

O —Fpedqr T 1 | B0
10 Ecreez voltage=250 __, i | 4‘
12
860 ——+A——
g L, | [
£
s 50 = 'T—
= L
z ﬁ / J>"<<Rb=7ooobbms| Fo=-1?
55 ' > = ]
v [
230t F—1—
: / |
220 +
[=%
10
Trig >, Le=32
0 — | !

| T [ S— —
0 50 100 150 200 250 300 350 400 450 500
Plate voltage

F1g. 138.—Characteristics of a typical pentode.

line in Fig. 138. Assuming the amplitude of the signal to be
16 volts, the value of I, will rapidly decrease while I, will
remain practically unchanged, which is evidence of an increasing
second harmonic. No even harmonics are present when I, is
midway between I, and I_,. The value of R, is usually
chosen so as to give this relation. This condition is different
than with triodes where the distortion decreased as R, was made
larger in comparison to r,. It is therefore important in the case
of power pentodes to have the load inductance small in order to
prevent the impedance of the load from increasing with the
frequency. Loud-speakers to be operated by pentodes should
therefore have as small a phase angle as possible. The electro-
dynamic loud-speaker is better in this respect than the other
types. In the case of a loud-speaker having appreciable induc-
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tance the increase in load impedaiice at the higher frequencies
will cause considerable distortion in this region. A condenser of
0.02 to 0.03 uf in series with about 15,000 ohms is often shunted
across the primary of the output transformer to prevent this rise
in load impedance at the higher frequencies. This arrangement
is sometimes converted into a tone control by using a larger
value of resistance and making it variable. However, this will
vary the effective load impedance, which is undesirable.

I -~Ffundamental
) ‘Sf;cond /mr/}non/'c
[ Spercent, ,
dbertbelcape: 20470
0°30° 5% 2 -

Third barmoné
(75 percent)

 TT2E +,/.5E'c_ Fe

F1G. 139.—Production of harmonics in a pentode when load resistance is too low.

The chicf advantage of pentodes as power amplifiers lies in
the large power output that can be obtained with a nominal
value of signal voltage. The amplitude distortion, mostly third
harmonie, is higher than with triodes operating Class A.

82. Graphical Determination of Distortion and Power Output
of Pentodes.—The dynamic characteristic of a pentode will have
an appearance similar to Fig. 139 when the load resistance has
too low a value. This produces both second and third harmonics
in the output. The magnitudes of these harmonics can be
determined from the 7,-E, characteristics of Fig. 138. The
currents I, and I, are the values of plate current obtained when
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e, is 0.5E, and 1.5E,, respectively, assuming that the maximum
value of e, is just equal to the biasing voltage E.. Referring to
Fig. 139, the amplitudes of the fundamental, second, and third
harmonies are a, b, and ¢.

From the diagram,

lo=lv+a+2b—c¢ (73)

1, =L —a+2b+c¢ (74)

Adding (73) and (74) and solving for b,
Iumx + Iiuin _2,11)

b = i (75)
Subtracting (74) from (73),
I...— 1o =20 — 2 (76)
Also,
I.=1,4+ 0.5a 4+ 050+ ¢ (77)
I,=1,—0.5a¢4 050 — ¢ (78)
Subtracting (78) from (77),
I.—1,=a+ 2 (79)
Adding (76) to (79) and solving for a, we get
o = lnmx - [miu‘ + l.t - I?I (80)

3

Eliminating « from (76) and (79), the amplitude of the third
harmonie is found to be

¢ = 2(15 - 111)__7'(4111\&)‘ - Imin)‘

6 (81)

The percentages of the sccond and third harmonies in terms
of the fundamental are then

b Imax+1min - 2117

% 20d = 100, = 7°1m iy Y G & (82)
_ 4 _ 1.1:_111_ %(Imnx_lmin)
%?3rd = 100. = 100~ R e G (83)

The power output at fundamental frequency is

g a 2 (Imax - Imin + Iz - III)2
P = iR, - <ﬂ> R, - Loe & 1= = Llp,  (a0)
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The total harmonic output will be

9, total = /(% 2nd)? + (9, 3rd)? (85)

The above equations assume that harmonies higher than the
third may be neglected, which is usually the case under ordinary
conditions of operation. The expressions are also applicable to
triodes in cases where the operating conditions may produce
appreciable amounts of third harmonie.

It will be observed from (82) that the second harmonic will
be zero when 1. + e = 215, which can be brought about
by the proper choice of load resistance. For values of R larger
than this, I,.. + Imn becomes less than 27,. This results in a
negative value for (82), which means that the phase of the second
harmonie is reversed from the position shown in Fig. 139. The
negative half-wave of ¢, is then greater than the positive half
wave which causes a reduction in the average value of the plate
current, and I will now be less than I,. This will change the
operating point on the characteristics if the resistance of the
primary winding of the output transformer is appreciable, as
discussed on page 182. In this case the position of the load line
will have to be lowered.

The effect of the load resistance on the harmonic content and
power output of the pentode of Fig. 138 is shown in Fig. 140.
As will be observed, the second harmonic disappears at about
7000 ohms where a reversal of its phase takes place. The use of
push-pull ecircuits employing pentodes will therefore’ produce
little improvement from the standpoint of distortion as compared
to triodes under similar conditions, since the suppression of even
harmonics can be accomplished in the case of pentodes by the
proper choice of load impedance. The remaining sizable third
harmonic will not be greatly affected by the push-pull circuit as
the composite characteristics are similar in shape to those of a
single tube. There are, of course, other advantages to the push-
pull circuit aside from reduced distortion, such as the reduction
of alternating current hum, the absence of degenerative effects
at low frequencies when using self-bias, ete.

83. Direct-coupled Amplifiers.—In order to amplify extremely
low frequencies, or voltages which vary slowly and which may
have periods of no change in value, a direct-coupled amplifier
must be used. These are often referred to as direct-current
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amplifiers. One arrangement is shown in Fig. 141a. Separate
B batteries must be used for each stage. The grid of the next
stage is connected to a point in the battery which is at a slightly
negative potential with respect to the filament of this stage,

315 -
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F16. 140.—Effect of load resistance on distortion and power output in a typical
pentode.

,

(a)
F1a. 141.—Direct-current amplifiers.

giving it the proper negative bias. Amplifiers of this type are
rather difficult to keep in balance owing to the voltage drift in
the various batteries with use. The balanced amplifier of Fig.
141b avoids these difficulties to a considerable extent, as changes
in the various battery voltages affect both tubes alike. These
circuits are more temperamental and the amplification obtainable
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is usually much lower than a conventional alternating-current
amplifier of a similar number of stages.®

Another form of direct-coupled amplifier which has been used
In broadcast receivers is shown in Fig. 142. This arrangement,
due to Loftin and White,” obtains the various grid and plate
voltages from the IR drops across portions of a high resistance
connected across the source of high voltage. Instability is
avoided by obtaining the bias required for the first tube as the
difference between the voltage drops across R, and R,. The
connection from the cathode through C, to an adjustable point

Type 24-A Type 45

ass OQuiput

. 1
000~ 4750~ 25000~ 109000
- éEb + $Eb

1
—=

Fic. 142.—Direct-coupled amplifier of the Loftin-White type.

on the 1000-ohm resistance is for the purpose of balancing out
any hum that may be present owing to poor filtration of the
high-voltage supply. The principle involved in the latter is the
same as the bridge circuit of Fig. 88 used in the measurement of .

Amplifiers of these types have negligible phase shift and are
satisfactory to use with an oscillograph. As the oscillograph
vibrator is a current-operated device of relatively low resistance,
amplitude distortion due to curvature in the characteristic of the
last tube must be guarded against by placing sufficient resistance
in series with the plate so as to’ straighten the characteristic.
A tube having as low a value of 7, as possible should be used.

8 For additional information on amplifiers of this type see J. M. Eglin,
A Direct-current Amplifier for Measuring Small Currents, Jour. Optical
Soc. Amer., vol. 18, p. 393, May, 1929; also articles by Taylor and Kerr,
Rev. Sci. Inst., vol. 4, p. 28, January, 1933, and O. H. A. Schmitt, vol. 4,
p. 661, December, 1933.

" Proc. I.R.E., vol. 18, p. 669, April, 1930.
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The effect of low plate resistance can be secured by using several
tubes in parallel in the final stage.

84. Feed-back in Amplifiers.—If a portion of the amplified
output encrgy of an amplifier is fed back into the input cireuit
in the proper phase so as to reinforce the input voltage, the gain
will be greatly increased. This action is termed regeneration.
If the amount of feed-back is sufficient, a continuous oscillation
will be produced. In audio-frequency amplifiers this is termed
“singing” or “howling.”

Let us assume that a voltage e is impressed upon an amplifier
free from phase shift which has an amplification of A. The
output will be Ae. If a fraction s of the output is fed back into
the input, the voltage fed back will be sAe, and the net output
will be Ae(l —s). The amount thus fed back to the input
circuit will again be amplified and a fraction of this will again be
returned to the input circuit. This process can be more readily
seen from the following:

e — Ae — Ae(l — 8)
e

sde —sA% —sA%(l — )
e

s2A% — s2A% — stA%e(l — )
s"Are — srAntle — snAntle(l — )
The total output will be the sum of the terms in the right-hand
column which ix

E, = Ae(1 — s)(1 + As + A% 4 A%* + - - ) (86)

The right-hand term of (86) is an infinite series, which will be
convergent if As < 1. Its sum will then be

(87)

1 — As
s0 that (86) can be written
S 1 -3
E, = Ael — (88)
The regenerative or feed-back amplification will be
Eg _ 1 - 8
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This expression assumes that the voltage fed back to the input
circuit was exactly in phase with e and that the output was
reduced by the amount fed back.  If the input impedance to the
amplifier is infinite so that feed-back represents no reduction of
the output, (89) becomes

A
A= = (90)

As the term A4s in the denominator of either of these two
expressions approaches unity, the regenerative amplification
becomes enormously large, and is infinite when As = 1. Under
this condition E,/e = «, which means that E, can be finite,
cven though e is zero.  In other words, an output voltage will
be present, even though no external input voltage is applied,

. which is the condition of a sustained oscillation. Therefore,
if instability is to be avoided in an amplifier, As must be kept
less than unity. The term A may be looked upon as the
“repeater”” amplification, or the amount of gain possessed by the
amplifier in the absence of feed-back. The higher the gain of an
amplificr, the smaller the percentage of fecd-back required to
causc instability in the form of oscillation, or howling.

This is readily demonstrated in installations of public-address
systems where feed-back in the form of sound energy from the
loud-speakers can enter the microphone. As the gain control
of the amplifier is turned up, more of the amplified output energy
enters the input circuit so that a point is reached—assuming
sufficient gain on the part of the amplifier—where a continuous
howl is produced. Either the gain must be kept below the
singing point, or else the feed-back must be reduced by relocating
the microphone or loud-speakers, or, as a third possibility, the
directional features of the latter must be improved. Serious
distortion is present just below the singing point and the gain
must be usually kept about 4 db below this point for good quality.
A microphonic tube in an early stage of the amplifier may also
cause trouble of this sort if exposed to the sound waves or
mechanical vibrations from the loud-spcaker. This was a fairly
common occurrence in the earlier types of radio sets.

The possibilities of acoustic feed-back are present only when
the amplified output is converted into sound energy in the
immediate vicinity of the amplifier. Electrical sources of feed-
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back which inadvertently couple the input and output circuits
must also be guarded against, and with increasing care as the
overall gain becomes larger. In audio-frequency amplifiers the
chief source of such coupling is in the common source of plate-
voltage supply. The internal impedance of this source is trav-
ersed by the plate currents of all the tubes, so that the /Z drops
across this common impedance are introduced into the plate
circuit of the first tube, as shown in Fig. 143. These voltages
may either aid or oppose the e.m.f. e acting in this cireuit,
since the total voltage will be the vector sum of all the voltages
present. The phase relations of these voltages will change with
the frequency because of the phase shift caused by the interstage-
coupling reactances, so that the regenerative effects may increase

% @_ ? hl.c

Ity

Input
_Yt||| ‘E d L

T14. 143.—Cireuit of a multistage amplifier having coupling between the first
and last stages due to the use of a common source of plate voltage.

the gain considerably in one range of frequencies and reduee it
in another. This can cause serious frequency distortion, even
though no instability is produced. When the plate currents of
several amplifier tubes all flow through the same common imped-
ance, the voltage drop which the current from one stage develops
across the common impedance will transfer energy to all of the
other stages, and an accurate solution of the problem is extremely
complex. Fortunately, the transfer of energy from the plate
circuit of the last tube to that of the first is usually all that need
be considered, as the differences in energy levels between any
other pairs of tubes is small compared with that between the first
and the last.

Computations involving feed-back may be made by means of
(89) or (90). Where phase shift must be taken into account, A4
and s, which are voltage (or current) ratios, will have a phase
angle as well as magnitude and must be used as complex numbers.

When the amount of regeneration is sufficient to cause sus-
tained oscillations, the frequency is governed by the resonant
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frequency of the circuits involved. In resistance-coupled ampli-
ﬁors feed-back sufficient to cause instability manifests itself as

“motor-boating,” a name given to it because of the similarity
of the sounds produced in the loud-speaker to the exhaust of a
motor boat. Since there is no resonant circuit present, the wave
form of the oscillation is badly distorted and the frequency is
governed chiefly by the time constant of the grid leak and block-
ing condenser.  The frequency is very low, usually of the order
of 1 eyele per second. A disturbance apphed to the grid of one
tube is amplified and fed back in the proper phase so as to
augment the initial impulse, which continues to increase in an

Frs. 144.—Maultistage amplifier with filter circuits in each plate lead to minimize
effects of common hattery coupling.

abrupt fashion until one of the tubes involved reaches cut-off.
The amplifying action of this tube then ceases until the blocking
potential leaks off of the grid, when the cycle of events is again
repeated.

Motor-boating is particularly troublesome with resistance-
coupled amplifiers operated from rectified alternating current
hecause of the high internal impedances of such sources at low
frequencies. When so operated, these amplifiers must have their
individual plate circuits properly filtered.

Feed-back due to self-bias has already been discussed in
Sec. 76.

85. Prevention of Feed-back.—Frequency distortion caused
hy feed-back due to common coupling in the plate-voltage supply
can be minimized by shunting a very large condenser across this
source of voltage and thercby reducing its internal impedance.
At low frequencics the reactance of the condenser becomes large
so that it is no longer effective and frequency distortion may be
present at these frequencies. The feed-back responsible for this
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form of distortion may sometimes prove beneficial and improve
the drooping gain in this region if the phase relations are proper.

A more effective method of avoiding the effects of common
coupling is to confine the alternating components of plate current
to their individual stages and thus prevent them from flowing
through the source of plate supply, as illustrated in Fig. 144.
Here the plate circuit of each tube is provided with a filter com-
posed of a by-pass condenser C and an impedance Z in series with
each plate lead. The condenser provides a path of low imped-
ance to the flow of the alternating-current component of plate
current, while the high impedance Z tends to prevent its flow
through the common plate battery. The impedance Z is usually

+ Oy
Fra. 145.—Self-hiased resistance-coupled amplifier with filters in grid and plate
circuits to prevent feed-back.

a choke coil whose impedance is high compared to that of C for
the lowest frequencies with which we are concerned. A high
resistance is often used in place of a choke coil, especially in
resistance-coupled amplifiers, since it is cheaper and much more
compact. The drop in voltage across these resistances is usually
of no consequence if a rectifier is used as a source of plate power,
as a dropping-resistance must be used in any event to secure the

reduced voltage required by the first two tubes in Fig. 144.

Feed-back effccts when self-bias is used must also be avoided.
Figure 145 shows how both grid and plate circuits may be filtered
in a self-biased resistance-coupled amplifier using heater-type
tubes. The negative bias is secured through the voltage drop
in R., while R, and R, serve as filtering resistances. The negative
terminal of E, is connected to ground.

Push-pull circuits operating Class A are free from coupling
difficulties resulting from the use of a common source of plate
power as the alternating component of plate current does not
flow through this source. With Class B and Class AB operation
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the plate-supply current fluctuates at double the signal frequency,
s0 that disturbances caused by these fluctuations must be guarded
against by the usc of adequate filters.

Electromagnetic and electrostatic couplings between circuit
elements of the various stages can be taken care of by careful
location of the component parts or by individually shielding each
stage. The latter is not usually resorted to at audio frequencies
unless very high gain is to be employed. The amplifier as a
whole is usually shielded so as to prevent it from picking up
external electrical disturbances. This is of particular importance
when the input is at a very low energy level, as is the case with
the output of the various types of high-quality microphones.
Inductive disturbances due to near-by lighting circuits may
induce voltages in the first stage of an unshielded amplifier, or

1+
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F1g. 146.—Direct-coupled amplifier with adjustable positive feed-back.

in its input leads, which arc comparable to, or even greater than
the output of the microphone.

Feed-back due to the capacitance between the grid and plate
of a triode is negligible at audio frequencies and will be discussed
in Chap. VIIIL.

86. Amplifiers Employing Feed-back.—The use of feed-back
or regeneration in the proper phase so as to reinforee the impressed
signal will greatly increase the amplification as the value of 4s
in (90) is made to approach unity. This prineiple, discovered by
[5. H. Armstrong,® has heen extensively employed to increase the
sensitivity of a triode when used as a detector. The magnitude
and phasc of the energy fed back are functions of the frequency
when reactive clements are involved, so that serious frequeney
distortion would be produced by its use in most types of audio-
frequency amplifiers.

One method of using feed-back at audio frequencies is shown
in the dircct-coupled amplifier of Fig. 146. The drop across a

$Proc. I.R.E.. vol. 3. p. 215, 1915,
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portion of the output resistance is in series with the input voltage
so that the resultant voltage applied to the grid of the first tube
will be the sum of thesc two voltages. The value of » must be
critically adjusted to secure high gain. Two tubes are needed
to secure the proper phase relations, as introducing a portion of
the output of the first tube into its own input circuit by direct
coupling would oppose the signal voltage instead of aiding it,
as was pointed out when methods of securing self-bias were
discussed.

If an amplifier is constructed so as to have considerably more
gain than is actually required and the excess gain is then reduced
to the desired amount by using negative feed-back, which means
that s is made negative and the denominator of (90) becomes
greater than unity, some rather remarkable characteristics can
be obtained.! Amplifiers employing this principle can be made
to have constant amplification over a very wide range of fre-
quencies and with an amazing reduction in distortion. Noise
produced within the amplifier is greatly reduced and changes in
the amplification with variations in the plate voltage arc almost
negligible. In order to secure these advantages, very careful
control is required of the phase shifts within the amplifier and
feed-back circuits. These circuits must be designed so that the
proper phase shift is obtained for the useful frequency band as
well as for a wide range of frequencies above and below it if
instability is to be avoided.?

With phase shift present, both A and s in (90) are complex
quantities. The absolute magnitude of the regenerative amplifi-
cation is

_ 4]
A = 1)

Defining
As = |As|/o (92)

(91) can be written

9 See papers by H. 8. Brack, Stabilized Feed-back Amplifiers, Elec. Eng.,
vol. 53, p. 114, January, 1934; and Bell Lab. Rec., vol. 12, p. 290, June, 1934;
also E. PeTERSON, J. G. KREER, and L. A. WagE, Regencration Theory and
Experiment, Proc. I.R.E., vol. 22, p. 1191, October, 1934.

10 H. NyquisT, Regeneration Theory, Bell System Tech. Jour., vol. 11,
p. 126, January, 1932,
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4]

4| = [T — [As|(cos & + j sin ¢)]

A

V/(
4]
\/ — 2|As| cos ¢ + |As|

In order to determine the effect of feed-back upon the stability
of amplification, suppose that owing to some cause or other the
repeater amplification changes by an amount 84, which will
then produce a corresponding change in the regenerative amplifi-
cation of §4,. Viewing the stability as the ratio of 84, to A,
the differential of (93) with respect to A is, assuming small
variations,

s| cos ¢)? + |[As|? sin? ¢
(93)

™

— |As| cos ¢

As| cos ¢ + |As_2F4_6A (94)

‘Elr—a

The ratio of 8§|4,| to |A,| is

8|4, _ 1 — |As| cos ¢ [6[A|]
[4.] 1 - 2]4s] cos ¢ + [4s[* [4]

(95)

It will be observed from (95) that if {As| cos ¢ = 1, the numer-
ator of the right-hand term is zero and the gain stability is
perfect, assuming differential variations in |4|. In a similar

é Outout

I'1G. 147.—Circuit of a negative feed- back amphﬁer with the feed-back con-
nected through bridges so as to prevent undesired reactions with input and output
eireuits.

_ yreed-back circurt

manner it is possible to investigate the stability with regard to
small variations in s and ¢.

The circuit of a negative feed-back amplifier is shown in Fig.
147, the input and output being coupled by means of balanced
bridges. This prevents the circuits connected to the input and
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output from affecting the amount of feed-back. The magnitude
and phase of the feed-back can be controlled by the adjustment
of the bridge. The variation of the gain with frequency for the
amplifier of Fig. 147, taken from Black’s paper, is shown in
Fig. 148. The upper curve shows the characteristic of the ampli-
fier with the reversed feed-back removed. The effect of feed-
hack in reducing the frequency distortion is strikingly shown hy

100— - .
T T TR T
90 ! T - j-w' — e -
’ [ (L [ [
) I I 1 Y g x-w— NI |
| d“‘ooc l ‘l ’ —{ ‘
Lo+ .L i & | %Operc‘iﬁng range RE -
g | | e | 4-40 ke. \ |
1“5’60 ___L_L_-i-l»' e 1t ! = xi!\l‘\ -
] | 1 | |
E sol— | ___l i — | ! | | |Feed-back 1| Ll i |
S T IR
s / l : ' | ™
. T
= b | | [
S I R AR IR\
< , . [ | LU [reea-backz | [ []]]
20 I ———{—u ! |- —ll T
\ [ l
s
| ] |
0 L1 II [ | | l { | 1 ‘ LA
100 1000 10,000 100000

Frequency in cycles per second
Fig. 148.—Characteristics of the amplifier of Fig. 147.

the lower curves for two different values of s.  Amplifiers of this
type are used in carrier-current telephony which utilizes the
frequency spectrum extending from the higher audio frequencies
to an upper limit of 50 or 60 kc.

By placing suitable equalizers in the feed-back circuit the
gain-frequency characteristics of the amplifier can be made to
compensate for the loss-frequency characteristics of the telephone
line in which the amplifier is placed.

87. Telephone Repeaters.—The amplifiers previously con-
sidered are capable of transmitting and amplifying signals in one
direction only. Where two-way transmission is desired over a
single pair of wires, the input and output terminals of the ampli-
fier must be electrically isolated so as to prevent singing. This
is accomplished by making the input and output terminals of
the amplifier two pairs of diagonally opposite points of a bridge
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circuit, as shown in Fig. 149a. The output terminals of the
amplifier are connected across points ab while the input terminals
are connected across points cd. If the bridge is balanced so that
Zi/Zy = Z1/Zs, none of the output voltage of the amplifier can
appear across the input terminals. But if a voltage e is introduced
into either Z, or Z,, by someone speaking into the apparatus at

Line north

N

Line south

F1g. 149.—(a) Amplifier and bridge circuit connected to give two-way trans-
mission. (b) 21-type repeater circuit evolved from (a).

the end of the line, the bridge is no longer balanced for a voltage
inserted in either of these arms and a portion of this voltage is
impressed across the input terminals ¢d. The amplified output
will appear across ab and hence is impressed (2
across the two lines in series. If Z, = Z,, the _a',} 1 |,
ratio arms Z, and Z, can be replaced by the two

halves of the output-transformer secondary, as ZagitZa
shown in Fig. 149b. This is known as a “21- =3
type’’-repcater circuit. In telephone practice it %Zb e
is very desirable to keep the impedance of each

conductor the same and balanced with respect to &’ 2 .
ground. Inserting Z, and Z in one side of the ZaZ' 22
line would upset this condition, so that one-half  Fic. 150.—Con-
of the coils Z, and Z, are removed and placed gffj‘”;ia‘,’lif;;‘lﬁ;
in the other side of the line, as shown iu Fig. 150. used with tele-
The coils Z, and Z, will both have the same Phone repeaters.
number of turns. This type transformer is often called a hybrid
transformer. The windings are all on a common core with the
secondary coils connected so that 1-2-3-4 is the series-aiding
connection.

The 21-type repeater requires that the impedances Z, and Z,
of the two lines shall be the same. Any deviation from this
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relationship will introduce positive feed-back, so that the gain A
must be reduced in order that As may remain less than unity to
avoid singing. This restriction would prevent the use of a
repeater between lines whose impedance-frequency character-
istics were dissimilar. 'This limitation may be avoided by the
use of a 22-type-repeater circuit illustrated in Fig. 1561. The
circuit consists of two 21-type repeaters, except that each line is
now balanced by means of a network having the same impedance-
frequency characteristics. Either line can be unbalanced without
the production of singing, but not both. This type of repeater
is the most commonly used, owing to its greater flexibility. For
a more detailed discussion of these types of repeaters the reader

~——

| ——
|/Jmp//'ﬁé’rA |

_Balarcing,
networks

Pmp/fﬁeral B UL
—_a
—

Fi¢. 151.—22-type-repeater cireuit.

is referred to “Transmission Circuits for Telephonic Communica-
tion,” by K. S. Johnson, Chap. XIV.

The arrangement of Fig. 151 is used to terminate an ordinary
telephone line for two-way radio telephony. Assuming the
telephone subscriber to be talking over line 1, the output of
amplifier B would be supplied to the radio transmitter. The
radio receiver would be connected to the input of amplifier A.
The right-hand hybrid transformer with its associated line and
balancing network would, of course, be absent. Difficulties
caused by feed-back will be present if the output of the trans-
mitter is picked up by the receiving set. This is avoided by the
use of two different frequencies for transmitting and receiving,
and often by geographical separation of the transmitting and
receiving stations as well.

Problems

1. A resistance-coupled amplifier using type 40 triodes has the fol-
lowing circuit constants per stage: Ry = R = 0.5 megohm, C = 0.1 uf,
E, = 180 volts, E. = —1.5 volts. The tube constants are u = 30.
rp = 150,000 ohms, Cyp = 8.0 uuf, C,y = 2.8 uuf. The distributed capaci-
tance shunted across Cy; due to wiring, etc., is 14.2 uul. What is the



AUDIO-FREQUENCY AMPLIFIERS 223

voltage amplification per stage at frequencies of 10, 100, 1000, and 10,000
cycles?

TaBLE I

E. =0 E = —1 E. = -2

E, 1*|E I*|EB I

P P p
20 0.57 | 60 0.21 | 130 0.(;8
40 0.85 ) 80 0.39 | 150 0.23
60 1.20 | 100 0.61 | 170 0.47
80 1.58 | 120 0.90 | 200 0.90
100 1.96 | 140 1.22 | 250 1.70

* Milliamperes.

- 2. The characteristics of one triode unit of a type 79 duplex tube are
given in Table I. This tubc is used in a resistance-coupled amplifier of the
following ‘constants: Iy, = R, = 0.25 megohm, E, = 250 volts, E, = —1
volt. The impressed signal has a maximum valuc of 1 volt and the fre-
quency is such as to make the reactance of the blocking condenser and the
input capacitance of the following tube negligible. What is the output
voltage of the tube across R.?

- 3. The two triode units of the tube in Problem 2 arc paralleled by con-
necting the grids, plates, and cathodes together. What will be the output
voltage, assuming all the other conditions to be the same as before?

- 4. A triode having ¢ = 30 and r, = 60,000 oluns has a pure induétance
L, in its plate circuit. What must be the value of L, so that the voltage
amplification at 100 cycles is 90 pér cent of the valuc at 1000 cycles?

- b. In Fig. 106 the impedance Z, is a pure resistancc of 100,000 ohms.
The impedance Z; has an alternating-current resistance of 1000 ohms and
an inductance of 50 henrys. The condenser Z. is a pure capacitance of the
proper size to resonate with Z; at 60 cycles. The constants of the tube are
w = 10, r, = 10,000 chms. What is es/e, at 60 cycles?

6. An audio-frequency transformer has a primary winding of 4000 turns
and a secondary winding of 12,000 turns. The net core area is 0.9 sq. in.
and the mean length of the core is 6 in. The transformer is connected to a
type 56 triode biascd so that p = 14, r, = 9000 ohms, 7, = 0.003 amp.
If the flux density in the transformer core is 30,000 lines per square inch, what
is the open-circuit voltage across the secondary if 1 volt at 60 cycles is
applied to the grid of the tube? At 1000 eycles? Neglect the primary
resistance and assume the incremental permeability of the core material to
be 1 the direct-current permeability. -

.. 7. A high-quality, 3:1 ratio audio-frequency transformer has a primary
inductance of 120 henrys and a secondary inductance of 1080 henrys. The
equivalent leakage inductance referred to the primary is 0.25 henry. The
remainder of constants, using the symbols of Fig. 111, are as follows:
r1 = 1960 ohms, r; = 9450 ohms, € = 310 puf, C2 = 80 puf, Cn = 30 ppf,
L. = 120 henrys, R, = 12,000 ohms. The transformer is connected to a
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tube whose constants arc ¢ = 14 and r, = 9000 ohms. If the value of C,
connected across the transformer secondary is 100 puf, at what frequencies
will resonant peaks occur in the amplification curve, assuming Cu (a), to
aid the magnetic couplings and (b), to oppose it?

8. In Problem 7, what will be the voltage amplification at these resonant
peaks under each condition? Compare these with value that would be
obtained with an ideal 3:1 transformer. .

9. A two-stage, transforiner-coupled amplifier has a magnetic type of
loud-speaker inserted directly in the plate circuit of the last tube. The
impedance of the loud-speaker is 10,000/30°. The input transformer to the

first tube has a step-up ratio of 3:1 and the coupling transformer between
tubes is 2.5:1. The latter has a primary impedance of 40,000/90° If

the constants of both tubes are . = 8 and 7, = 10,000, ohms, what will be the
voltage across the loud-speaker if 0.05 volt is impressed across the primary
of the input transformer? What is the gain of the amplifier in decibels?
10. A source of e.m.f. has an internal impedance of 6 + 78 ohms. Per-
manently shunted across this source is a pure resistance of 20 ohms. What
value of load impedance will absorb the maximum amount of power from

this source if the ratio of R to X of the load is constant and is given by
Z = R + jO.5R?

11. A radio set in a hotel has a dynamic loud-speaker fed from a power
tube whose constants are u = 3.8 and r, = 2000 ohms. This tube is con-
nected to the loud-speaker by means of a step-down transformer of ratio
16:1, which may be considered as ideal. The loud-speaker impedance
is 8 + j6 ohms. The management wishes to operate 5 magnetic-type loud-
speakers located in various dining rooms from this set. It is proposed to
connect these five speakers in parallel and shunt them across the primary
of the output transformer in the set, using léads of negligible impedance.
It is desired that these five speakers shall make as much noise as possible.
The dynamic loud-speaker is to remain connected to the set for monitoring
purposes and the resultant reduction of its output is immaterial. The
magnetic speakers can be wound for any impedance, the phase angle remain-
ing constant at 60 degrees. What impedance should be specified for the
magnetic-type speakers?

12. A source of e.m.f. has an internal resistance of 20 ohms. Connected
to this source is a transformer of the following constants: Z, = 5§ 4 j200,
Z, = 50 4 j2000, Z, = 0 + j600. What is the vector expression for a
load impedance Zz to be connected across Z, so that the load will absorb
the maximum possible amount of power?



AUDIO-FREQUENCY AMPLIFIERS 225

-~ 13. The internal resistance of a source of e.m.f. E in Fig. 4 is 1000 ohms.
Shunted across this source is a 10,000-ohm potentiometer. Find the value
of R in order that the power in the 100-ohm resistance shall be a maximum.
Assume the 5:1 transformer to be ideal.

14. A low-reading alternating-current voltmeter has a resistance of
100 ohms. It is desired to increase the sensitivity of the voltmeter by the
use of an amplifier as shown in Fig. B so that the voltage E to be measured
will produce larger meter deflections than would be obtained by connecting
the meter directly across the source of E. The output trausformer may be
considered ideal and is chosen to have the best possible ratio. Show that
unless the tube used for this purpose has a ratio of u/+/r, greater than 0.2
the voltage amplification will be less than unity.

TasLe II
E, =0 E.=—20 | E.= —30 | E.= —40 | E. = —60
5 | |5 |ln|g|n|s |8z,
| | {
1 |
25 | 12 | 100 7 140] 7 | 170 5 | 230 2
50 37 | 120 | 21 | 160 | 21 | 100 | 14 | 250 7

75 71 140 42 180 42 | 210 30 | 270 15
100 111 160 70 | 200 69 | 230 53 l 290 | 28
125 155 | 180 102 |- 220 ‘ 100 | 250 [ 82 | 310 |© 50
150 204 200 136 | 240 113 | 330 78

132 | 270 |
175 | 258 | 225 | 184 | 260 | 168 | 290 l 145 | 350 | 110

E, = -80 E, = —90 E. = —100 l E, = —120
_ _ . — .
E, ‘ E, Iy E, I; | E I
' | |
310 | 2.5 340 2 380 15 | 450 | 1.5
330 | 8 360 6 400 6 460 3
350 ‘ 18 380 13 420 13 | 475 l 6
370 | 32 400 24 440 | 24 500 15
390 ‘ 51 420 40 460 | 42 525 ‘ 27

410 | 76 440 63

* Mllhamperes.

~ 16. The characteristics of a type 2A3 triode are given in Table II. The
tube is to be operated with a plate supply of 250 volts and a grid bias of
—40 volts. Plot curves of the power output and second harmonic for the
following values of load resistance in ohms: 1000, 2000, 3000, 4000, 5000.
The maximum value of the impressed signal is 40 volts and the output
transformer has a 1:1 ratio. Neglect the third harmonic and the #r drop
in the tube filament.
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18. Determine u and 7, from the charactéristic curves of the above tube
for B, = 250 and E, = —40 and compute the power output from equation
(59). Check these results with thosc obtained in Problem 15.

17. Two type 2A3 triodes are operated push-pull with a plate supply of
300 volts and a grid bias of —60 volts. From the data given in Table II
construct the necessary composite characteristics to determine the power
output and per cent third harmonic for the following values of plate-to-
plate load resistance, assuming the output transformer ratio is 1:1 (total
primary to secondary): 2000, 3000, 4000, and 5000 ohms. The maximum
value of the signal impressed on each grid is 60 volts.

18. a. A triode having p = 4 and r, = 2000 has a magnetic-type loud-
speaker connected directly in its plate circuit. The loud-speaker impedance
is 2000 + 71000 at 100 cycles. 1f a signal of 10 volts r.m.s. is applied to the
grid find the power absorbed by the loud-speaker and the voltage across it.

b. If the C battery used with this tube is then replaced by a biasing resist-
ance of R, = 1000 ohms, as in Fig. 130 but with the by-pass condenser
omitted, what will be the power and voltage across the loud-speaker?

19. The biasing resistance in Problem 18 is shunted with a 4-xf condenser.
Find the power and voltage across the loud-speaker under this condition.

20. The various items of the circuit shown in Fig. C are as follows:
u =5, r, = 2000 ohms, R, = 500 ohms, R; = 7200 ohms. What trans-
formation ratio N,/N, will result in maximum power in RB,? Ife, = 20volts,
what will be the value of the maximun power?

i~

Input » k22 Output

p———o

It
Fie. (. Fia. D.

21. The characteristics of a type 89 triple-grid tube are given in Table I11
when connected for pentode operation with 250 volts applied to the screen
grid. The tube is operated with a plate supply of 250 volts and a grid bias
of —25 volts. Determine the power output, percentage second and third
harmonics, and total percentage of harmonics for a load resistance coupled
to the tube by means of a 1:1 output transformer, ranging from 3000 to
10,000 ohms in steps of 1000 ohms. Plot the values obtained against load
resistance, assuming a sigual of 25 volts, maximum. What seems to be the
most desirable value of load resistance?

22. Two type 89 pentodes are operated push-pull with the same voltages
as in Problem 21. From the data given in Table III construct the necessary
composite characteristics to determinc the power output and percentage
third harmonic for plate-to-plate load resistances coupled to the two tubes
by means of a 1:1 output transformer, ranging from 4000 to 20,000 ohms
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in steps of 4000 ohms. Plot the values obtained against load resistance.
The maximum value of the signal impressed on each grid is 25 volts.
What seems to be the most desirable value of load resistance? Compare
the results with those of Problem 21 for a single tube.

TasLe III
E.-0 |E. = —125| B, = —25 |E. = —315| E. = —50
- B _l_ ] | 1 — — =

E, | I; | E, | I | E, | I, | E, | I, | E, l 1

| | | |

| ! | I I ——
25 | 51.5 I 25329 | 25188 | 50| 11.3| 50| 4.3
35 |58.7| 50 42.6| 50| 24.3| 100 |12.8| 100 | 5.0
5 | 656 75|47.0| 75 27.2| 150 | 13.6 | 150 | 5.2
75 | 71.7 | 100 | 49.0 | 100 283 | 200 | 14.0| 200 | 5.4
100 | 75.4 ! 150‘ 52.0 | 175 |30.5| 300 | 15.0 | 300 | 5.7
150 | 79.5| 200 | 54.1| 250 32.2 | 400 |15.9| 400 | 6.0
200 | 81.8 | 300 | 57.9 6.2

325 | 33.8 | 500  16.6 | 500

* Milliamperes.

23. Repeat Problem 15, taking the third harmonic into account.

24. Find the voltage amplification of the circuit in Fig. 146 assuining
both tubes to be alike and u = 10, », = 10,000 ohms, R, = 90,000 ohms,
r = 1000 ohms,

26. Derive an cxpression for the voltage amplification of the circuit in
Fig. D, assuming both tubes to be alike.



CHAPTER VIII

INPUT IMPEDANCE OF A TRIODE

88. Equivalent Circuit of a Triode.—The equivalent circuit
of Fig. 87 neglects the interelectrode capacitances of the tube,
which become of increasing importance at higher frequencies.
Even at audio frequencies these capacitances result in an input
impedance which cannot be neglected. The equivalent circuit
of a triode when these capacitances are included is shown in
Fig. 152. The grid is assumed to be biased negatively by a

sufficient amount so that the grid .
g g C;%” P oG current 7, that flows is not due

g Wez/ tgX ™ to electrons attracted to the grid.
5 Zg cg> ‘[Cp - ?feg %Zb
: P

The latter case can be taken into

account by considering a resist-

Fia. 152.—Equivalent circuit of a ance 1y to be shunted across C"{'

triode. Actually, all of these capaci-

tances should have resistance

associated with them in order to take dielectric losses and leakage

into account. However, under most conditions of operation their

effects are small in comparison to those of the capacitances so
that they will be neglected in the following treatment.

The circuit of Fig. 152 is unique in that two e.m.fs. are acting
which are related in such a way that the voltage of one is entirely
controlled by the voltage of the other.

89. Input Impedance of the Grid Circuit.—The impedance
looking into the grid-filament terminals of the tube will be given
hy the vector ratio of the applied voltage ¢, to the resultant
current 7,. It will be assumed that e, is small so that x and 7,
may be regarded as constants. The expression for Z, can be
obtained by applying Kirchhoff’s laws to the equivalent circuit
and solving for ¢, in terms of the impressed voltage and the
circuit constants. The assumed positive directions througa
the circuit are shown by the arrows in Fig. 152.

The following equations are obtained: '

228
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1'5 = ’L'4 + 2'5 (I)
uey, = 167 + 1524 (2)
L, i
’Lst - jwcpf (3)
’L'z = ’L'3 + ’L'.x (4:)
13 13 13
o = TR 5 5
gwCy JuCy, v JwCps ®)
Gy =0+ 1 (6)
-4
b = ij,,f (7)
Substituting (1) in (2),
uey, = 14Tp + ’[5(7'p + Zb) ~ (8)

Substituting the value of ¢s from (3) in (8),
T
pey = U4l'p ijprb(Tp + Zb) (9)

From (4), ¢4 = 42 — 13, and substituting this in (9), we get

. . VA
Tory — 7,3<r,, + ;Z:Ct,Z:) (10)

. G 1
= Cpf<Cuf Cs'p)
and substituting this value for ¢3 in (10) gives us
— P _ _'i . __1_2__ Tp + Zb
2 C”’(CM CMX“’ +jwc,,fzb> o
Substituting the valuc of 7z obtained from (6) in (11),
= ;- g —_— L_iﬂ_il TP+Zb
p.e,, (/LII il)rp Cpf(C‘,f Cap )(TP + ijprb> (12)
Substituting the value of 7; obtained from (7) in (12),

Q;J'_“’_Ccvf%)

2P
Tp + Zb\
(”’ + juCoZs)

]

1€y

From (5),

ueg, = (1, — JwCoreg)ry — Cpf(j“’ea -
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J9CosCoirseq

, . ToCpty — .
= 1., — jwCymme, + [--” 20 — — JwCprpe,

ar

4 o & Z0)(Copy — joCosCosee) _ (ry + Zi)e,
§wC opCrrZs Zv

Collecting all terms containing e, on the left and those contain-
ing 7, on the right, we get

<u + jClosrp + o

(13)

CoiCopryp s+ Zy v, + Zg,>
T

+ “’Cm‘rv + CIIJ—Z + Z,‘

/mr b

_ 75C s Ty + Zy
_zg<7,,,+ 5 +_7'ngpr> (14)

Since Z, = ¢,/1,, the input impedance is

75Cor | 7o + Zs
p+ rnJ +7“’Cap7b

<I~L + CM7'5+ZAI>+7';; +Zb> +.7‘*’< aTpt+—F MCMTP + Cm‘rr>
o

ro(Cop + Cpg) — 52 <’" + 1)

Zy=

, — @5)
uc,,,,+<cgf+cw>< 1) 5o o Co o oo

Equation (15) is the vector expression for the input impedance
in terms of the tube constants and the impedance of the load 7,
and assumes that the grid bias is sufficiently negative so as to
prevent the flow of electrons to the grid. Three cases arise,
depending upon the nature of the load.

90. Case 1. Z, = R,.—When the load is a pure re%xstanoo
Ry, (15) may be written

-

a— J—
) ac — bd . 1 o .1
cFjed ¥ T EFoar =By (16
“be + w?ad
where the coefficients have the values
a =1,(Cop + Cpy)

=T

= Rb + 1

= s + (Cor + m(};b +1)
d = r,(CsCop + ConCos + CpsCyy)

ZU =

(17)

o
]
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In order to gain an idea as to the relative magnitudes of these
coefficients, let us assume a circuit having the following constants:

w =10

r, = 10,000

R, = 100,000

Cos = Cop = Cpy =10 uuf
w = 108

The foregoing tube capacitances are somewhat larger than those
of the ordinary receiving tube. From (17)

a=2X107
b=1.1
c=122><1() =i
d=3X 1018

and from (16)

(2.44 — 0.33) X 10747
(1.4884 + 0.0009) X 10720
(1.222 + 0.0009) X 10-%
~ (1.342 + 0.006) X 10-1°

R, = 1417 ohms

C, = 110.5 puf

It is evident that for frequencies such that » < 10% a can be
neglected in comparison to b, and d is negligible in comparison to
¢, so that R, and C, may be considered to be independent of the
frequency and (16) may be written

R” _ ac c—2bd (18)
Co=3 9
Substituting the values of ¢ and b in (19),
#Cop + (Cor + Con) (% + 1)
Cﬂ = — i
Tp
R +1
R
= Cus + Cap(l + - +bR,,> (20)
P

The last term in the parenthesis in (20) will be recognized as
the expression for the voltage amplification of a resistance-
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coupled amplificr. As R, is made very large compared to 75, the
voltage amplification approaches u as a limiting value, so that
the maximum possible value of grid input capacitance will be

Cﬂmnx = Cﬂf + Cﬂl’(l + “‘) (21)

If R, is zero, R, is also zcro (neglecting dielectric losses) and
C, = Cys + Cyp. Under this condition the short circuit between
the plate and filament places C,; and C,, in parallel and also
short-circuits r,.  If C,r and C,, have dielectric losses associated
with them due to the imperfect dielectric of the tube base and
glass stem, R, is not zero but will be equal to the dielectric resist-
ance. At low frequencies the diclectrie loss causes I, to be much
larger than the values given by (16) and (18).

The term ac — bd appears in the numerator of the expression for
R,. This term becomes zcro when B, = 0 and is positive for all
other values of R, so that the input resistance of a triode will
always be positive for a resistance load in the plate circuit.

91. Case 2. Z, = R, + joL,.—If the impedance in the plate
circuit contains inductive reactance, (15) becomes

ol 1 1
C"p + Cpf <Rh + 70)Lb + 7;>

up 1 1
+ (Cﬂf + C"")(RITij,, + r_,,> +
jw(cﬂfcﬂll + C,,,,Cpf - CNC”)

(By + L) (Cop + Car) = 72 — J—(Rb + joLy)

Zr/ =

”(Rb + ]‘*’Lb) + Cﬂf + Cop + (Caf + Cﬂn)(Rb - Jwly)
+ ju(Ry + ]wLb)(CnfCtm + CopCosr + CpsCor)

R
Rb(Cup 4+ Chr) + & = j[l(l + _b> — wly(Cyp + CPI)J
s LON WS — 4 (29)

(Cﬂfcﬂll + Capcﬂf + CPfCﬂf) + jwl:Rb(CafCaP +
CorCor + CoCar) + a0 + Cup + Cop) |

This may be written
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a—jb ac—bd be+ad _ 1

Zi=ixa v Jaxae s g
where
¢+ d
_ 4 d 4
Co = Soc + ad) =
The coefficients have the values
, L
a = Rb((‘u:' + ( l’f) +_ ,_b
n
b = __l_<1 + _‘R_b> —_ th(C,,p + C]’f)
w Tp
R ! g
¢ = ;;b(:“'Cw) ol CII]) + C{If) + Cﬂf + C"p — w*ls X (25)

(Crlfcqp + Capcvf + CW‘CM"
d = w[Rb(CaJ‘Cv/p + CypCor + Cpfcof) +

L
T_b(:“cup + Cup + Cnf)J
P

The numerator of the expression for B, is ac — bd, which from
(25) is equal to

R2 '.ZL? L
N = Rl + B0 4 G2, 4 4CisChp) — Z2uCp (20)
» »
The value of N will be negative, and hence R, will be negative
when

,ULb > TprCgp + (Rg + w2LI2:) (#Cvp 3P Cup + ,“-Cpf) (27)

which is a quadratic equation in L,. There will in general be two
values of L, that will make R, equal to zero, and for values
between these two, R, will be negative. If R,is large the solution
for L at a particular frequency may be imaginary, in which case
there is no value of L, which will make R, zero or negative.

The variations in R, with L; are shown in Fig. 153 for a typical
triode, using several values of R,. The input capacitance for
the same tube and circuit conditions is shown in Fig. 154. Both
curves are for w = 5 X 108,

Regeneration occurs when the impedance of the plate circuit
results in a negative value for R,, and output energy is fed into
the input circuit through Cy,. If R, is sufficiently negative to
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annul all of the positive resistance in the source of ¢,, oscillations
will occur. This is responsible for the production of undesired
oscillations in tuned radio-frequency amplifiers using triodes.
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Fru. 153.—Curves showing the variation of input resistance for a typical triode
as the plate-circuit inductance is varied.
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Fig. 154.—Curves showing the variation of input capamtance for a typical
triode as the plate-circuit inductance is varied.

Screen-grid tubes reduce the effective value of C,, to a point
where the usual values of inductance in the plate circuit are not
sufficient to cause oscillations. In tubes of this type the input
capacitance is substantially constant and equal to the C,; plus
the capacitance between the control and screen grids.
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The introduction of negative resistance into the input circuit
by means of a variable inductance in series with the plate has
been extensively used in one type of regenerative detector. This
circuit employs a variometer in the plate circuit which causes E,
to vary in the manner shown in Fig. 153. Regeneration control
is accomplished either by increasing L, from a low value, or else
by initially setting Ls at its maximum value and then reducing it.
The signal strength greatly increases as the circuit approaches
oscillation. At the present time regenerative circuits are chiefly
used for short-wave reception where their ability to oscillate is a
decided advantage. At broadcast frequencies high sensitivity
can be more conveniently obtained and controlled by the use of
radio-frequency amplification preceding the detector. .

99. Case 3. Z, = R, — jX,,—When the impedance in the
plate circuit contains capacitive reactance, the expression for Z,
can be obtained by substituting B, — j X5 in (15) for Zs. The
expression is again of the form

_a—jb_ac—bd .bc+ad_R”_.1 (28)

Z”_c+jd—cz+d2_‘702+d2= JaC,

where .

X
a = R(Cyp + Cor) — E,i

b= '1-<1 + &> + Xb(Cap + Cpf)
w Rz

R
c = T_b(licap 4+ Cop + Cn!) + Cosr + Cop + (29)
»
wXp (CﬂfClw + CupCpf + C)’fcllf)
wa(CaIC(m + C(mef + CMC(/!) -

X
7__b(l~"cull + Cun + C.v/f)
2 /

SN
I

These equations are similar to (25), except that all the signs
preceding X, arc now reversed. The terms in the numerator of
the expression for R, will now be positive, so that if the impedance
7, in the plate circuit contains condensive reactance R, will
always be positive and regeneration in the positive sense cannot
occur. This positive value of R, may be sufficient to reduce
appreciably the amplifier gain, especially at radio frequencies.
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Problems

1. The triode unit of a 2A6 tube has the following constants: u = 100,
7p = 91,000 ohms, Cp; = Cpp = 1.7 uuf, Cpy = 3.8 uuf. Plot a curve
showing the variation of input capacitance with plate-load resistance for
values of R, from zero to 500,000 ohms.

2. The constants of a type 56 triode are u = 13.8, r, = 9500 ohms,
Cor = Cop = 3.2 puuf, Cpy = 2.2 uuf. TIf the external resistance Ry in series
with the plate is 2000 ohms, for what range of values of inductance Ly in
series with the plate will the input resistance of the tube be negative, if
w = 1072

3. In Problem 2, what is the minimum value for R, in order that the input
resistance shall not be negative for any value of Ly?



CHAPTER IX

RADIO-FREQUENCY AMPLIFIERS FOR RECEPTION

93. Types of Amplifiers.—Radio-frequency amplifiers for
reception are operated as Class A devices. They may be sub-
divided into tuned or untuned amplifiers, depending on the width
of the frequency band to which they respond. An untuned
amplifier is one that gives fairly uniform response over a wide
range of frequencies. A tuned amplifier is one whose constants
are adjusted so that a narrow band of frequencies is amplified and
all other frequencies lying outside of this sclected band are dis-
criminated against. Both of these types may be further classified
as to the nature of the coupling means employed.

94. Untuned Amplifiers.—The various types of circuits dis-
cussed in the chapter on audio-frequency amplifiers can be used
for radio-frequency amplification, but the difficulties due to tube-
input capacitance and distributed capacitance of the coils make
it much harder to secure uniform amplification over a very wide
range of frequencies. If resistance coupling is attempted, the
input capacitance of the following tube approaches a short circuit
across the plate load at moderate values of radio frequency so
that this type of coupling can be used only for low values of radio
frequency.

Impedance-coupled amplifiers are more satisfactory but are
limited as to the width of the frequency band over which uni-
formly high amplification can be secured. Input and distributed
capacitance tune the coil to parallel resonance so that uniform
amplification is obtained only over the range of frequencies for
which the parallel resonant impedance of the plate load is large
compared to 7, of the tube. Figure 155 shows the voltage ampli-
fication for a triode with a choke coil in its plate circuit. The
upper curve shows the effects of the capacitance shunted across
the coil, which in this case was 22 uuf. The lower curve shows
the amplification that would be obtained if this capacitance were
absent.

237
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Transformer-coupled amplifiers can also be used, but it is
difficult to secure tight coupling between the primary and second-
ary without the use of an iron core, so that the leakage induc-
tances of the two windings will be relatively large. The
limitations of iron cores have already been discussed in Chap. I11.
Resonant effects are pronounced and somewhat complicated in
transformers due to clectrostatic as well ax cleetromagnetic
coupling which exists between the two windings.
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Fic. 155.—Variation of amplification with frequency in a choke-coupled amplifier.

The transformation ratio of an untuned transforiner on open

circuit is given by
M )L,

where M = mutual inductance.
L, = primary inductance.

L, = secondary inductance.

k = cocfficient of coupling.

This expression assumes that the distributed capacitances of the
two windings are negligible and that therc is no capacitive cou-
pling between them, assumptions that are only valid at low
frequencies.

Untuned amplifiers find their chief applications in various
forms of laboratory apparatus such as vacuum-tube oscillators of
various types. The radio-frequency amplifiers used in receiving
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sets must be capable of discriminating against unwanted signals,
so that tuned circuits must be employed to obtain the desired
degree of selectivity. Untuned amplifiers are seldom used in
modern receiving sets for this reason.

95. Tuned Amplifiers.—The vacuum tube is a source of e.m.f.
having relatively high internal resistance and in order to secure
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Fig. 156.—Effect of internal resistance of tube on voltage across parallel-resonant
circuit in the plate cireuit.

the desired selectivity by means of tuned circuits the plate load
should be of the nature of a parallel-resonant circuit. Series
resonance as a means for obtaining selectivity is effective only
when a low resistance source is used. The effect of the internal
resistance of the source on the voltage across a parallel-resonant
circuit is shown in Fig. 156. If the internal resistance of the tube
were zero the voltage output would be constant and equal to
ue, for all frequencies. The impedance of the parallel circuit
diminishes rapidly on each side of resonance, and with a tube
having a high value of r,, the voltage across the output circuit falls
off abruptly for frequencies above and below resonance. The
maximum voltage amplification possible with this type of circuit
approaches the value of u for the tube. Tuned impedance
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coupling is sometimes used with screen-grid tubes. These tubes
have very high values of u and 7, and high amplification per
stage can be obtained,
;P . .
M cation of u per stage results in
¥ insufficient gain with ordinary
: R
ég !
: L, 157 is the type usually used.
i i}, The voltage across the primary
LTI (RO ratio of transformation of the
tuned transformer.  This ratio of transformation is different from
The current in the sccondary is given by (15), Chap. 1V,
and is

. ‘ The limiting value of amplifi-

triodes so that the circuit of Fig.

K16, 157.—Typical circuit of a tuned is stepped up by the effective
the ratio of turns on the two windings.

1: _ —I’JZ,,, (2)
YT Z 1)+ 2y = 7z,
where
E = ue,
A = JoM
Zl + Zl’ =Ty + ]ﬂl + jw]q
Z-g + Zs = ]{2 +]<(A)L_) — ;}—é,;)
so that

—Jrcsw

— ®

',.2 = S 1
(s + RORs + 2 @ty — vy 4
C.

.7[ O+ ]1’,-3)<ng - ;é}) + wl;lh’gJ

This expression neglects the effects of capacitive coupling hetween
the primary and secondary. If this is appreciable it must be
taken into consideration.!

"The secondary current i, will be amaximum, if Cyis the variable,
when the j term in the denominator is zero, which occurs when

1 R,
oG = (l 2 LW) @

' H. Diamonp and E. Z. StowkL, Note on Radio-frequency Trans-
former Theory, Proc. I.R.E., vol. 16, p. 1194, September, 1928.
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and is the condition for resonance. The second term in the
parenthesis may be regarded as the value of primary inductanece
reflected into the secondary. Substituting the value of (4) in
(3), we get

—jued

7:2mnx = - R TN (5)
. 2 2 2 2
() P + I?l)Rr_) + w (A[ + Lll',, + R1>
The sccondary voltage Kz at resonance is
E 22mux (6)

2 = —F
wCy

It will be assumed that this is the maximum value of secondary
voltage that can be obtained by adjusting C,y. Actually, E, is
not a maximum when ¢z is a maximum, but the difference is too
small to be taken into account.

The values of B, and L, are usually small compared with r; of
the tube and can be neglected, resulting in the following approxi-
mate expressions which are sufficiently accurate for most
purposes:

. — jue,oM
iy =~ e : 7)
e e+ e~ )
wCy
At resonance
1
wLy = =& (8)
and the current at resonance is
o iwegeM )
12max = 7‘1)}32 + w2M2 (9)
The voltage amplification is
- ol
B Eg _ 21:1&1;‘002 B 02
Ao = =~ TR+ oM 1)
From (8), the voltage amplification may also be written as
A, = rM o, (11)

R + w?M?
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Differentiating (11) with respect to M, we find that the opti-
mum value of mutual impedance is

M = /1R ) (12)
Substituting (12) in (11), the optimum amplification is

uwlo
2v/7 R,
which is the maximum amplification it is possﬂ)lc to obtain with
a given tube and coil.

When M is adjusted to its optimum value, it will be noted that
the figure of merit of the tube is u/+/7,. Thercfore, if two tubes
have equal values of mutual conductance, the one having the
highest amplification factor will give the greatest gain. Tetrodes
and pentodes will accordingly produce a greater gain than the
ordinary triode. With M less than optimum the gain becomes
more nearly proportional to the mutual conductance of the tube.
When optimum coupling is employed, the amplification is directly
proportional to the ratio of the coil reactance to the square root
of its resistance, instead of @ for the coil. With values of M
considerably less than optimum, the amplification becomes more
nearly proportional to the figure of merit Q of the coil.

From (16), Chap IV, the impedance looking into the pnmary
coil at resonance is

Agpe = (13)

Z = R+ joL + S (14)

At optimum coupling, neglecting the impedance of the primary
coil,

Z =7, (15)

or the impedance of the load is equal to the internal resistance of
the tube. This condition differs from the impedance-coupled
amplifier in that in the latter optimum amplification is approached
by making the impedance of the load very large compared with r,
of the tube.

When screen-grid tetrodes and pentodes are used, which some-
times have internal resistances approaching a megohm in value,
the coupling used in the transformer is far below the optimum
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value, so that w?M? in the denominator of (11) can usually be
neglected, and (11) becomes approximately
4, =Y o, = 0.QuM (16)
TpRg

These tubes enable values of amplification per stage to be
obtained which are several times greater than ean he obtained
with the ordinary triode. This advantage, together with their
freedom from oscillation without the use of neutralizing circuits,
has caused the use of triodes to be virtually abandoned in the
field of radio-frequency amplifiers for receiving sets. Neutraliz-
ing circuits will be discussed in Sec. 101. The value of C,, in
these tetrodes and pentodes is usually below 0.01 uuf. The con-
nection from the control grid is brought out to a small metal cap
on the top of the glass bulb, which is of further assistance in
keeping C,, small, as capacitance between the grid and plate
leads in the tube base and socket is thereby avoided. A similar
construction is used in the case of all-metal tubes. In spite of
the small value of C,,, screen-grid tubes may oscillate if the load
in the plate circuit is sufficiently inductive. This tendency
increases at the higher values of radio frequency, so that ampli-
fiers used for short-wave reception must be designed for a lower
gain per stage, if instability is to be avoided, than is the case at
lower frequencies. At broadcast frequencies the maximum
permissible gain per stage is governed by stability considerations
so that the coupling that can be employed with these tubes is
usually much lower than the optimum value given by (12).

96. Effect of Mutual Inductance.—The change in the voltage
amplification at resonance as the mutual inductance is varied is
shown in Fig. 158 for three valucs of frequency. The curves
have rather dull maxima so that the conditions for optimum
amplification given by (12) are not very critical. A fixed value
of M of about 60 xh would have produced nearly optimum
amplification with the tube and circuit constants used for the
entire range of frequencies shown.

The sensitivity of a radio set is primarily governed by the
number of stages and the gain per stage of the radio-frequency
amplifier used. In addition to sensitivity, the selectivity is
often of even greater importance. This property is defined as
the ability to discriminate against undesired signals differing in
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frequency from the desired signal.

[SEC. 96

In sets designed for enter-

tainment purposes, the fidelity is also of importance. Broadcast
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F1g. 158.—Variation of the resonant amplification with mutual inductance.

entertainment requires a band of frequencies approximately
10 ke in width, and to avoid distortion in the radio-frequency
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Fia. 159.—Resonance curves of a tuned radio-frequency amplifier for three
values of mutual inductance.

amplifier the gain should he approximately constant within this
band. The fidelity of sound reproduction is also affected by the
characteristics of the detector, audio-frequency amplifier, and
loud-speaker.
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Figure 159 shows the effect of the amount of mutual inductance
upon the resonance curves of a single stage of the type shown in
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Fia. 160.—Effect of mutual inductance on selectivity.

-

Fig. 157. A better comparison of the selectivity may be had if
the ordinates of the curves of Fig. 159 arc expressed as a percent-
age of the amplification at resonance, as in Fig. 160. As M is
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Fi1G. 161.—Variation in selectivity with frequency.

reduced, the selectivity improves, approaching the resonance
curve of the secondary as a limiting value. Greater selectivity
would have been obtained if a higher value of ¢ had been
employed in the secondary coil, but with some sacrifice in fidelity.
The ideal response curve would be rectangular in shape with a
width of about 10 ke. In order to secure fairly uniform response
for all frequencies lying 5 kc above and below resonance, the
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response curve for the ordinary type of tuned circuit would have
to be made entircly too broad for good selectivity. Conse-
quently, the design of an amplifier of this type represents a
compromise between these two conflicting requirements. Inade-
quate selectivity manifests itself to the user very much more
readily than impaired fidelity, so that receiving sets using tuned
radio-frequency amplification employ a value of mutual induc-
tance betweeh primary and secondary coils which is considerably
below the optimum value.

A further conflict between selectivity and fidelity appears when
the performance at various frequencies is investigated, as shown
in Fig. 161. The value of M remained constant at 30 xh for all
three curves. The sclectivity at high frequencies is rather
poor, but if the circuit constants are changed so as to bring about
an improvement in this region, the selectivity at the low fre-
quencies will tend to hecome too sharp for good fidelity. The usc
of a fixed value of mutual inductance below the optimum value
also causes a considerable reduction in sensitivity at the lower
frequencies as may be scen in Fig. 158 along the ordinate M = 30.
One method of avoiding some of these difficulties would he to
vary M automatically with the tuning adjustment, but the
resulting mechanical and electricel complications have prevented
its use.

The radio-frequency amplifiers in receiving sets designed
primarily for the rceeption of telegraphic code signals are not
concerned with fidelity considerations.

97. Combinations of Inductive and Capacitive Coupling.—In
order to secure better performance in tuned amplifiers without
resorting to moving parts other than the tuning condensers,
combinations of inductive and capacitive coupling between stages
have been used.? By a proper choice of circuit elements it is
possible to make the effeetive coupling vary with the frequency
in a predetermined manner. In this way the variation of gain
with frequency can be given almost any desired charagteristic.
‘The variation in selectivity is also made somewhat more uniform
over the tuning range of the amplificr.

2 For a comprehensive discussion of various types of these circuits the
reader is referred to a paper hy II. A. Wheeler and W. A. McDonald.
Theory and Operation of Tuned Radio-frequency Coupling Systems, Proc.
I.R.E., vol. 19, p. 738, May, 1931
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Two examples of circuits involving these principles are shown
in Fig. 162. 1In (a) the coil L, has a large value of inductance so
that its distributed capacitance Cy, augmented by C,, of the tube,
wiring, etc., resonates it to a frequency somewhat below the
tuning range of the sct. The amplified output current of the
tube divides between L, and the path through the coupling
condenser C.. At low frequencies a larger portion of the output
current flows through this secoud path because of the high imped-
ance offered by L, as parallel resonance is approached in the latter.
The cireuit C ,L; can be made to approach series resonance in a
fashion similar to the double impedance-coupled amplifier of
Fig. 106. The apparent inductance looking into L, is made up
almost entirely of reflected reactance from the tuned secondary

(@) (b)

Fra. 162.—Tuned amplifiers using combinations of inductive and capacitive
coupling.

circuit L;Cs. This reflected reactance will vary with the adjust-
ment of the tuning condenser C, in a manner similar to Fig. 35
of Chap. II, if the frequency in this figure is replaced by the
capacitance of C as the independent variable.

The circuit of Fig. 162b achieves the same results in a somewhat
different manner. The coil L, and condenser C., merely serve as
choke coil and blocking condenser of an amplificr using parallel
feed. The amplified output current divides between C, and C,
and then recombines to flow through the primary 1, of the auto-
transformer. The capacitance of the tuning condenser C; is
increased as the signal frequency is lowered, which causes a
progressive increase in the effective coupling. The condenser C,
is about twenty times larger than the maximum value of Cs,
while L, includes about a turn or two of the coil L,. If Cnis
purposely made small the total reactance in the plate circuit will
be capacitive. As was shown in Chap. VIII, the resistance term
R, of the tube-input impedance will always be positive for &
capacitive plate load, so that reducing the size of Cm affords a
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posstble means of securing stability without resorting to ncutraliz-
ing circuits. This is, of course, unnccessary when screen-grid
tubes are used, as positive feed-back is here prevented by the
reduction of C,, to a value too small to cause oscillations.

The advantages of the circuits just deseribed can be approached
by means of the circuit of Fig. 157 if the primary inductance is
increased to a large value so that L,, in conjunction with its dis-
tributed capacitance and the output capacitance of the tube used,
has a resonant frequency somewhat below the tuning range of the
circuit. This becomes a case of two coupled circuits wherein the
frequency of the primary is much lower than the impressed
frequency. When a conventional primary of few turns is used,
its natural frequency is above the highest received frequency.
When the secondary is tuned to the lower frequencies, this corre-
sponds to operation at point A in Fig. 62 of Chap. IV. As (.,
is varied, we move along line @ — @’ and the tuning is quite sharp.
When a higher frequency is reccived, the point of operation shifts
along the hyperbola toward point B. The sccondary tuning is
much broader in this region along the line @ — @, and becomes
more so as point C is approached at still higher values of received
frequency.

But with a large primary the scene of operations is shifted to
the other branch of the hyperbola in the third quadrant. Here
the secondary tuning would be sharpest at high frequencies and
would tend to become broader at the lower frequencies. This
would merely transpose the region of broad tuning from one end
of the tuning dial to the other if it were not for the fact that the
secondary resistance is greatest at high frequencies. Conse-
quently, the greatest resistance is present where the tuning due
to coupled-circuit phenomena would tend to be the sharpest,
and becomes progressively lower as the coupled-circuit tuning
tends to become broader. The effect of resistance predominates
and the tuning is sharpest at the low-frequency end, but the
variations in selectivity and amplification over the tuning range
are much less than with the conventional primary of few turns.

A small fixed condenser is often shunted across L, which lowers
thé natural frequency of the primary and enables a coil of fewer
turns to be used. An approach to the behavior of the circuit of
Fig. 162a may be had by arranging for sufficient capacitive
coupling between the primary and secondary coils. This
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capacitance between the two windings then takes the place of C,,
in the above mentioned diagram. This form of construction has
been extensively used in tuned radio-frequency receiving sets
employing screen-grid tubes.

The use of a large primary operated above its resonant fre-
quency results in a plate-load impedance which has condensive
reactance. When ordinary triodes are used, the grid-input
conductance is positive instead of negative, which means that the
energy fed back through C,, opposes the impressed signal and
weakens it. No troubles with instability will be experienced,
but the amplification may be reduced to only a fraction of its
theoretical value. Neutralizing circuits must therefore be used
to oppose this negative feced-back. This is rather unique in that
these circuits are ordinarily used to prevent oscillations. Sercen-
grid tubes are free from these troubles.

98. Amplifiers Using Tuned Coupled Circuits.—In order to
secure a response curve which more nearly approaches the ideal
rectangular curve, both the primary and sccondary of the coupling

(o) (b)
Fig. 163.—Transformer-coupled amplifier with primary and secondary tuned.

transformer may be tuned, as shown in Fig. 163a. The equiva-
lent generalized circuit is given in Fig. 163b. Applying Kirch-
hoff’s laws, we have

E =017 + 0,2, + 127m 17)
E =0Z + (i — 5,) % (18)
0 =1s(Zs+ Z) + ipm (19)

From (18)
o B4z,
P Zl + Zc

and substituting this value for 7, in (17) gives us

EZ. — Zn(Zy + Z)i,
A A A (@)

iy =
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Substituting (20) in (19) and solving for i;, we get
—EZ.Z .

i
- - —EZ. o
- , 7\ T

L+ 2,1+ ) |2+ 2) - 231+ 5

Applying this expression to Fig. 163a, we have

(21)

. , _ 1

L = pe, Ao = aCh

Zm = joM Z, = Ril + jwl,

Zl =Tp Z2+Zs =1€2 +_]<ng—' 1 >
wC-z

Substituting these values in (21), the voltage amplification of
the circuit is given by

5 1 uﬂ[
G _ G
Av = w2 = 2 29
& Vot b @2
where
a = Ro[R1 + 1,(1 — *L,Ch)) — w(ly + 7‘1'3101)(‘*’112 - %Cz)
+ wIM?
b = wRo(Ly + rpB:Ch) + By + rp(l — szICI)]<‘*’L2 - wiCz>
+ wsMZCﬂ'p

If both primary and secondary are tuned to resonance the
variation in the amplification with the impressed frequency will
le similar in appearance to the coupled circuits of Fig. 61. When
M is adjusted to its optimum value, the curve has a single maxi-
mum, and for greater values of M the response curve will have two
peaks; one above and the other below the resonant frequency of
the primary and secondary. Tuned coupled circuits of this type
are often called ‘“band-pass filters,” since fairly uniform amplifi-
cation can be secured over a wider band of frequencies than is
possible when the secondary alone is tuned.? The use of several

3 For a treatment of these circuits based on filter theory the reader is
referred to an article by A. J. Christopher, Transformer-coupling Circuits
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tuned circuits coupled in cascade will accentuate the band-pass
characteristics.

The value of M in the circuit of Fig. 163 is usually made equal
to, or slightly greater than, the critical value. In addition to the
flatter top, the sides of the curve fall ¢ff more rapidly than with a
single tuned circuit so that the selectivity is much better.

When the primary and secondary circuits are both tuned alike
s0 that wL; = 1/wC; and wL, = 1/wCs, (22) becomes

M
A S “C.

LIESS : = — (23)
\/(Rllfz + w22 + <wL1R.2 + 7,

iR, + o'M?)*
le

With fixed coupling between primary and secondary the width
of the response curve becomes greater as the frequency increases,
which causes a progressive reduction in selectivity in much the
same manner as with a single tuned circuit. The gain is also
lower than with a single tuned circuit. Tuned coupled circuits
are admirably suited for the intermediate-frequency amplifier of
a superheterodyne receiver. Here the frequency of the band to
be amplified is fixed so that the problem of varying selectivity is
not encountered.

99. Cascade Amplifiers.—If two or more identical stages of
amplification are connected in cascade the overall gain has been
previously shown to be

AT=An,,

where n is the total number of stages. If the amplification per
stage is expressed in decibels, the total gain will be

Ar = nAdb

These expressions presume that the various stages do not react
upon each other, which is not always the case in practice because
of small unavoidable couplings between input and output
circuits. The response curve of a multistage amplifier composed
of n identical stages is readily obtained from the curve of a single
stage by raising the ordinates of the latter to the nth power.

for High-frequency Amplifiers, Bell System Tech. Jour., vol. XI, p. 608,
October, 1932.



252 PRINCIPLES OF RADIO ENCGINEERING [Sec. 99

It is possible to improve both the selectivity and the fidelity
of a tuned radio-frequency amplifier by increasing the number of
stages used, provided the tuning of each is made broader as their
number is increased. This is illustrated in Fig. 164 using the
response curves of Fig. 160. Curve A4 shows the relative amplifi-
cation of a four-stage amyplifier, each stage having the constants
of the upper curve of Fig. 160. Curve B is the curve for M = 30
in the same figure. The necessity for broader tuning per stage in
multistage amplifiers in order to avoid too great an impairment
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Fig. 164.—Improvement in selectivity and fidelity by cascading.

in fidelity permits the use of coils of rather compact dimensions
wound with relatively small wire. The increase in coil resistance
thus produced will lower the gain per stage, but this can be offset
if necessary by increasing the mutual inductance to more nearly
the optimum value.

At frequencies sufficiently remote from resonance where the
gain per stage is less than unity, a cascade amplifier acts as an
attenuator of the signal. This requires that the amplifier be well
shielded in order to prevent stray pick-up by the wiring from
reducing this attenuation. Thus, a few inches of exposed wire
running from the output stage to the grid of the detector tube
may serve as an antenna and have a voltage induced in it from
an interfering powerful local station which would be greater in
magnitude than the voltage produced by these same signals after
passing through the amplifier. The coils, tubes, and tuning
condensers of modern recciving sets are all individually shielded
so as to prevent oscillations caused by stray couplings between
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stages. These necessary precautions also serve to prevent inter-
ference from stray pick-up.

100. Methods of Avoiding Oscillation.—All of the preceding
types of circuits where triodes are used are almost certain to be
unstable at the higher values of frequency because of the feed-back
through the coupling capacitance betwecen the grid and plate
electrodes. The tendency to oscillate increases as the amplifi-
cation per stage is increased. With screen-grid tubes the
capacitance between control-grid and plate is reduced to a very

small value, as will be seen from Control  Screen grid
Fig. 165. The capacitance C,, is gria; I!' Plate
broken up in effect into two series | Znpur :2 Outpu?
condensers with the mid-point |*7¢” cireurt

grounded to the filament, so far Fitarnent
s 1% ti t tential Fie. 165.—Elimination of cou-
as  alternating-current potentals pling between input and output
are concerned. Feed-hack of cireuits by means of a sereen-grid
q tube.
amplified output energy through "¢
the tube is thereby reduced to the point where stable opera-
tion can be obtained at the shortest wave lengths now used.
Capacitive coupling between grid and plate leads external to the
tube must be earefully avoided by the use of adequate shiclding.
Radio-frequency amplifiers using triodes mwust be provided
with some means of preventing undesired oscillations from
occurring. Methods of combating instability are of three general

types:

1. By introducing sufficient resistance into the circuit to annul the nega-
tive input resistance of the tube.

2. By adjusting the magnitude or phase of the load in the plate circuit
s0 that the input resistance of the tube is not sufficiently negative to causc
oscillation.

3. By arranging the circuit so as to form some type of a balanced imped-
ance bridge with the input and output terminals of the tube forming two
pairs of diagonally opposite points.

The most common method of the first type is to insert a resist-
ance of about a thousand ohms or less in series with the grid of
the tube. In a tuned amplifier designed to cover a range of fre-
quencies this resistance must be large enough to secure stability
at the highest frequency. At the lower frequencies where the
tendency to oscillate is less, this resistance is much larger than
necessary, which results in a loss of amplification and selectivity
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in this region. In a number of instances where this method was
used in commercial receiving sets, only a portion of the stability
was secured in this manner; the remainder was obtained by
utilizing some stray coupling between the coils or tuning con-
densers so that a bridge circuit was produced in effect.

Another method applied an adjustable positive bias to the
grid of the tube by connecting the grid-return lead to the arm of a
potentiometer connected across the filament-heating battery.
This shunted the tuned input circuit with an adjustable positive
resistance due to the flow of grid current.

The second type of oscillation control can be secured by keeping
the reactance of the load in the plate circuit capacitive so that
R, remains positive. This can be accomplished with the circuits
of Fig. 162 by the proper choice of C... The plate-circuit imped-
ance may be allowed to become inductive by a small amount as
long as R, does not, as a result, become sufficiently negative to
cause instability. This method of oscillation control usually
entails an appreciable sacrifice in amplification.

101. Neutralizing Circuits.—With triodes, the third type of
oscillation control is the most satisfactory method, as the feed-
back voltage is balanced out without impairing the performance
of the amplifier. The other two methods merely alleviate the
effects of feed-back. In Chap. VIII it was pointed out that
regenerative effects caused by feeding back a portion of the
amplified output energy to the input circuit through the capaci-
tance between the grid and plate was the equivalent of a negative
resistance looking into the grid-filament terminals of the tube.
Another point of view which is more helpful in the understanding
of neutralizing circuits is that the plate swings through large
variations in voltage, and in so doing induces an alternating volt-
age on the grid through the capacitance between them. To
avoid the effects of this, a similar voltage of the opposite phase
must be induced on the grid from some source. All attempts to
neutralize must attend to both the phase and magnitude of the
voltage fed back into the grid. The methods used are various
adaptations of alternating-current impedance-bridge circuits
having conditions of balance which are independent of the
frequency.

-One form of bridge circuit due to C. W. Rice is shown in
Fig. 166, (a) being the actual circuit and (b) the electrical equiva-
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lent with the tube electrodes omitted. The filament terminal
of the tube, instead of being connected to the lower end of the
input coil, is connected to an intermediate point which divides
the inductance into two parts, L, and L,. In receiving sets L,
and Ly arc usually made equal. The lower terminal » is connected
-to the plate through a small balancing condenser C,. The
terminals ¢ and n of the input circuit and f and p of the output
cirenit constitute two pairs of diagonally opposite points of a
hridge, as shown in (b).  If the bridge is balanced, no voltage can

n
(o) (b)
F1e. 166.—NRice ncutralizing circuit.

exist across the input terminals gn, owing to a voltage between
the output terminals pf. Another way of viewing the circuit
is to regard the energy fed back through C,, as being opposed in
phase by that which flows through C.. The conditions for a
balance are

L, C,
L, = C, (24)
This balance is independent of the frequency as given by (24)
only when the eoupling between L, ard L, is substantially unity,
since L, is shunted by the input capacitance of the tube. With
perfect neutralization the input capacitance is constant and
independent of the load in the plate circuit. A high-frequency
parasitic oscillation may sometimes occur with this type of circuit,
which will render it practically inoperative as an amplifier.
These oscillations result from subsidiary resonant -circuits
involving tube capacitances and lead inductances. A small
condenser of about the size of C, shunted across L, will often
prevent such parasites in receiving circuits. The Rice circuit is
commonly used in neutralizing radio-frequency power amplifiers
in transmitting sets.



256 PRINCIPLES OF RADIO ENGINEERING [Sec. 101

Another form of balancing circuit due to L. A. Hazeltine, known
as the neutrodyne circuit, is illustrated in Fig. 167. This circuit
applies the same principle to the output circuit as the previous
method did to the input. The conditions for a balance are the
same as (24). The coupling between L, and L; should again be
approximately unity if the circuit is to remain balanced for a
wide range of frequencies with a fixed adjustment of C,, as L.
is shunted by the output impedance of the tube. Closer coupling

Ouiput --==->

Fig. 167.—Necuirodyne cireuit.

between these two coils can be more readily secured than with the
input coil in the Rice circuit, since the primary winding of the
output transformer is composed of comparatively few turns of
fine wire. Another advantage possessed by the neutrodyne
circuit in receiving sets is that one set of plates of the tuning
condenser C; is at filament or ground potential. This enables
the rotors of these condensers to be mounted on a common shaft
without the need of insulating bushings or couplings when several
stages arc used in cascade. The neutrodyne circuit was used
quite extensively in broadcast receiving sets prior to the general
introduction of screen-grid tubes in 1929. An early form of this
circuit had the neutralizing condenser C, connected to a tap at
some intermediate point in L, thus dispensing with the coil L,.
The secondary coil L, must be wound with respect to L, so that
in tracing from the plate connection of L, to the grid connection
of L, we continue around the coils in the same direction. Lack
of tight coupling between L, and L, with this arrangement makes
it more difficult to secure stability over a wide range of frequencies
with a fixed adjustment of C..

A circuit wherein all four of the bridge arms are condensers is
shown in Fig. 168. The grid-plate and grid-filament capacitances
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of the tube are used as a pair of ratio arms. The conditions for a
balance are

oo e (25)

The value of C, is made about 100 puf, which requires a value of
C.somewhat larger in size than the neutralizing condensers of the

L

<—--— Quiput------>

(a) (b)
F1e. 168.—Capacitance-bridge neutralizing eircuit.
preceding circuits. In order to prevent the accumulation of
electrons on the grid which may cause the tube to “block,” C, is
usually shunted by a l4-megohm resistance. The distributed
capacitance of a suitable choke coil operated above its resonant
frequency can be substituted for C.,.

(o)

Fia. 169.—Neutralizing circuit employing the principle of a mutual-inductance
bridge.
Another form of circuit involving the principle of a mutual-
inductance bridge is illustrated in Fig. 169. From the equivalent
circuit the following relations are obtained:

- E, _ —EwCaCyp
= 4L juC gl
joCn T joCop

(26)

. E,
19 =

: = ol (27)
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If the current 7 in the input circuit due to the output voltage E»
is to be zero, then
T . .
j—wC—,. = lewM (28)
Substituting the values of 7, and 7, from (26) and (27) in (28),
we get

M Cop

1. C, +C. (29)

which is the condition for a balance. The neutralizing coil L,
could have been inserted in the grid circuit instead of the grid-
return lead, which would then allow one side of the tuning con-
denser to be at ground potential for convenience in cascading.

Modern receiving sets no longer use triodes in the radio-
frequency amplifier but employ screen-grid tubes instead which
do not require neutralizing. When triodes are used in the radio-
frequency amplifiers of transmitting stations, neutralizing circuits
have to be used to secure stability. Screen-grid tubes are also
being used extensively in these installations in the low-power
stages. It is difficult to design screen-grid tubes for outputs
much above 500 watts so that triodes must be used when higher
outputs are required.

102. Neutralizing Adjustments.—The neutralizing adjustment
in receiving sets is made by tuning the amplifier to strong signal,
preferably in the high-frequency tuning range, and then dis-
connecting the heater or filament connection of the tube to be
neutralized. This destroys the repeater action of the tube and
converts the stage into its equivalent electrical network. If the
signal is of sufficient strength it will pass through the capacitive
network of the dead tube with enough energy so as to be heard
in the loud-speaker. The neutralizing condenser is then adjusted
until the signal disappears. The filament is then lighted and the
procedure is repeated with the next stage.

When stray electromagnetic or electrostatic couplings are
present, or if the couplings between L, and L in the preceding
circuits are appreciably less than unity, the value of balancing
capacitance required may vary with the tuning, so that when
neutralized at one frequency, the stage may be sufficiently unbal-
anced at some other frequency to cause oscillations. In this case
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a compromise adjustment of C, must be found, if possible, which
will hold the stage out of oscillation for the entire tuning range.

The amplifier stages of transmitting sets are usually provided
with a low-reading radio-frequency ammeter in the output tank
circuit which serves as the galvanometer in the equivalent bridge
circuit. The neutralizing condenser is adjusted for zero deflec-
tion of the ammeter when radio-frequency excitation is applied
to the grid of the tube to be neutralized. The plate voltage in
this case is usually removed, instead of opening the filament
circuit to prevent the amplifying action of the tube.

Problems

1. A tuned radio-frequency transformer of the type of Fig. 157 is to be
designed to cover the broadcast band of 540 to 1500 ke. The niaximum
capacitance of the tuning condenser is 350 uuf and its minimum capacitance
is 15 uuf. The input capacitance of the tube is 20 puf and the distributed
capacitance of the coil and wiring is 5 wuf. What value of sccondary
inductance is necded? How many turns of No. 30 enameled wirec wound
88 turns per inch are needed for the secondary if the coil form is 1.25 in.
in outside diameter? What is the highest frequency to which the trans-
former can be tuned?

2. A tuned radio-frequency transformer is to be designed for aviation
use to cover the frequency band from 230 to 500 ke, using the same tuning
condenser and other values of capacitance as in Problem 1. What value of
secondary inductance is needed? If a coil form 2 iu. in diameter is used,
how many turns of No. 30 enameled wire are required? What is the highest
frequency to which the transformer can be tuned?

3. a. The constants of a tuned radio-frequency amplifier stage of type
of Fig. 157 are as follows: u = 10, 7, = 10,000 ohms, M = 20 uh,
L; = 250 ph, R, = 10 ohms, f = 10° cycles, and wl; = 1/wC: What
is the voltage amplification per stage?

b. What would be the voltage amplification per stage if A were adjusted
to its optimum value? What is the optimum value of M?

4. In Problem 3 with the constants as in «. what is the amplification
for an interfering signal 50 ke higher than the resonaut frequency of 10°
cycles? ’

6. The constants of a tuned radio-frequency amplifier stage of the above
type designed for use with a type 58 pentode arc as follows: u = 1200,
rp = 800,000 ohms, M = 40 uh, L. = 300 ph, Q. = 120, f = 10° cycles.
What is the resonant voltage amplification per stage?

6. In Problem 5, what is the resonant voltage amplification at 550 and
1500 ke, if Q2 = 100 at these frequencies?

7. In Problem 5, what would be the voltage amplification for an inter-
fering signal 50 ke higlier than the resonant frequency of 10° cycles?

8. A type 34 pentode has a parallel-resonant circuit in its plate circuit.
The tube constants are ¢ = 620, r, = 105 ohims. The constants of the coil
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are L = 280 yphand @ = 80. Whatis the voltage amplification at 10¢ cycles,
assuming the circuit to be tuned to resonance by means of the condenser
across the coil?

9. In Problem 8, what would be the voltage amplification for an inter-
fering signal 50 ke higher than the resonant frequency of 105 cycles?

10. A stage of an intermediate-frequency amplifier of a supecrheterodyne
is similar to Fig. 163. The primary and secondary coils are identical
and both are tuned to 175 ke. The constants of the coils are L = 6000 ph,
Q@ = 100, M = 60 xh. What is the voltage amplification per stage when
using a type 58 pentode of the constants given in Problem 5?



CHAPTER X

OSCILLATORS AND RADIO-FREQUENCY POWER
AMPLIFIERS

103. Oscillators.—Any amplifying device is capable of gen-
erating oscillations if a sufficient portion of the output encrgy is
fed back into the input in the proper phase so as to reinforce the
input energy. Thus, if an ordinary carbon-grain transmitter is
connected in series with a battery and a telephone receiver and
the two instruments placed so that the sound output of the
recciver enters the transmitter, then any initial noise picked up
by the transmitter will cause the combination to oscillate. This
mechanical oscillator is called a ‘“telephone howler,” so named
hecause of the character of the sound produced. The carbon-
grain transmitter is an amplifying device, in that the electrical
output can be much larger than the input in the form of sound
energy. The sound waves cause a variable pressure to be exerted
on the carbon granules, causing a variation in the electrical
resistance of the transmitter which, in turn, controls the flow of a
much larger amount of energy from the local battery.

The initial sound impulse which acted upon the transmitter is
reinforced by the resulting output of the receiver so that the
amplitude of the oscillations continues to increase until a condition
of equilibrium is reached. This stable condition is brought about
by the increase in losses as the amplitude of oscillation. increases,
which causes a corresponding reduction in the efficiencies of the
‘two instruments. With constant efficiency, the ratio of output
to input energy in the transmitter and receiver would remain
constant and the amplitude of the oscillations would increase
indefinitely. The frequency of oscillation will be dictated by the
resultant resonant frequency of the two diaphragms.

104. Vacuum-tube Oscillators.—A vacuum-tube oscillator
may be regardad as a self-excited amplifier, in that a portion of its
output energy is used to excite the grid. One form of circuit in
which this may be accomplished is shown in Fig. 170. The

261
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required grid-excitation voltage is induced in the coil L, which is
inductively coupled to the coil L, in the tank ecircuit. This
voltage will be +jwM1Iz, depending upon the sign of M , Where I,
is the oscillatory current flowing in L,. It will be shown presently
that the sign of M must be negative in order that the circuit may
be self-exciting. The magnitude of the grid voltage is much larger
than in the case of the amplifiers previously considered and the
grid is driven positive by a considerable amount, causing grid
current to flow during a portion of the cycle. The value of £,
can be varied either by changing the
number of turns on L, or, if the latter
arc fixed, by altering the coupling
between L, and L,.
' ' 1 Oscillators are operated as Class C
—_IIIIIIILr——I devices and are biased negatively to a
Zo ) ) point considerably beyond cut-off. The
i 170.—ypieal oscillator 1 cessary grid bias is obtained by means
of a resistor or grid leak R. in series
with the grid. The grid current consists of a series of recti-
fied impulses which flow through R., so that the biasing volt-
age will be equal to the average value of this rectified grid current
multiplied by the value of the biasing resistance R.. The grid
condenser C shunted across R. acts as a radio-frequency by-pass
to enable the full value of excitation voltage induced in L, to be
impressed across the input terminals of the tube. This condenser
does not let the voltage across the resistor vary at a rapid rate,
because it supplies charge when the voltage drops a little and
absorbs it when the voltage rises. The value of C is not particu-
larly critical and should be large enough so as to have a reactance
which is small compared with R, at the operating frequency. If
the capacitance of the grid condenser is made too large, blocking
may occur and the oscillations will be periodically started and
stopped. The rate at which this condenser discharges is deter-
mined by CR,, the time constant of the circuit. If C is relatively
large the condenser will be unable to discharge completely during
the negative half cycle in which grid current is zero, with the
result that the charge accumulates to the point where oscillations
cease because of excessive negative bias. A battery or any other
source of constant potential can be used for biasing purposes,
but Class C operation requires a bias which exceeds cut-off.
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Consequently, when the plate and filament voltages are initially
switched on, the plate current will be zero and the circuit will
refuse to oscillate until the biasing voltage is reduced to a value
less than cut-off. When the circuit is self-biased by means of a
resistance in the grid circuit, the initial value of bias is zero,
building up automatically to the proper value when oscillations
begin.

The initial impulse which starts the oscillations is furnished
by switching on the plate voltage, or the filament voltage if the
plate voltage is already applied. The growth of plate current ¢,

. d : .
through L, induces a voltage in L, equal to M Ezgf’ and by proper

choice of the sign of M a voltage will be applied to the grid which
increases i,. As saturation is approached, di,/dt becomes less,
and finally becomes zero. The increase in the plate current up
to this point has been caused by the induced voltage applied to
the grid, and when this ceases, the plate current falls. But this
decreasing current causes an induced voltage.in the opposite
direction in the grid circuit, which further decreases the current
until cut-off is reached, and the whole cycle starts over again.
The frequency of oscillation is dictated by L, and C,, which con-
stitute a parallel-resonant circuit connected across the output
terminals of the tube.

Maximum power output would presumably be obtained when
the impedance of the load was made equal to the internal resist-
ance of the tube. However, the latter varies between extremely
wide limits, being infinite during the greater portion of the cycle
under Class C operation, so that the load impedance for maximum
output bears no simple relation to the plate resistance of the tube,
as with Class A operation, where the variation in », is small.
Best operation will be secured with some particular value of
tank-circuit impedance. This impedance is a function of R,, L,,
and C,, and if these items are fixed by other considerations the
impedance offered by the tank circuit may differ from the opti-
mum value by a considerable amount. As pointed out in con-
nection with audio-frequency amplifiers, it is possible to step up
or step down the impedance offered by the load by means of a
suitable transformer. Such transformer action can be secured by
using the coil in the tank circuit as an autotransformer, as shown
in Fig. 171. The ratio of transformation will be approximately
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the turns ratio /8. The frequency of oscillation is governed
primarily by the inductance included in 8, in conjunction with
C,, while moving the plate tap so as to alter the number of turns
included in P changes the impedance
of the load as viewed from the tube
and has only a minor effect on the
frequency. In this way the load im-
pedance offered to the tube may be
i i adjusted to its optimum value.

Zy . An approximate treatment of the
cu}:“‘;(}g;;f:ea‘;f :z“l;ctl;: tuned-plate oscillator that enables
transformer to vary the load Some general principles to be deduced
e which apply to all oscillators may be
had from Fig. 172. Applying Kirchhoff’s laws to the equiv-

Iy IL

-
L —ajah — 7

Fra. 172.—Tuned-plate oscillator and its equivalent circuit.

alent circuit and assuming steady-state conditions, we obtain
the following equations:

i, =1L+ I (1)
—uEy = try + I1(Ro + jwLs) 2)
I .
ng,o = I (R + jwL,) (3)
E, = —joMI, (4)

Substituting (1) and (4) in (2),
JuwMIy = (I + Io)ry + Tu(Ry + juLy) (5)
Substituting the value of I, from (3) in (5),
JpoMI, = joCol (R, + juL)r, + I.(R, + r, + joL,) (6)
from which

I{(RBo + 1p — ™LoCorp) + jw(Ls + CRppy — uM)] = 0 (7)
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For (7) to be zero the two terms in the brackets must both be
zero. Setting the j term equal to zero, we get

— Lu + Co‘ﬁto'rp
u

M (8)
which gives the minimum value that M ecan have in order that
the circuit may oscillate.

Setting the real term in (7) equal to zero, we get

_JRe A \/ B
w = LCr, woqf1 + - 9)

where w, = 1/A/L,C.. Trom (9) it is scen that the frequency of
oscillation is affected to some extent by the resistance of the load
as well as by 7, of the tube. Consequently, any changes in the

I

Eg=juMl;, [S0%)ip ~uEg
- !

9036 |
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/
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7,
TFra. 173.—Vector diagram of tuned-plate oscillator.

operating conditions of the tube which cause a variation in 7,
such as variations in the plate-supply voltage or filament tempera-
ture, will cause slight changes in the frequency of oscillation.
The above treatment neglects the flow of grid current and
assumes that the various currents are sinusoidal—conditions that
do not exist in practice. Equations (8) and (9) do, however.
indicate in a general way the relations which exist. The vectm
diagram of the circuit of Fig. 172 is shown in Fig. 173, again
assuming the currents and voltages to be sinusoidal. The grid
voltage and the resultant voltage uE, acting in the plate circuit
are 180 degrees out of phase, which accounts for the negative
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sign of uE, in (2). The output voltage across the load is E,,
which is equal to —uF, minus the internal drop 7,7, within the
tube. The current I; will lag behind E, by an angle 6, depending
upon the ratio of wlL, to K, of the coil. The excitation voltage E,
must lag behind I; by 90 degrees so that the sign of M must be
negative in order to produce this condition. The current I¢
through C, will lead E, by almost 90 degrces, depending upon the
losses in this portion of the tank circuit. The plate current 7, will
be the vector sum of I, and I,. Actually, ¢, is badly distorted,
being zero for more than half of the cycle, so that the vector
representing ¢, in Fig. 173 must be regarded as the fundamental
component of the plate current.

105. Oscillator Circuits.—The tuned-plate oscillator circuits
shown in the preceding diagrams employ series feed, since the
tube, tank circuit, and plate-supply voltage are all connected in
series. The alternating component of plate current will there-
fore flow through the source of E, unless the latter is by-passed
by a condenser. This by-pass is absolutcly essential when Ej is
obtained from a high-voltage dircct-current generator because
of the high inductance offered by the armature winding. Series
feed also causes the tank circuit to be at a high positive potential
of B, volts with respect to the filament which is usually at ground
potential.

Shunt feed, as shown in Fig. 174a, may be used, which avoids
these objections. Additional circuit elements in the form of a
radio-frequency choke coil and a blocking condenser C are
required. The choke coil excludes radio-frequency currents
from the source of plate-supply voltage and at the same time
prevents this source from short-circuiting the alternating output
voltage E,. The blocking condenser prevents E, from being
short-circuited by the tank inductance. The value of C is not
critical and should be large enough so as to have a value of
reactance which is small compared to the tank circuit impedance
at the operating frequency.

The Hartley circuit of Fig. 174b is very widely used as only
a single coil is needed with an intermediate tap brought out to the
filament. This divides the tank inductance L, into two parts,
L,and L,. 'The series feed arrangement is rather unsatisfactory,
except for small battery operated oscillators, as any capacitance
between the filament heating source and E; will be shunted across
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L,. The filaments of oscillator tubes are often heated by alter-
nating current from a suitable step-down transformer connected
to the supply line. The plate voltage E, is frequently obtained
from a rectifier operating from the same source of supply, so that
this capacitance, chiefly in the form of capacitance between
primary and secondary windings of the filament and rectifier
transformers, may be appreciable. Furthermore, the trans-
former insulation between these windings is subjected to the
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F1a. 174.—Various types of oscillator circuits.

radio-frequency potential across L,, which may be sufficient to
cause a breakdown unless this insulation has been designed to
withstand voltages of this nature. The shunt-feed Hartley
circuit of Fig. 174c avoids these objections. It is interesting to
note the similarity between this circuit and the Rice neutralizing
circuit of Fig. 166. As the neutralizing condenser C, of the latter
is increased in size, it begins to function as the blocking condenser
C in the shunt-fed Hartley circuit and oscillations begin.

The Hartley circuit becomes the same as the tuned-plate circuit
if the lower tap from C, to the coil is moved up so that C, is
shunted only across L,; the latter value of inductance now being
L, of the previous diagrams. In practice, all of the tap connec-
tions to the coil arc usually made adjustable and the one type of
circuit evolves into the other as the positions of the various taps
are changed.
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The Meissner circuit of Fig. 174d has the tank circuit induc-
tively coupled to the tube, instead of conductively coupled, as
in the previous circuits.

The Colpitts circuit of Fig. 174¢ is similar to the Hartley
circuit, except that two condensers C, and C, in series replace L,
and L,. The grid-excitation voltage is adjusted by changing the
value of C3, which in this case affects the frequency of oscillation,
since the tank capacitance C, is made up of C; and C, in series.
These two condensers must each have a greater capacitance than
the value of C, used in the previous circuits. However, C; also
serves as a grid-leak condenser. A radio-frequency choke coil
is usually connected in series with the grid leak, since the latter
is shunted across a portion of the oscillatory circuit.

The tuned-grid circuit of Fig. 174f differs from the tuned-plate
circuit only in that the condenser C, is transferred from L,to L,.

In the earlier types of radio transmitters the oscillator was
directly coupled to the antenna, the antenna capacitance often
serving as C,. This was very undcsirable as any change in the
antenna constants due to the wires swinging in the wind, etc.,
would change the frequency of oscillation. It is now almost a
universal practice to use a master oscillator operating at low power
and to amplify its output by suitable radio-frequency power
amplifiers, the output of which is fed to the antenna. The fre-
quency of the master oscillator is usually controlled by the
mechanical period of vibration of a quartz crystal whenever the
frequency of oscillation must be held to exceedingly close limits,
as in modern broadcasting. Crystal oscillators will be discussed
later in the chapter.

Two or more tubes may he operated in parallel in any of the
above circuits where more power is desired than can be obtained
from a single tube. However, it is usually better practice to use
a single tube of larger capacity whenever possible as parasitic
oscillations are apt to occur where tubes are operated in parallel.
These oscillations result from subsidiary resonant circuits involv-
ing lead inductances and tube capacitances and are of a much
higher order of frequency than the desired oscillations. Such
parasitic oscillations may also occur when a single tube is used.
The energy represented by these oscillations reduces the output
available at the desired frequency, sometimes to only a fraction
of its former value, so that they are to be avoided.  The insertion
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of resistances in locations that will not materially affect the
desired oscillations and at the same time will incrcase the resist-
ance of the parasitic resonant circuits so as to prevent the
undesired oscillations from occurring are the usual remedies.
A resistance in serics with the grid of the tube is usually effective.
Where the combined output of two tubes is
required, some formn of symmetrical circuit
such as the push-pull oscillator of Fig. 175 is
generally used. Parasitic oscillations are
then more readily avoided than when the
tubes are operated in parallel. Push-pull
oscillators are very com'monly used to o'btam S 5.—P\;;h-pull
extremely high frequencies. They permit the = oscillator circuit.
use of very short lead wires and in effect
connect the electrode capacitances of the two tubes in series,
which cnables greater output at higher frequencies to be obtained
than could be secured from a single tube. At wave lengths of a
few meters the tank circuit consists of merely the tube capaci-
tances in conjunction with the inductances of the lead wires.
106. Current and Voltage Relations.—An oscillator converts
direct-current encrgy supplied by the source of E, in Fig. 176 into
alternating-current cnergy which s
furnished to the tank circuit. In order
4 to secure efficiencies of conversion higher
Eo than the theoretical maximum of 50 per
Co:i g 0
7 v cent for Class A operation, oscillators
and radio-frequency power amplifiers
Fie. 176.—Currents and Dave their grids biased negatively by a
voltages in an oscillator sufficient amount so that plate current
cireuit. flows during only a portion of the cycle.
The potential e, of the plate with respect to the filament is at a
minimum during the time that the plate current is actually
flowing through the tube, so that the power loss within the tube
is held to a small value. In.this way efliciencies of conversion
up to 80 or 90 per cent can be secured. The low value of e, when
1, is a maximum is due to the impedance drop across the parallel-
resonant tank circuit.
Figure 177 shows the instantaneous values and phase relations
of the various currents and voltages. The diagram is applicable
to either an oscillator or a Class C amplifier, as the latter may be
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regarded as a separately excited oscillator, or the former viewed
as a sclf-excited amplifier. Their only differences are in the
source of grid excitation. The grid is negatively biased beyond
cut-off so that plate current flows for only a portion of the cycle
during a time interval equal to 26,. The plate current will be
badly distorted and will often have a pronounced depression in
the top of the wave if the maximum positive swing of E, is suffi-
cient to reach the region where the dynamic I ~l, character-
istic bends downward because of excessively large grid current.

Ip l Dynarnic
[ “characteristic

Fre. 177.—Instantaneous values of current and voltage in an oscillator or a
Class C amplifier.

The wave of grid current may also have a similar depression in its
crest if secondary emission from the grid is appreciable.

This distorted wave of plate current may be resolved into a
Fourier series containing a fundamental I,,, and odd and even
harmonics. The tank circuit L,C, is resonant to the funda-
mental, to which it offers a high impedance of the nature of a
pure resistance. But the impedance offered to the plate-current
harmonics diminishes rapidly with the order of the latter, so that
the voltage drop E, across the tank circuit is very nearly sinusoidal
in shape. The instantaneous plate voltage e, will therefore be
the algebraic difference between the plate-supply voltage E, and
the drop E, across the load.
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When the plate current is a maximum, the drop across the load
is also a maximum and the plate voltage e, will have its minimum
value at this point. The power loss in the tube is equal to the
product of e, and i, averaged over a complete cycle. It is
evident from a study of Fig. 177 that this loss can be kept small
by limiting the flow of plate current to the brief interval of time
that e, has a low value. The power furnished by the source of
plate-supply voltage will be the product of Ey and I, the latter
heing the value of 7, averaged over a complete cycle. The output
to the tank circuit will be the input Epf, minus the losses within
the tube. In the case of an oscillator the grid-excitation losses
must be deducted from the energy-furnished to the tank circuit
to obtain the net output. In a Class B or C amplifier these losses
arc supplied by the preceding stage. The power furnished to
the tank circuit at the fundamental frequency will be the effective
value of E, multiplied by the effective value of the fundamental
component of ,, since the tank-circuit power factor is unity for
the fundamental. The impedance of the tank circuit progres-
sively diminishes in magnitude for frequencies above the funda-
mental and is chicfly composed of condensive reactance, the
apparent resistance being small, so that the power factor of the
load as well as the voltage across it become smaller for the higher
harmonics. Since the power dissipated in an impedance will be
EI cos ¢, the power absorbed by the tank circuit will be small for
frequencies other than the fundamental.

As already mentioned, E, will be very nearly a sine wave so
that the currents through the coil and condenser will also be of
good wave-form. These two currents will be approximately
equal in magnitude and nearly 180 degrees out of phase, as shown
in the vector diagram of Fig. 173, so that they both may be large
in comparison with ¢,. As the effective value of @ of the tank
coil is increased the circulating current in the tank circuit becomes
still larger compared to 7,. This circulating current represents a
dissipation of energy in the coil—assuming negligible losses in
the condenser—and since the energy to maintain the oscilla-
tions is supplied at a different instantaneous rate in the form
of series of impulses, some flywheel effect is necessary.
Experience has shown that circuits having less than twice as
much energy stored in them as they dissipate per cycle tend to
be unstable.
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When the current through C, is zero, the voltage across it is
a maximum and equal to E,. At this instant all of the energy
is stored in the condenser and is equal to 14C.E? joules. The
maximum value of the current through C, is 2xfC.E,. If the
power lost in the circuit is W watts, the joules lost per cycle are
W/f. Dividing the energy stored by the energy lost per cycle
gives

Energy stored _ 1C.E:  fC,E:  2mfC L2 _ B,
Energy lost per cycle  W/f ~— 2W  4«W de W
El
= 5w (10)

where E and I are effective values. Therefore, the ratio of the
.1 .
energy stored to the energy dissipated is 5 times the ratio of the

volt-amperes in the tank circuit to the watts. To avoid unstable
operation in oscillators, the ratio given by (10) should not be
less than 2, so that the circulating volt-amperes should be at
least 4 times the total power output in watts, or

%/! > dr (11)

Since EI/W is approximately cqual to wL,/R,, which is the
ceffective value of ) for the coil, it follows that Q should not be
less than about 12 if erratic operation is to be avoided. Values
of @ greater than this, while satisfactory, result in larger circu-
lating currents in the tank circuit, requiring coils and condensers
of greater current-carrying capacity and hence greater cost.
Most of the effective resistance R, in the tank coil is the coupled
resistance introduced by the useful load, so that () is determined
primarily by the reflected resistance, assuming the load to be
inductively coupled to the tank coil. The resistance of the coil
itself should be as small as possible.

It will be noted that the grid-excitation voltage ¥, is at its
positive maximum value when ¢, is a minimum. The minimum
plate voltage should not be allowed to fall below the value of
Comary 11 €Xcessive grid current is to be avoided. The plate is
located farther from the filament than the grid, so that if these
two electrodes both have the same positive potential with respect
to the filament the grid current may become comparable to the
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plate current, resulting in large losses in the grid circuit. For
this reason, the value of e, is usually limited to about 80
per cént of E, ..

107. Circuit Calculations.'—In designing the circuits for
an oscillator or a power amplifier, the given data will include the
frequency, the type of tube to be used, and the plate-supply
voltage. The minimum plate voltage E,,, and maximum
positive value of the grid voltage e, are then selected, with the
restriction that the latter must not excced the former in value
and is usually in the neighborhood of 80 per cent of Epy,.  The
portion of the cycle 26, during which plate current is allowed to
flow is next selected. This will vary from 180 degrees in the case
of a Class B amplifier to perhaps as low as 60 degrees for Class ¢
operation. Oscillators are always operated Class C. In order
to determine the best possible conditions, it is necessary to assume
several values of one of the independent variables while the others
are kept constant and then repeat for successive values of the
others.

If 9 is measured from the point of maximum grid voltage in
Fig. 177, the expressions for the instantaneous grid and plate
voltages will be

¢g = — B, + E, cos 8 (12)
e, = Ey — E,cos 0 (13)

Cut-off may be assumed to occur when
—pe, = € (14)
and if this occurs at the angle 6,, substituting (12) and (13) in
(14) gives us
ul. — uE, cos 6, = Ey — E, cos 6,

and the value of C bias required will be
E, = E + (E‘, - Ef) cos 6, (15)
u u

From Fig. 177, it will be seen that this value of bias voltage is
also equal to
1 A comprehensive treatment of this subject is given in a series of articles

by D. C. Prince, Vacuum Tubes as Power Oscillators, Proc. I.R.E., vol. 11,
pp- 275, 405, 527, June, August, October, 1923.
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EC = Eﬂ - eflmax (\16)
where ¢,,,. is the maximum positive value of the grid voltage.
Equating (15) and (16)

Ey — g = %’ +<E,, ——E;‘-’> cos 6,

E,(1 — cos 8,) = %’ — % €08 01 + €pmax

Substituting for E, in the above equation

Eo = Eb - Epmin (17)
we get
N E, (1 — cos 6, = B _ Mcos 61 + €yumax
u u
or

Ey 1 E,. cos 6,
E;, = 7 + m(‘ '*;*_ + ellmnx) (18)
which is the maximum amplitude of the grid-excitation voltage
required. Knowing the value of E, from (18), the biasing
voltage E. can be obtained from (16).

Corresponding pairs of plate and grid voltages can then be
computed for increments of 5 or 10 degrees over the time interval
26, during which plate current flows. Since the various current
and voltage waves are symmetrical on either side of the y axis,
it is only necessary to do this from zero to 6,. A suitable table
for this purpose is as follows:

TasLe 1
Given data: Assumed values: Computed values:
Tube................. Epgipeoo oo E, ........... cq. (18)
Moo Chmax « ot v e E, .......... cq. (17)
Eo oo oo Ore o E. ........... cq. 16)
1.8 0° | 10° ,r20° | 300 | a0° | @
2. cos @ 1 10.9848|0.93970.8660l0.7660 ......
3. E,cos 0 Lo [o.....
4. ep =E, —Eocos 0 |, ... U IO [ ............
5. E, cos 8 looenn. Lo
6. ¢, = E,cos 9 — E, R N |- | Y P
7. 1 Yo | W Y2 I ys Ya : 0
8. 1, | S O P P 0
9. i, cos 6 Yo i Y v | v Y
10. %, cos 6 l ........................ ! ...... l 0
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The values of plate and grid currents in lines 7 and 8 are
obtained from the static characteristics of the tube for the com-
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Fi1g. 178.—I-E, characteristics of a small transmitting tube.
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Fig. 179.—Ip-E, characteristics of a small transmitting tube.
puted instantaneous values of ¢, and ¢, in lines 4 and 6. Either
the I,-E, or the I,-E, characteristics may be used. These
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two families of curves are shown in Figs. 178 and 179 for a typical
small transmitting tube. The portion of the characteristic curve
for positive values of grid voltage are of particular iinportance in
the case of oscillators and power amplifiers. Most of the items
in the preceding table will be for positive values of grid voltage.
The grid-current characteristics are also needed in order to deter-
mine the power required by the grid circuit.

The direct-current component of plate current I, will be the
average value of 7, over a complete cycle, which will be equal to
the area under the curve divided by the base, zero to 2r. Since
the wave of current is symmetrical on either side of the y axis the
average ordinate may be found with less labor by dividing the
area of half the wave by =. 'The area under the curve of Fig. 180
may be found by means of either Simpson’s rule or the trapezoidal

6, I x T

Frc. 180.—Determination of direct-current component of plate current.

rule for evaluating a definite integral. The latter rule is the more
convenient and gives the area under the curve as

area = A:z-(%o +ymity+ 0+ Y+ %") 19

where Az is the interval between ordinates and is taken as 10

degrees or /18 in Table I. The values of the ordinates are

obtained from line 7, and since y. = 0, the value of I, will be
area 1 T

Ib=—'—=;><1—8<%’+yl+y2+ ce +y'f—1>

™

L
8

If the interval in line 1 had been 5 degrees, the coefficient of
(20) would have been 14, or for any other interval of Ar degrees,
it would have been Az/180.

<

vol

'“+y1+yz+---+yn_1> (20)
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The direct-current component of grid current I, can be found
in a similar manner by substituting as ordinates the items of
line 8 in (20).

The plate current of Fig. 177 can be resolved into a Fourier
series of the form

p=1Iy+ I, cos 0+ I, cos20+ - - - 4+ I, cosnf (21)

where I is direct-current component just determined, and I,,,
I,, I, are the maximum values of the fundamental, second
harmonic, and nth harmonic, respectively.

To obtain the value of I,, multiply both sides of (21) by
cos 8d¢ and integrate the resulting equation between the limits
zero and 2.

2% 2r 2x
j; ip cOs 0d0 = ij; cos 6d6 4 I, o cos? 6d9 +
2% 2w
I, o Cos 26 cos 6d0 + - - - + I,, o COs n cos 0do

All of the terms on the right-hand side of the above equation,
except the second, reduce to zero, leaving

2
j; 1, cos 0d6 = wl,,

or

2w T
I, = lJ i, cos 0df = gf i, cos 6d0 (22)
TJo TJo
The definite integral of the right-hand side of (22) is evidently
the area under the curve y = ¢, cos ¢ between the limits zero and
7, so that if the items in line 9 of Table I are plotted, a curve
would be obtained similar in appearance to Fig. 180. The area
under this curve, from the trapezoidal rule of (19), with Az equal
to 10 degrees, is

r !
i, cos 0d6 = = Dyl ty+ o 4
0 18\ 2
and the maximum amplitude of the fundamental will be given by

2
Im = 18(y0 + yl + y2 + : + y:»—l)

%(yo_*_y; +’!/'2+ g o G +yn_1> (23)



278 PRINCIPLES OF RADIO ENGINEERING [Sec. 108

If 5-degree intervals had been used in Table I, the coefficient
of (23) wuild have been 1{5g.

The maximum amplitude of the fundamental component of the
grid current I, can be obtained in a similar manner by sub-
stituting the items of line 10 in (23). The preceding relationships
have been based on the series-fed circuit of Fig. 171, but it is
evident that they also apply to the case of shunt feed.

108. Power Relations.—The direct-current power supplied to
the circuit from the source of E; will be

Pinpm. = Eb]b (24)

The power output to the tank circuit at the fiidamentat
frequency will be
B, X I _ Eolp,
V2 v2 o 2
as the impedance of the tank circuit is of the nature of a pure
resistance R, at resonance. The required value of R, is evidently

E,

Pf-uuk =

(25)

Ro= 12 (26)
and will be related to the other circuit constants by
2 2r 2
R, = Betole | L @7)

R, = C.R,

where R, is the apparent resistance of the tank coil and includes
coupled resistance introduced by the useful load which is either
inductively or conductively coupled to the tank coil. In the
case of an oscillator B, will also include the reflected resistance
from the grid circuit due to the grid-excitation losses.

The useful power output of an oscillator will be the power
furnished to the tank circuit minus the input to the grid. In a
power amplifier the grid-excitation losses are furnished by the
source of separate excitation. The losses in C, and the I2R loss
in the tank coil itself must also be deducted if they are appreciable.

The losses in the grid circuit will be composed of the power
lost in the grid leak R, and the power lost within the tube owing
to the flow of grid current. This power is supplied at the funda-
mental frequency from the tank circuit in the caseof an osciilator,
or from the source of excitation in the case of a power amplifier,
and will be
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Pgrid input — E_‘]Zzﬂ (28)
The power lost in the grid leak is
P, =I!R. = E.I. (29)

so that the power consumed within the tube, owing to the flow
grid current, will be

P, = E"I.’Ll. —

a —'_2' 132, (30)

Since the grid is enclosed by the plate, the heating of the grid by
P, must be radiated by the plate in addition to its own losses,
and is therefore added to the plate loss.

Oscillators are practically always sclf-biased by means of a
grid leak and condenser. This enables an oscillator to be self-
starting and has the further advantage of automatically increas-
ing the biasing voltage if the grid-excitation voltage should
increase. The required value of grid-leak resistance E. can he
obtained from (29) and is given by

E, g
R. =7 (31)

The phenomena of secondary emission from the grid may cause
the grid-¢urrent characteristics to vary appreciably among tubes
of the same type. It depends, among other things, upon the
surface conditions of the grid. A very small film of the “getter”
material deposited on the grid during the evacuating process
may greatly alter its emission characteristics. The effects of
secondary emission on the grid current are shown in Fig. 181 and
have already been discussed in Sec. 79. If a fairly high positive
potential is applied to the grid when the plate potential is also
high, the electrons splashed out of the grid may exceed those
attracted to it from the filament, causing the grid current actually
to reverse its direction of flow and become negative. This is
termed “blocking” in an oscillator and usually results in the
destruction of the tube. The reversed direction of grid current
through the grid leak converts E, into a positive bias so that the
plate current becomes excessively large and the resultant over-
heating of the plate with the very probable evolution of absorbed
gas will cause the tube to be ruined. Blocking is most apt to
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occur when high values of grid-leak resistance are used in an
attempt to secure high plate efficiencies.

Radio-frequency power amplifiers operating Class B and Class
C are usually biased by means of a battery or a generator instead
of using a grid leak and condenser. If the latter were used, a
failure of the grid-excitation voltage would remove the negative
hias and allow the plate current to rise to a value much greater
than with normal bias, with probable damage to the tube.
Turthermore, in the case where a modulated signal is to be
amplified, the biasing voltage E, would fluctuate with the fre-
quency of modulation, which would he undesirable.. When it
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F1c. 181.—Grid-current characteristics caused by sccondary emission.

is particularly important to avoid such fluctuations, the source of
biasing potential must be selected to have a low internal resist-
ance. For this reason a source such as a thermionic rectifier and
filter would be unsatisfactory. Grid leaks are sometimes used
to bias a modulated amplifier, where certain advantages result
from their use which will be discussed later.

Where a battery is used for biasing purposes the flow of grid
current is in a direction such as to charge the battery. The same
amount of power will be dissipated in this case as given by (29).

The required value of grid-excitation voltage E, to produce the
assumed operating conditions in the case of an oscillator will be

|Ey| = oM (32)

where I, is the maximum value of the current flowing in the tank
coil of Fig. 176 and is given by
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E,

[} = —=2
M| 12 + wiL?

(33)
Where @ of the coil is high, the current in the coil and condenser
are approximately the same and will be given with sufficient
accuracy for most purposes by

|1z = |Io| = EwC, = =

- (34)

The plate efficiency of a tube is defined as the ratio of the power
output to the tank circuit to the power supplied to the plate,
so that
E.l,,

ST, (35)

Plate efficiency =
Power tubes are rated on the maximum allowable power that
can be dissipated at the plate without excessive heating. This
power loss, while treated as though it were due to an internal
i2rp loss within the tube, actually occurs only at the surface of
the plate, and is due to the electronic bombardment of the latter;
each electron losing an amount of kinetic energy equal to }4mv®.
If the plate loss is fixed, a moderate improvement in the plate
efficiency” will greatly increase the useful power output. Ifor
example, suppose a tube has a maximum allowable plate dissipa-
tion of 50 watts and is operating with a plate efficiency of 50
per cent. The input is therefore 100 watts and the output is
50 watts. But if the plate efficieney could be increased to 80 per
cent, the permissible input could be increased to 250 watts,
resulting in an output of 200 watts or an increase of 400 per cent,
with the same plate loss as before.  Consequently, the higher the
plate efficiency, the greater the power output from a given tube.
As Class C operation results in the highest plate efficiency, this
mode of operation is always used when large outputs are of
primary consideration.
The power loss within the tube which has to be dissipated at
the plate in the form of heat, exclusive of the power loss in the
filament, is

Eodw | By
g T g

Tube loss = ], — — K, (36)

This expression may be used to check the assumed operating

-
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conditions from the standpoint of allowable plate dissipation.
In the smaller tubes all the heat developed at the plate must be
radiated so that the plates are usually carbonized in order to take
advantage of the high radiating efficiency of a black body.
Plate structures composed of carbon or graphite are also used.
About 1000 watts? is the maximum amount of power that can
be conveniently radiated and for
plate losses in excess of this water
cooling of the plate must bhe
resorted to.

The plate in water-cooled tubes
consists of a seamless copper tube
welded into a glass base so as to
form a portion of the containing
cnvelope. A typical tube of this
type with a portion of the plate cut
away to show the grid structure is
shown in Fig. 182. The tube
shown, type 207, has a maximum
output of 20 l:w. and a plate dissi-
pation of 10 kw. The filament
requires 52 amp. at 22 volts and a
plate potential up to 15,000 volts
can be used. The plate fits into a
water jacket through which the cool-
i ing water is circulatedin actual con-

Fre. 182.—Water-cooled tube tact with the copper plate. As
:‘g(‘)};ié’;ﬁ&“st‘icfﬁf cut away, tbe plz.l,te is at a high positive poten-

tial with respect to the filament—
the latter usually being at ground potential—the cooling water
must be supplied by means of rubber hose connections of a suffi-
cient length so that the water columns will have a resistance high
enough to prevent undue leakage of current. The maximum
plate voltage is almost twice the average value of K. The inlet
and outlet hose connections are usually coiled together on a
cylindrical form located beneath the tube and provide two leakage
paths in parallel of about 20 to 30 ft. in length, depending on the

2 q. E. MenpeNEALL, Radiation-Cooled Power Tubes for Radio Trans-
mitters, Bell Lab. Rec., vol. 11. p. 30, October, 1932.
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value of the plate potential. The water used must be fairly
pure so as to have a high specific resistance. Distilled water
circulated in a closed cooling system is often used. Provision
must be made to remove the plate voltage from the tube in the
event of a failure of the cooling system. The large amount of
power dissipated at the plate would quickly produce an excessive
temperature rise, which would liberate sufficient gas to destroy
the high vacuum within the tube, or even melt the copper plate.

109. Power-amplifier Computations Based upon Approximate
Tube Characteristic.—The foregoing analysis, based upon the
static characteristies of the tube, involves the choice of direct
and alternating grid and plate voltages, from which the load
impedance is obtained; whereas in actual operation the load
impedance is one of the independent variables and the alternating
plate voltage across it is a dependent variable. In order to draw
conclusions as to the effects of the various parameters upon the
efficiency and output, it is necessary to compute the performance
for a sufficient number of conditions so that curves may be
drawn from which the Dbest operating conditions may be
determined.

An approximate solution due to W. L. Everitt,* which reduces
the labor involved, is to assume a linear relation between the
equivalent grid voltage and plate current. This relation is
given by

iy = gues + %) 37)
K/

and neglects the curvature in the characteristic in the vieinity
of cut-off, since the mutual conductance g is assumed to be con-
stant. As the value of grid-excitation voltage used in Class B
and C amplificrs is relatively large, the neglect of the curvature
in this region will have only a small effect on the average and
fundamental values of the plate current. A more scrious objec-
tion to the assumption of a linear relationship with larger power
tubes is that the effects of saturation at high values of plate
current are neglected. This is of more consequence with Class C
amplifiers than with Class B, as the operating conditions of the

3 Optimum Operating Conditions for Class C Amplifiers, Proc. I.R.E.,
vol. 22, p. 152, Febhruary, 1934.
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latter are chosen so as to obtain as linear a characteristic as
possible.

The voltage and current relations under these assumptions are
shown in Fig. 183. IEquation (37) is valid only for positive values

e
of <e,, + 7:3) For negative values of this quantity the current

is zero. The impedance of the tank circuit L,C, will be assumed
to be a pure resistance R, for the fundamental frequency and to

e
ef — .e o ’;' 1 5 I 5 1 5 L o
| L oD S

~Ea>1 ! # 1-»28,-
-<----E-,---->l
6

Fra. 183.—Voltage and current relations of a vacuum tube assuming a linear
characteristic.

le»

offer negligible impedance to the higher harmonics. The equiva-
Jent grid voltage will have an alternating- and a direct-current
component defined by

E =E, — I, R
‘ ©

E,=E— — (39)

(38)

where E, = maximum value of the alternating grid-excitation
voltage.
E, = magnitude of the negative bias voltage.
I,, = maximum value of the fundamental component of
the alternating plate current.
From Fig. 183,

cos 6, = % (40)
ip = gm(E' cos 6 — E,) (41)

The plate current can be expressed by (21), as before, the
fundamental component of which, from (22) is

2 w 2 61
I, == f iy cos 040 = ~ f i, cos 6d6 (42)
0

TJO
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since the area under the plate-current curve is zcro in the interval
from 6, to . Substituting the value of ¢, from (41) in (42)

1, 2g"‘f (E' cos § — E,) cos 0db

P’qm 1
- (01 — § sin 291> (43)

The direct-current component I, of plate current will be the
average value of i, over a complete cycle which is

27
I,,=if id0 = f(E’cos()— B.)do
2 Jo

’
= Ef (sin 6, — 6, cos 6,) (44)

Equations (43) and (44) give the values of the fundamental
and the direct-current component of the plate current, respec-
tively, for an amplifier operating either Class B or Class C, under
the assumption that the conditions of operation result in a
dynamic characteristic which is essentially linear. Where this
assumption would result in too great an error the method of
Sec. 108 may be used.

The foregoing theory will also apply to screen-grid tubes.?
With these tubes the plate current will be determined almost
entirely by the screen-grid and control-grid voltages, the plate
voltage having very little effect. In this case the cut-off voltage
will be given approximately by

B, = —Z=
M

(45)

where E,, is the screen-grid voltage and u, is the amplification
factor of an equivalent triode with the plate in place of the screen
grid.

110. Amplifier-tuning Adjustments.—If the value of E’
from (38) is substituted in (44), we get

I, = —(E I”}“Rb>(sin 6, — 6, cos 8)

It is evident from this expression, assuming E, to be constant in
amplitude, that I, will be a minimum when the voltage drop

41C. E. Fay, The Operation of Vacuum Tubes as Class B and Class C
Amplifiers, Proc. I.R.E., vol. 20, p. 564, March, 1932.



286 PRINCIPLES OF RADIO ENGINEERING [SEc. 110

I, B across the tank circuit is a maximum. This will occur
when the impedance of the tank circuit Bw—or, in general, Z,—is
made a maximum. Therefore, a direct-current ammeter in the
plate circuit of a.radio-frequency power amplifier can be used to
indicate when resonance is obtained in the tank circuit. Assum-
ing C, to be the tuning element, it should be adjusted so that I,
is a minimum.

However, a variable condenser is seldom used in the tank
circuit except in low-power amplifiers operating at fairly high
frequencies. Where larger amounts of power are handled, C, is
a fixed mica condenser and the tuning adjustments are made by
varying the tank inductance. Coarse adjustments are made by
moving the leads which terminate in suitable clips so as to include
the approximate number of turns needed. A vernier adjustment
is usually provided in the form of a heavy copper or aluminum
disk which acts as a short-circuited secondary of a single turn,
and which can be rotated within the coil L,. By varying the
mutual inductance between this short-circuited turn and L, a fine
adjustment of the tank inductance is obtained for tuning pur-
poses. The position of the clips should be chosen s¢ that the
plane of the disk is displaced nearly 90 degrecs at resonanze from
that of the coil, so as to minimize the I?ER loss in the disk.

In this case, since L, is the variable, maximum impedance will
not occur when the power factor of the tank circuit is adjusted to
unity, as discussed in Chap. II. This will be seen from the vector
diagram of Fig. 34. Consequently, when the tank circuit is tuned
to resonance by varying L., the value of the latter should be made a
trifle smaller than the value which produces the minimum I,. The
tank circuit should be adjusted to unity power factor (resonance)
rather than maximuwm impedance, otherwise the maximum plate
current will not coincide with the point of minimum plate voltage,
and plate losses will be increased. If the effective value of @ of
the tank circuit is high, the adjustments for maximum imped-
ance and unity power factor do not materially differ and the
circuit can be adjusted for minimum reading of the direct-current
ammeter in the plate circuit of the tube, regardless of which
tuning element is varied. But when the effective value of @ is
comparatively low, as is often the case in practice, minimum I,
can be used as a criterion of resonance only when C, is the tuning
element,
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111, Class B Amplifiers.—Class B amplifiers have been
defined as those which operate with a negative grid bias such
that the plate current is practically zero when the grid-excitation
voltage is removed, and in which the pewer output is proportional
to the square of the grid-excitation voltage. They are used in
radio-telephone transmitters to amplify the radio-frequency
voltage after it has been modulated. The power amplifiers
following the modulated stage will thercfore all be operated
Class B.

With audio-frequency amplification it is necessary to use two
tubes in push-pull to avoid distortion, when operating Class B.

¢~ Dynamiz characteristic

N

’ —————x, ./00per cent
('—,_:'D;“ " modulation

T1a. 184.—Amplification of a modulated radio-frequency wave by a single tube
operating Class B.

While the push-pull connection is often used with radio-frequency
power amplifiers, a single tube operating Class B will not distort
the modulated envelope of voltage applied to the grid, as shown
in Fig. 184. Harmonics of the carrier frequency will be present
in the plate-current waves, but the audio-frequency envelope will
be undistorted if the dynamic characteristic is linear over the
operating range. The output tank circuit receives one impulse
of varying magnitude per cycle, which causes the current I, in
the tank to rise and fall in accordance with the envelope of the
excitation voltage applied to the grid.

When two tubes are used in push-pull, the tank circuit receives
two impulses per cycle, and even harmonics of the carrier fre-
quency will presumably be absent in the plate circuit. This
greatly reduces the burden imposed upon subsequent tuned cir-
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cuits of filtering out these undesired harmonics of the carrier
frequency. These harmonics, if allowed to reach the antenna,
would be radiated and would cause interference with other sta-
tions operating at frequencies of 2, 3, 4, etc., times the carrier
frequency of the station in question.

The instantaneous peak output of the tube when the excitation
voltage is modulated 100 per cent will be four times the unmodu-
Iated output. The continuous power output with this degree of
modulation is 1.5 times the output at zero modulation. The
unmodulated grid voltage must be low enough so that saturation
effects are not appreciable at modulation peaks. A plate effi-
ciency of about 70 per cent may be secured with 100 per cent
modulation and about 33 per cent when unmodulated.

The approximate treatment of Sec.”109 is applicable to Class B
operation with fairly good accuracy. In this case, E, = 0, and
8, = 90 degrees, so that

E, = nuE, (46)
Equation (43) becomes

2 2rp
_ ILE”
- 2Tp + Rb (47)

From (47) it is evident that the apparent internal resistance
of a tube operating Class B is twice the normal internal resistance
r, that it would have under Class A operation.

The direct-current component of plate current given by (44)
becomes

I, = 0.637I,, (48)

Plate efficiency = (49)

Since the maximum amplitude of the alternating voltage E,
across the tank circuit approaches E, as a limiting value, as will
be seen from Fig. 177, it follows from (49) that the plate efficiency
of a Class B amplifier approaches 78.54 per cent as a limit.
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112. Class C Amplifiers.—The foregoing treatment based upon
the approximate characteristic may be also applied to Class C
amplifiers, but with usually somewhat less accuracy because of the
greater values of grid-excitation voltage commonly employed.
With large values of excitation the upper part of the character-
istic deviates appreciably from a straight line owing to saturation
effects caused by either excessive grid current or insufficient
emission from the filament. .

Equation (43) now becomes

!
I, =Qﬂ£ Ol—lsin201 — LD Eg_—I”‘—Rb Bl—lsin201
T 2 T u 2

mE, wE,
= (50)
+ Rb ﬂrp + Rb

s
8, — 15 sin 26, ”

where
™ ™
B = G = 14sm 26, ~ & — sin 6,005 0; (51)

The term fr, is the apparent internal resistance of the tube
under Class C operation and is a function of the portion of the
cycle during which plate current is allowed to flow. The value
of 8 will be 2 for Class B operation when §; = 90 degrees, increas-
ing to 34.68 for 6, = 30 degrees.

Class C amplifiers are used in radio-telegraph transmitters
and in radio telephony in the stages preceding the modulated
stage. They cannot ordinarily be used to amplify a modulated
signal since they are biased beyond cut-off and would distort
the modulated envelope unless the percentage of modulation
were small. This is itlustrated in Fig. 185.  Amplifiers of this
type have been occasionally used to increase the percentage of
modulation when the excitation voltage impressed on the ampli-
fier is insufficiently modulated. This can be accomplished by
choosing E, so that the minimum positive amplitudes of the
excitation voltage E, at point a in Fig. 185 do not carry the
potential of the grid below cut-off. In this way it is theoretically
possible for a feebly modulated input to emerge completely
modulated. Practically, the increase in the percentage of modu-
lation that can be secured in this manner is limited, as the high
value of bias needed would tend to reduce the linearity of the
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dynamic characteristic, with consequent distortion of the audio-
frequency envelope.

In the older types of radio- tclephone transmitters the oscil-
lator tube was modulated. This was accomplished by super-

Fig. 185.—Distortion of the modulated envelope by a Ciass C amplifier.
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Fic. 186.—Modulation of a Class C amplifier by superimposing an audio-fre-
quency signal voltage on the plate-supply voltage.
imposing an audio-frequency voltage upon the direct-current
plate voltage. The average plate-supply voltage therefore rose
and fell at an audio-frequency rate, causing the radio-frequency
tank current to do likewise. This fluctuating plate voltage
unfortunately caused the carrier frequency to flutter, which was
objectionable. Present practice is to use a crystal-controlled
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oscillator of relatively low power and amplify its output by
successive stages of amplification. One of the intervening ampli-
fier stages is then modulated. This modulated stage is operated
Class C. The magnitude of the impedance offered by the tank
circuit, the grid-excitation voltage, and the C bias, must all be
chosen so that a linear relation exists between the tank current /,
and the voltage applied to the plate. Then, as the plate voltage
rises and falls in accordance with the modulating frequency, the
amplitude of the tank current will likewise rise and fall, as shown
in Fig. 186. Any curvature in the characteristic will cause the
modulated envelope to be distorted. The use of a grid leak and
condenser for a portion of the C bias, in conjunction with a fixed
voltage for the remainder, is sometimes of assistance in securing
a linear characteristic.

113. Frequency Multipliers.—The plate current of a Class
amplifier is badly distorted and therefore contains a large per-
centage of harmonics. It is possible to resonate the tank circuit
to one of these harmonics and cause it to absorb a large amount of
power at this harmonic frequency. The impedance offered to the
fundamental and the balance of the harmonies will be small and
very little power will be absorbed at thesc other frequencies.
The voltage across the tank circuit will now consist chiefly of this
higher harmonic frequency.

Frequency multipliers are used to obtain higher frequencies
than can be readily produced by a piezoelectric crystal-controlled
master oscillator. The frequency of oscillation of the quartz
crystal varies inversely with its thickness, so that a crystal ground
to have very high natural mechanical period of vibration would
be thin and very apt to crack in service. In order to securc
crystal control of the frequency in the case of short-wave trans-
mitters the crystal is ground to oscillate at some low-frequency
multiple of the transmitted frequency. The output of the crystal-
controlled oscillator is then impressed on one or more amplifiers
connected in cascade and adjusted to multiply the frequency.
The usual practice is to double the frequency with each stage,
and while greater multiplications than this can be obtained, the
* plate efficiency, and hence the output, falls off rapidly as higher
multiplications per stage are attempted. A Class C amplifier
having a plate cfficiency of 80 per cent would show an efficiency
of about 70 per cent when used as & frequency doubler.
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The instantancous current and voltage relations of a frequency
doubler are shown in Fig. 187. The plate voltage e, will be low
in value for a smaller time interval in this case than in Fig. 177,
s0.that a smaller value of 9, must be used with frequency doublers
in order to keep the losses within the tube small. These losses
are proportional to the product of the instantaneous values of
ép and ¢, and can be minimized by restricting the flow of plate
current to a brief interval of time. This calls for values of E,

450°Fundamental
degrees

1
Fie. 187.—Instantancous current and voltage relations in a frequency doubler.

and E. somewhat higher than with the conventional type of
amplifier where the input and output frequencies are the same.

The computations for a frequency doubler can be made by
means of a table similar to Table I The second harmonic 7 e OF
the plate current now suppliés the power to the tank circuit and
may be evaluated by multiplying both sides of (21) by cos 26d6
and integrating the resulting equation between the limits zero
and 2x. Solving for the amplitude of the second harmonic
gives us

27 T
I, = lf ip COS 20d0 = gf 1, cos 20d0 (52)
. )o 7 Jo

The definite integral can be evaluated by means of the trapezoidal
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rule, as before. The balance of the computations will be similar
to those for the output at fundamental frequency.

Either triodes or tetrodes can be used as frequency multipliers.
The former will not nced to be neutralized, as the input and
output circuits are tuned to different frequencies and hence will
not oscillate.

114. Neutralization of Power Amplifiers.—Radio-frequency
power amplifiers using triodes exhibit the same tendencies to
oscillate as do those diseussed in the preceding chapter, and must

Transmission line
fo anfernna

Modulated Class C Amplifier Class B Amplifier 4

Two Type 860
in parallel

Az

= -
Epr Ec
Fig. 188.—Modulated stage supplying grid excitation for the neutralized power
amplifier of a typical broadcast transmitter.

therefore be neutralized. Any of the circuits discussed in Sec. 101
can be used. The problem of securing stability over a wide range
of frequencies is not a factor since the tuning adjustments in
transmitters remain fixed.

The adjustment of the neutralizing condenser to the proper
value is gencrally made by means of a suitable ammeter in the
output tank circuit which serves as the galvanometer in the
equivalent bridge circuit. Figure 188 shows the last two stages
of power amplification of a typical 1000-watt broadcast trans-
mitter. The first stage is the modulated amplifier consisting of
two 75-watt screen-grid tubes in parallel which require no
neutralization. The second stage operates Class B and is neutral-
ized by means of the condenser C, which is connected from the
plate lead to the input tank circuit L;C, at the point shown.
The principle is the same as that of the Rice circuit of Fig. 166.
The turns to which the various taps on L, are connected are
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indicated by the numbers. A resistance R, of about 3¢ ohms is
connected in series with C, to secure a more exact phase balance,
since the bridge arms are not all pure reactances.

The neutralizing adjustment is made as follows: The switch
S1is thrown to the top position which inserts a low-range thermo-
couple Th, in the output tank circuit LsCs. At the same time
the galvanometer A, is connected to the thermocouple and the
plate circuit is opened by S, which is mechanically connected
with S;.  Excitation is applied to the grid and the balancing
condenser is adjusted until 4, reads zero. The switch S, is then
thrown to the lower position, closing the plate circuit and insert-
ing a high-range thermocouple
Thy in the tank circuit, and at
the same time transferring A4,
from Th, to Ths.

The input tank circuit con-
tains a resistance R; which
increases the circuit losses so
that the grid-excitation power
taken hy the second tube is not

) L too great a percentage of the

Fra. 189.—Neutralizing circuit for a .
e P e ey total output of the preceding
stage. It also reduces the
value of @ for this circuit. Too high a value of @ would be
objectionable in the case of a modulated signal as the increased
sharpness of the resonance curve would tend to discriminate
against the outer side-band frequencies, resulting in frequency

distortion.

Figure 189 shows in schematic form the method of neutralizing
a push-pull amplifier. The arrangement is seen to be merely an
application of the Rice circuit to each tube.

115. Crystal Oscillators.>—In order to secure the high degree
of frequency stability required by modern systems of radio
communication the tuned circuit of the oscillator is replaced by
a piezoelectric quartz crystal, the resonating properties of which
were discovered by Dr. W. G. Cady.

When a crystal possessing piezoelectric properties is subjected
to a mechanical stress in a particular direction, electrical charges

 For an extensive bibliogrs.xphy on piezoeleciricity see Proc. I.R.F., vol. 16,
p. 521, April, 1928, ’
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will be produced. If the stress is changed from compression to
tension, the polarity of the charges will reverse. The phe-
nomenon is a reversible one, so that if a difference of potential
is applicd to the crystal, a mechanical deformation results. This
effect was discovered by the Curies and is exhibited by a number
of crystalline substances. It is most pronounced in Rochelle
salts, and a section cut from a large crystal of this material is
capable of producing a difference of potential sufficient to jump
across a small spark gap connected”to metallic-foil surfaces

z
-X-cut
<---Y-cut
1
zZ
(a) (c)

F1c. 190.—Method of securing X-cut and Y-cut quartz plates.

cemented to opposite faces of the crystal when the latter is
rigidly clamped and struck a sharp blow with a lead pencil.

Quartz, while not possessing piczoelectric properties to such a
marked degree, is more satisfactory in an oscillator as it is not
affected by moisture and has a very low temperature coefficient.
A perfect quartz crystal would have the appearance of Fig. 190a.
The longitudinal axis Z passing vertically through the center of
the crystal is called the optical axis. The three axes X1, X, and
X3 passing through the corners of the hexagon are the electrical
axes; while those perpendicular to the crystal faces, marked Y3,
Y,, and Y, arc the mechanical axes.

If 2 flat section is cut from the crystal so that the flat sides are
perpendicular to any electrical axis such as X3, as shown in Fig.
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190b, mechanical stresses along the Y, axis will produce electrical
charges along the flat sides of the slab. The section cut in this
manner is called “‘ X cut’’ or ““Curie cut.” If the plate is inserted
between two fixed metal electrodes so as to become the dielectric
of a small condenser, as illustrated in Fig. 191, the crystal will be
set into mechanical vibration when an alternating voltage is
applied. When the impressed frequency coincides with the
natural mechanical period of vibration of the crystal the amplitude
of vibration is very greatl$ increased, and if the voltage impressed
is sufficiently large, the crystal will be shattered.

A section cut in the manner of Fig. 190c is called a ¥ or 30°
cut and will usually oscillate more readily than the X-cut plates,
particularly for the lower frequencies.

There will usually be several frequencies in a plate of rec-
tangular shape corresponding to the various possible modes of
mechanical vibration.® For the higher frequencies the thickness
is the governing dimension so that the plate must be accurately
ground to secure the desired frequency. The frequency of
oscillation is inverscly proportional to the thickness, a 1-mm.
Y-cut plate having a resonant frequency of about 2 X 108 cycles.
An X-cut plate of the same thickness would have a resonant
frequency of approximately 3 X 10° cycles.

The Y-cut plates have a positive temperature coefficient, the
natural frequency rising with increasing temperature. The
increase in frequency varies from about 25 to 100 parts in a
million per degree centigrade. X-cut crystals have a negative
temperature coefficient, causing the natural frequency to decrease
as the temperature rises. The amount in this case is about 10
to 25 parts in a million per degree centigrade. It has been found
possible to make these two temperature effects approximately
neutralize one another by cutting a ring-shaped piece from a
Y-cut slab.”

Present regulations governing broadcast stations in the United
States require that the carrier frequency must not deviate by
more than 50 cycles from the assigned value. This requires an

¢ F. R. Lack, Observations on Modes of Vibration and Temperature
Coefficients of Quartz Crystal Plates, Proc. I.R.E., vol. 17, p. 1123, July,
1929.

"W. A. Marrison, A High Precision Standard of Frequency, Proc. I.R.E.,
vol. 17, p. 1103, July, 1929.
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accurate control of the crystal temperature, which is accom-
plished by placing the crystal in an electrically heated oven, the
interior temperature of which is maintained constant to within
a small fraction of a degree by a suitable thermostat. This
enables the crystal to be ground approximately to the desired
frequency, the exact value being then secured by raising or lower-
ing its operating temperature. The length of the air gap between
the crystal and the upper plate of the holder in Fig. 191 also has
an appreciable effect upon the frequency of oscillation so that a
crystal should always be cali-

brated in its holder.® The latter 4799, %z{c A
should be designed so that the H e

> 5 Applied
length of the gap is accurately %’ a-c votage
maintained. Supersonic air st/ v

waves are produced in the air Fre- 191.—Method of mounting a

. X piezoelectric crystal.
within the gap, and if the length
of the gap is an integral number of half wave lengths, consid-
erable energy may be absorbed by the air column. This will
place an appreciable load on the crystal and may even prevent
it from oscillating. The length of the air gap must thercfore
be selected so as to avoid this possibility.

The equivalent electrical network of the vibrating crystal
resonator is shown in Fig. 192.* The condenser C represents the
capacitance between the two plates of the holder of Fig. 191 when
the crystal is not vibrating. The series-resonant circuit, L, C,
and R, represents the electrical equivalent of
! mass, compliance (the reciprocal of stiffness),
and friction. The resonant frequency of L and
C is the frequency of mechanical resonance.
The energy consumed by this equivalent cir-

Fia. 192.—Equiv- . X X
alent eloctrical net- cult from the source of E will be relatively

work of a piezo- laroe at resonance and will be very small for

electric crystal. . ' . Q
higher or lower frequencies. At frequencies

above resonance the inertia of the crystal causes the resulting
vibration to lag behind the applied force so that energy is
supplied at a lagging power factor. Under these circumstances

8 A. Hunp, Notes on Quartz Plates, Air-gap Effect, and Audio-frequency
Generation, Proc I.R.E., vol. 16, p. 1072, August, 1928.

- 9K. 8. VanDyke, The Piezo-electric Resonator and Its Equlva.lent Net-

work, Proc. I.R.E., vol. 16, p. 742, June, 1928.
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the crystal will possess inductive reactance, although the
structure consists of two metal plates with a quartz dielectric
between them.

The cffective value of @ of the equivalent circuit is much higher
than that of the ordinary coil and condenser, particularly when
the resonant frequency of the crystal is low. Values of @ will
vary from about 1000 for a 1000-ke crystal to perhaps 10,000 for
one ground for 100 ke. The value of C in Fig. 292 is only a few
hundredths of a micro-microfarad, while L is large, varying from
a fraction of a henry to. 100 henrys, or more, for low-frequency
crystals. Quartz crystals have been used in electrical filters in
cases where very sharply defined cut-off frequencies are desired.0
" The high value of @ possessed by a. vibrating crystal makes it
well suited for such applications.

The use of a crystal for controlling the frequency of a vacuum-
tube oscillator is illustrated in Fig. 193. The two plates of the
holder are connected between the grid-
filament terminals of a small power tube
having a parallel-resonant circuit in the
plate circuit. When the latter is adjusted
ik to approximate resonance, the resistance
Fie. 193.—Osdillator cir- component R, of the input impedance

cuit for crystal control.  hecomes sufficiently negative to -annul
all of the positive resistance of the equiv-
alent crystal circuit, and oscillations begin. The energy to
maintain these oscillations is fed back through the grid-plate
capacitance of the tube. The frequency is dictated by the
mechanical period of vibration of the crystal and the plate circuit
may be considerably detuned without materially affecting the
frequency. A negative bias, if needed, may be applied either-
through a grid leak R. as shown, or through a choke coil. With
small tubes operating at moderate values of plate voltage the
grid bias may be omitted. A 50-watt tube is about the largest
size that can be safely used with a crystal, particularly at higher
frequencies where the crystal is thin and fragile.

The frequency range of crystal oscillators varies from about
30 ke to about 4000 ke as a practical upper limit. Where higher
frequencies are desired it is necessary to use a frequency multiplier.

'W. P. Mason, Electrical Wave Filters Employing Quartz Crystals as
Elements, Bell System Tech. Jour., vol. 13, p. 405, July, 1934. 3
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116. Magnetostriction Oscillators.—Another form of oscillator
circuit wherein the frequency is controlled by mechanical reso-
nance is the magnetostriction oscillator due to G. W. Pierce.!!

"These oscillators are well suited for applications in the lower
range of frequencies where crystal control is impractical because
of the difficulty in securing quartz crystals of sufficient size.
The useful frequency range extends from 300 kc to perhaps as
low as 500 cycles.

The phenomenon of magnetostriction
relates to the stresses and changes in dimen-
sions produced in a material by magnetiza-
tion, and the inverse effcct of changes in the
magnetic properties produced by mechanical
stresses. Nickel, alloys of nickel and iron,
invar, nichrome, and various other alloys
of iron exhibit pronounced magnetostrictive Fre. 194.—Magneto-
effects. Pure iron and iron with various St oseillator dr
amounts of carbon are unsatisfactory.

The circuit of a magnetostriction oscillator is shown in Fig. 194.
The arrangement is similar to a Hartley circuit, except for the
reversed mutual inductance between the grid and plate coils.
This prevents the circuit from oscﬂlatlng, except when the
magnetostrictive rod is inserted. The rod is pivoted or clamped
at the center and is magnetized by the direct-current component
of the plate current. When oscillations are started, the rod will
vibrate longitudinally with a node at the center, 7.e., it tends to
lengthen and shorten at a frequency given by

f=73 (53)

where v is the velocity of sound in the rod and is the length of the
rod.

As in the case of the crystal oscillator, the condenser C' can
be varied over a considerable range without appreciably changing
the frequency.

117. Frequency Stability of Oscillators.—It is often impractical
to employ mechanical resonance as a means of controlling the
frequency of an oscillator. This is particularly true in the case
of oscillators of adjustable frequency for laboratory purposes.

1t Proc. I.R.E., Magnetostriction Oscillaters, vol. 17, p. 42, January, 1929.
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As pointed out in Sec. 104, the frequency of oscillation is affected
to some extent by the constants of tube used and by the resistance
of the load. This relation, from (9), is

f - fo-\,‘ 1 + ﬁ

Changes in the frequency are due chiefly to variations in the
filament and plate-supply voltages which cause corresponding
variations in r,. These changes can be minimized by means of
the circuit given in Fig. 195a.12 The output voltage of the tube
is impressed across two resistances B, and R, in serics, R, being
made large compared to R, so as to reduce the effects of changes
in the load impedance. The parallel-resonant circuit L,C, is
connected to the output of the tube through a very high feed-back

R
— MM —
_L _
e ® ? &
Ca—r- La A+ +
L _ =5, =5
=FE, 5o =3
L1+ e e
(a} (b)

Fi4. 195.—Oscillator circuits having high frequency stability.

resistance ;. This resistance is in series with 7, of the tube
and serves to reduce the effects of any changes in the latter.

This arrangement materially reduces the output and efficiency
of the oscillator so that subsequent amplification of the output is
usually required. In this case the input terminals of the amplifier
tube can be connected across Ry which may be made variable to
scrve as an output control. An alternate scheme, shown in
Fig. 195b, does away with R, and R, and connects the grid of the
amplifier tube directly to the oscillator grid.

Circuits of this type will not experience a change in frequency
of more than a few hundredths of 1 per cent for relatively large
variations in the plate and filament voltages. Frequency
stabilization can also be sccured by introducing a phase shift
between the input and output voltages of the oscillator, provided
the ralue of @ for the tuned circuit is very high, as pointed out

' ». W. Howrox, Bell System Tech. Jour., vol. 3, p. 521, July, 1924.
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by F. B. Llewellyn.® In scveral cascs this phase shift can be
obtained by a proper choice of the grid condenser in sclf-biased
oscillators, or a similar choice in value of the plate blocking
condenser.

These methods are unable to compensate for slight changes in
the values of inductance and capacitance of the tuned circuit,
such as those produced by variations in their temperature.

118. Beat-frequency Oscillators.—In the ordinary type of
audio-frequency oscillator the frequencey is adjusted by changing
the constants of the tuned circuit by using a tapped coil in con-

RE Osc///afor-
g ¥
F
1xed Defecfor
Tni RE § B0 -
C, ¢ Cho/re Low-pass| L
Yo C C ritrer | Avdio-|
ariable 5 1 1 T m Frequency| Output
AT l l T o]
ic <—T : 1|||||—L— L
RE 0.s<:///afor "—

Fre. 196.—Schematic circuit of a beat- frequency oscillator using a’ balanced
capacitance bridge to avoid coupling between the two radio-frequency oscillators
junction with a decade condenser shunted by a variable all
condenser. This requires the manipulation of several dials sc
that the frequency cannot be varied continuously over the entire
tuning range without interruption. This may be objeetionable,
particularly in conncction with acoustic tests on loud-speakers
where it is often desirable to have a smooth frequency variation
in order conveniently to detect resonant peaks in the output of
the device.

A continuously variable frequency is readily obtained in a
beat-frequency oscillator which utilizes the beats between the
outputs of two radio-frequency oscillators having slightly different
frequencies. The two radio frequencies are impressed on a
suitable vacuum-tube detector which rectifies the impressed
voltage and extracts the beat frequency. This process is called
heterodyning. The detector output is passed through a suitable
low-pass filter and into an audio-frequency amplifier, as shown in
Fig. 196. Thus, one oscillator frequeney may be fixed at 100,000
cycles and the other made adjustable from 90,000 to 100,000

13 Constant Frequency Oscillators, Proc. I.R.E., vol. 19, p. 2063, Decem-
ber, 1931; or Bell System Tech. Jour,, vol. 11, p. 67, January, 1932.
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cycles by means of a single variable condenser giving an audio-
frequency range extending from zero to 10,000 cycles. Provision
must be made to avoid coupling between the two oscillators as
they will tend to synchronize automatically when the difference
between their two frequencies is small. This must be prevented
if low values of audio frequency are to be produced. Connecting
the two oscillators to two pairs of diagonally opposite points of a
balanced bridge circuit composed of four equal condensers (| is
one way of avoiding this difficulty. The small variable condenser
across one of the arms compensates for the input capacitance of

Fixed i
P4 7o Filter
\RE M and
oscillator - ) *S A Famplitier
Variable
’ phd
‘R.F oscillator

Fia. 197.—Beat-frequency oscillator using balanced detectors.

the detector. Another arrangement is to use two balanced
detectors in a sort of push-pull circuit, as illustrated in Fig. 197.

The output of the detector will contain harmonies of the
impressed frequencies as well as their sums and differences, as
shown by (4), page 147. Since we are interested only in the
difference between the fundamentals of the two impressed fre-
quencies, a low-pass filter of one or more sections is inserted in the
output of the detector, which transmits the difference frequency
and eliminates the terms of higher order.

A small change in the frequency of either oscillator w111 result
in a relatively large percentage change in difference frequency,
so that the frequency stability of a beat-frequency oscillator is
relatively poor. Accordingly the two radio-frequency oscilla-
tors should be designed to secure a high degree of frequency
stability. Their circuit details should be as near alike as possible
so that temperature changes, etc will affect each oscillator to the
same degree.

Another advantage of the beat-frequency oscillator is that its
output voltage remains fairly constant over the entire frequency
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range, assuming the audio-frequency amplifier to be reasonably
free from frequency distortion. This is due to the relatively
small variation in the frequency of the adjustable oscillator. It
also enables very low frequencies to be obtained without the use
of very large values of either inductance or capacitance that
would be required by the ordinary type of oscillator circuit.

119. The Multivibrator.—Another type of oscillator circuit,
known as the multivibrator, which also permits a fairly wide
frequency range to be secured by means of a single adjustment, is

_ne
| —

F1i. 198.—Circuit diagram of a multivibrator. ’

shown in Fig. 198. It is essentially a two-stage resistance-
coupled amplifier with the output of the sccond stage fed into
the grid of the first stage. The input and output voltages of
each stage are 180 degrees out of phase with each other so that
two stages are needed in order to secure the proper phase relations
to support oscillations. 'The action of the circuit is similar in all
respects to motor-boating in a resistance-coupled amplifier,
discussed in Sec. 84. '

The frequency of oscillation, since there is no tuned circuit
present, is governed primarily by the time constant of the grid-
Jeak and condenser R.C and to a much lesser extent by the other
circuit constants. The usual manner of varying the frequency
is to vary the value of either or both blocking condensers. These
may be large variable condensers or fixed condensers shunted by
smaller variable condensers. Varying the value of E. of either
grid leak will produce the same results. The wave shape is badly
distorted which seriously restricts its use as an oscillator.

Multivibrators are used chiefly as a source of harmonics in the
measurement, of frequency. Harmonics in the output as high
as the 80th can be detected without the use of amplifiers. Thus,
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if the fundamental frequency is accurately known by comparing
it with the fundamental or one of the octaves of a standard
tuning fork, a serics of harmonic frequencies is obtained from the
multivibrator which extends into the lower range of radio fre-
quencies. The frequency range can be extended by synchronizing
the fundamental of a second multivibrator with some higher
harmonic of the first. Since the only inductance present is that
of the various lead wircs, the electrical inertia of the system is
very small. This condition enables a standard frequency to be
injected into the circuit in series with the plate-supply voltage
which will coincide with a harmonic of the multivibrator and cause
the latter to lock into synchronism with the injected frequency.'
The fundamental of the multivibrator then hecomes an integral
submultiple of the injected control frequency, thus making the
device a step-down frequency converter. In this way a control
frequeney derived from a crystal oscillator may he reduced to a
value low enough to drive a suitable counting mechanism, such
1s a motor-driven clock.  The frequency of the erystal oscillator
can be established to a high order of accuracy in this way by
observing the errors in time as indicated by the clock.

120. Dynatron Oscillators.—The cffects of sceondary emission
have already been mentioned in connection with Fig. 181 in the
casc of a triode and in Fig. 135 in the case of a tetrode. When
the grid of a triode is operated at a higher positive potential than
that of the plate, a characteristic may be obtained similar to
Fig. 199. In the range of plate voltages between b and d the
number of secondary electrons leaving the plate exceeds the num-
ber of primary electrons arriving and the plate current reverses.
Whether or not an actual reversal is obtained will depend upon
surface conditions of the plate, clectrode voltages, cte. The
plate resistance of the tube is negative within the interval
between a and ¢, and if a tuned eireuit is inserted in the plate lead,
as in Fig. 200a, the negative value of plate resistance may be
sufficient to annul the positive resistance of the tuned circuit so
that oscillations will occur. A tube operated in this manner was
first described by A. W. Hull who gave it the name ‘““dynatron.’”’s

“L. M. Howu and J. K. Crare, A Convenient Method for Referring
" Secondary Frequency Standards to a Standard Time Interval, Proc. I.R.E.,
vol. 17, p. 2562, February. 1929.
% Proc. I.R.E., vol. 6, p. 5, I'ecbruary, 1918.
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A screen-grid tube is usually more satisfactory as a dynatron
oscillator than a triode as the frequency stability is greater. In
Fig. 135, the static I,-E, characteristics arc suitable for
dynatron operation in the region to the left of line A where the
plate voltage is lower than the screen-grid voltage. The control

I ] l_@ll

0/\b . L A
\/

Ep —
c
Fig. 199.—Dynatron characteristic of a triode obtained when the grid is at a
higher positive potential than the plate.
grid is usually connected directly to the cathode, although a
small negative bias will increase the negative value of r,. The
¢ircuit diagram is shown in Fig. 2006.

The frequency stability of a dynatron using an ordmary screen-
grid tube is somewhat comparable to a crystal oscillator without
temperature control. This enables them to be used as heterodyne
wave meters, the wave meter serving as the tuned circuit. If a

1

(a) (b)

Fii. 200.—Dynatron oscillator circuits.

pair of telephone Teceivers are inserted in the sereen-grid circuit
of the oscillating dynatron, beats can be heard between the
dynatron and other oscillators at harmonics of the dynatron
frequency as well as at the fundamental. This enables the range
of the wave meter to be extended into the higher frequencies.
The dynatron can also be used to measure the high-frequency
resistance of a tuned circuit.!® The negative resistance of the
tube is varied by means of an adjustable bias impressed on the
control grid until oscillations just begir:. The negative resistance

16 . IinuMa. A Method of Measuring the Radio-frequency Resistance of
an Oscillatory Circuit, Proc. I.R.E., vol. 18, p. 537, March, 1930.
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of the tube is then equal to the impedance of the parallel-resonant
circuit and will be

L
Tp = C_R . (54)
where C, L, and R are the constants of the tuned circuit.
121. Oscillating Arc.—Any device possessing a negative resist-
ance may be used to produce oscillations by the proper introduc-
tion of inductance and capacitance into the

& circuit. The characteristic of the electric
arc shown in Fig. 201 has a negative slope,
indicating that the internal resistance is
negative, so that it is capable of producing

0 oscillations. The arc converter, or Poulsen

7
Fie. 201.—Character- 8TC, was developed by Valdemar Poulsen

istic curve of an electric of Denmark and was very widely used as
are. a source of high-frequency oscillations in
radio transmitters prior to the introduction of the vacuum
tube in this field. ]
The negative-resistance characteristic of the arc can be greatly
accentuated by enclosing it in a hydrocarbon atmosphere and
passing a strong transverse mag- Ls '
netic field across the arc stream.!?
A further improvement results if
the positive electrode is made of
copper and is water-cooled. The
schematic diagram of connections
is shown in Fig. 202. Shunted Fie. 202.—Schematic diagram of
across the arc is the oscillatory an arc converter.
circuit L,Cy, which is of the scries-resonant type in this
case, as the internal resistance of the source is relatively low.
This circuit is made up of the constants of the antenna with
sufficient loading inductance connected in secries for tuning pur-
poses. The magnetic field across the arc is produced by coil Ly,
while L3 is a radio-frequency choke coil to exclude radio-frequency
current from the direct-current generator. Signaling is accom-

< Ry
| +
X
S
KIS

1" P. O. PepersEN, On the Poulsen Arc and Its Theory, Proc. I.R.E.,
vol. 5, p. 255, August, 1917; also L. ¥. FurLer, The Design of Poulsen Are
Converters for Radio-telegraphy, Proc. I.R.E., vol. 7, p. 449, October,
1919.
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plished by short-circuiting a portion of the inductance in series
with the antenna which changes the frequency of oscillation
slightly when the key is depressed. Two different frequencies
were therefore radiated—a signaling frequency and a spacing
frequency. A heterodyne system of reception was used.

Arc converters were built having ratings of scveral thousand
kilowatts. They have practically all been replaced by vacuumn-
tube transmitters operating at short wave lengths, giving the
same transmission range at a fraction of the power required by the
arc. The latter was primarily a low-frequency device and
unsatisfactory for frequencies much above 100 ke. The radiated

;COI./
U777 Plate
- .
ll ‘‘‘‘‘ s Filamert
Il b 2 ’
[ Z 4 Magnetic
| J Flux

£z iz~ Glass bulk
Fia. 203.—Construction of a magnetron showing clectron paths.

wave was very rich in harmonies which produced considerable
local radio interference.

122. Magnetron Oscillators.—The magnetron is an evacuated
tube of the diode type having a cylindrical anode, along the axis
of which is located the filament. Instead of a grid, the flow of
electrons to the positively charged anode is controlled by an
axial field produced by a coil wound outside the tube, as shown
in Tig. 203." In the absence of any magnetic field the electrons
will travel from the filament to the plate in radial lines, as in a.
Since these electrons in motion constitute a current, an axial
magnetic field parallel to the filament will produce a tangential
force on the moving electron causing it to follow a spiral path
as in b. A field of sufficient strength will cause the radius of
curvature of the path to be just equal to the radius of ‘the plate
and any further increase in the field strength above this critical
value will prevent the electrons from ever reaching the plate.
Flux densities below the critical value will have practically no
effect upon the plate current as the number of electrons reaching

18 A, W. HuwLL, The Magnetron, Jour. A.I.E.E., vol. 40, p. 715, September,
1921; also The Axially Controlled Magnewron, Trans. A.I.E.E., vol. 42,
p- 915, 1923. .
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the plate will be the same, the only difference being in the length
of the spiral path.

The characteristics of a typical magnetron showing the
variation in plate current with the magnetic field for verious
values of plate voltage are illustrated in Fig. 204. The pl.ite in
this case was a cylinder 2 in. in diameter and 2 in. long.

80 —————

Bp=30dvord | [ T T [ ]

Plate current in milliamperes

10 20 30 40 50 60
Flux density in lines per sq.cm.

Fia. 204.—Effect of magnetic field on plate current of a magnetron zt various
plate voltages.

The magnetron may be used as either an amplifier or an oscil-
lator.’ In the latter capacity it hasno particularadvantagesover
the triode, except at very high frequencies.? When used as a
generator of very high frequency oscillations the cylindrical
plate is split into two halves and connected to a tuned circuit,
as shown in Fig. 205. The electrons flowing from filament to

¥ F. R. Ewper. The Magnetron Amplifier and Power Oscillator. Proc.
1.R.E., vol. 13, p. 159, April, 1925,

2 W. C. WarTE, Producing Very Liigh I'requencies by Means of the Mag-
netron, Electronics, vol. 1, p. 34, April, 1930; also k. D. McARTHUR and
E. E. SprrzeR, Vacuum Tubes as High-frequency Oscillators, Proc. I.R.E.,
vol, 19, p. 1971, November, 1931,
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plate under the combined influence of the electromagnetic and
electrostatic fields give the volt-ampere characteristic of the tube
a negative slope in the vicinity of cut-off, which can be utilized
to produce oscillations in a tuned circuit in much the same manner
as the dynatron. Each anode delivers
energy to the tank circuit during alter-
nate half cycles, so that the circuit is
equivalent to a push-pull oscillator.
The direct-current magnetic field pro-
duced by the coil is adjusted to a value
slightly greater than cut-off.

123. Barkhausen Oscillations.”’—

Al

F1e. 205.—8plit-anode type
When attempts are made to generate of magnetron oscillator used

to generate very high fre-

. I - )
very high frequencies having wave cencios.

lengths in the vicinity of one meter by

conventional feed-back methods, pronounced difficulties occur
in attempting to secure the proper phase relations between the
alternating grid and plate potentials. This is caused by the
period of oscillation becoming comparable to the time of transit
of the electrons. The fictitious voltage we, acting in the plate
circuit will thercfore lag behind the alternating grid potential
so that u must be given a phase angle and treated as a com-
plex number at these very high
Electron.... frequencies.

paths o 7\’ lﬂ/‘“ fo Grid(#) The high-frequency limitations

L Filamen’ of the ordinary type of oscillator
Fre. 206,—Paths of electron oscil-
lations in a Barkhausen oscillator.

——————Plate (=)

may be avoided by utilizing
the oscillations of the electrons.
If the grid of a triode is maintained at a high positive potential
with respect to the filament while the plate is kept at a much
smaller negative potential with respect to the filament, electrons
will be attracted to the grid with a high velocity. Those which
do not strike the grid wires will make one or more oscillations
before being finally drawn to the grid, as illustrated in Fig. 206.

. 2t H, BarkHAUsEN and K. Kurz, Shortest Waves Obtainable with Valve
Generators, Ztschr. Phys., vol. 21, p. 1, January, 1920. A comprehensive
discussion of electron oscillations is given by H. E. HorLMann, On the
Mechanism of Electron Oscillations in a Triode, Proc. I.R.E., vol. 17, p. 229,
YFebruary, 1929; see also E. C. MEcaw, Electronic Oscillations, Jour. I.E.E.
(London), vol. 72, p. 313, April, 1933.



310 PRINCIPLES OF RADIO ENGINEERING [Sec. 123

The frequency of these oscillations is governed by the geometry
of the tube and the potential of the grid, and not by the constants
of the external circuit. A tube with a cylindrical grid and plate
is necessary, although a special type of tube employing the
conventional ““flat-type’’ construction with grid and plate form-
ing parallel planes has been successfully used.??

The wave length in centimeters to a rough degree of approxi-
mation is given by Barkhausen and Kurz as
_1000d
where d is the diameter of the plate and E, is the voltage of the
grid.

The phase relations of these electron oscillations would appear
to be entirely at random so that the net effect on the external

N circuit should be nil. However,

= 4“":_ T, the clectrons surging back and

. l Vﬁi’fr;’ forth in the grid and plate leads

) causc the potentials of these

GORFChokes olectrodes to rise and fall, which

3 probably reacts on the random

motion of the oscillating. clec-

trons and tends to coordinate
their motion.

Under certain circumstances the frequency of oscillation is
found to depend upon the constants of the external circuit con-
nected to the tube clectrodes, particularly if the grid and plate
terminate in a pair of Lecher wires as in Fig. 207.22  These wires
are merely a pair of parallel copper rods one-quarter wave in
length,  Their electrical properties arc discussed in Sec. 195,
Chap. X1V.

Oscillations of the Barkhausen type can also be produced in a
magnetron, wave lengths of only a few centimeters having been
obtained.?

A

Detector

+
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¢, 207.—Circuit  for generating
Barkhausen oscillations.

22 B, J. TuompsoN and P. D. Zorru, An-Electron Oscillator with Plane
Electrodes, Proc. I.R.E., vol. 22, p. 1374, December, 1934.

22 E, W. Grun and J. H. Morgery, Short Electric Waves Obtainable by
Valves, Phil. Mag., vol. 44, p. 161, July, 1922.

24 K. OxaBE, On the Short Wave Limit of Magnetron Oscillations, Proc.
I.R.E., vol. 17, p. 652, April, 1929.
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The energy obtained from these various types of electron
oscillators is usually small, being ordinarily a fraction of a watt.

Problems

1. A type 801 triode having the characteristic curves given in Figs. 178
and 179 is used in the oscillator circuit of ¥ig. 174a under the following

CuARACTERISTICS OF TYPE 207 TRIODE*

E. = 4300 E, =0 E. = —300 E, = —600
Err | ID EP | In ‘ ED 1? ‘ EP IP
500 | 1.08 | 1,000 | 0.10 | 6,000 | 0.03 | 12,000 | 0.07
1000 | 1.65 | 2,000 0.26 | 7,000 | 0.15 | 13,000 | 0.18
1500 | 1.95 | 3,000 | 0.49 | 8,000 | 0.32 | 14,000 | 0.34
2000 | 2.21 | 4,000 | 0.79 l 9,000 | 0.54 | 15,000 | 0.55
3000 | 2.65 | 5,000 1.13 | 10,000 | 0.81 | 16,000 | 0.81
4000 | 3.04 | 6,000 l 1.51 | 11,000 1.13 17,000 | 1.09
- 7,000 | 1.91 | 12,000 | 1.48 1 2 = o0
- E. = —100 E.= —400 |— —
50 | 0.8 | | T 13,000 | 0.01
1000 | 1.05 | 3,000 | 0.10 | 8000 | 0.04 | 14,000 | 0.08
1500 | 1.23 | 4,000 | 0.27 | 9,000 0.16 | 15,000 | 0.19
2000 l 1.42 | 5,000 0.50 | 10,000  0.32 l 16,000 | 0.35
2500 | 1.62 | 6,000 | 0.79 | 11,000 | 0.53 | 17,000 | 0.57
3000 | 1.82 | 7,000 | 1.13 | 12,000 | 0.79 | 18,000 | 0.83
4000 | 2.24 | 8,000 | 1.52 | 13,000 | 1.09 = _
5000 | 2.67 | 9,000 1.93 | 14,000 | 1.45 | E. = —800
’ l onn | 15,000 | 0.01
_E:_ +100 B, = =200 : E. __5_ | 16io00 | o008
1000 | 0.47 | 5,000 | 0.11 110,000 | 0.06 | 17,000 = 0.21
1500 | 0.60 | 6,000 0.28 \ 11,000 | 0.17 | 18,000 | 0.37
2000 | 0.75 | 7,000 0.50 | 12,000 = 0.33 | 19,000 | 0.60
3000 | 1.09 | 8,000 0.79 | 13,000 | 0.54 | 20,000 | 0.84
4000 | 1.45 | 9,000 | 1.12 | 14,000 = 0.80 I
5000 1.83 | 10,000 | 1.50 | 15,000 | 1.11 i
|

6000 2.23 11,000 1.901 |

* I» is in amperes.

operating conditions: E, = 500 volts, Epmin = 125 volts, ¢;max = 100 volts,

= 50°, C, = 0.002 uf, f = 108cycles. If u = 8, find E,. E,, Iy, I, I, I,
power input from the B supply, power output to the tank circuit, plate
efficiency, plate dissipation, net useful output, grid-leak resistance, M, L.

and the effective resistance of the load R,.

2. Repeat Problem 1 with 8, reduced to 40°, the other operating condi-

tions remaining the same.
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3. What would be the net output of the tube in Problem 2 when operated
as a Class C power amplifier?

4. A type 207 triode, whose characteristics are given in the table, is
operated as a Class B amplificr under the following conditions: B, = 15,000
volts, E, = 1100 volts, E. = —800 volts, 6; = 90° u = 20, Epmin, = 4000
volts. From the data given in the accompanying table determine I, I,
Ry, output, input, and the plate efficiency.

5. Using the approximate tube characteristics of Fig. 183, determine the
same items as in Problem 4, assuming the mmutual conductance of the 207 tube
to be 5400 micromhos. Use the value of Ry as determined above,

6. The tube of Problem 1 is to be operated as a frequeney doubler con-
verting 2000 ke into 4000 ke, under the following operating conditions:
Ey = 500 volts, Epmin = €ymax = 100 volts, 8, = 30°. Find the power
input from the B supply, the power output to the tank circuit, and the
plate efficiency. If the tank condenser is 0.0005 uf, what will be the value
of current flowing through it?



CHAPTER XI

MODULATION

121, Types of Modulation.—Modulation is defined as the
process whereby the amplitude, frequency, or phase of a wave is
varigd in accordance with a signal wave. The resultant wave will
contnin frequencies identical with those present in the two
original waves, and in addition, new frequencies will be produced
whicli will be made up of various combinations of the original

frequencies.
Assume a current wave defined by the expression
1= A sin (ot + ¢) 1)
where A is the amplitude, w = 2r X frequency, and ¢ is the
S
r\ m |
Aupar.

i

| I

F1c. 208.—Amplitude-modulated wave.

— 1

phasi: angle. Any one of these three independent variables may
be subjected to a periodic change which is slow compared to the
“carrier” frequency w; giving rise to amplitude, frequency, or
phas¢ modulation, respectively. A physical picture of these
three types of modulation may be obtained by considering an
ordimary type of alternator having the conventional revolving
field. The frequency of the alternator will be governed by the
speed and the number of poles. If the direct-current excitation
of the field is varied sinusoidally by manipulating the field rheo-
stat, the amplitude of the voltage induced in the stationary
armature will rise and fall as illustrated in Fig. 208, assuming the
313
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alternator to have a linear magnetization curve. Thisis in effect
superimposing a very low frequency alternating current upon the
direct-current field excitation. If a high-frequency alternator
were used, it would be theoretically possible to introduce the
amplified output of a microphone into the field circuit of the
machine and thus modulate the voltage output of the alternator.
This modulated wave when impressed upon a linear rectifier
would result in a rectified output containing all of the original
audio frequencies that were introduced into the field circuit of
the alternator. Since this rectification or detection process is
just the reverse of modulation, it is often called demodulation.

Frequency modulation would be accomplished in this example
by causing the speed of the machine periodically to increase and
decrease in accordance with the modulating frequency. Phase
modulation could be brought about by rotating the stator of the
alternator back and forth through an angle ¢, assuming the stator
to be mounted on suitable trunnion bearings so that it is free to
rotate. Neither of these two latter types of modulation can
produce an audio signal in the output of the rectifier. In order
for a phase- or a frequency-modulated signal to become audible,
it must be converted into an amplitude-modulated signal. This
is accomplished by inserting selective tuned circuits ahead of the
rectifier or else by heterodyning the modulated wave with a
fixed frequency. Neither of these two types of modulation is
suitable for radio telephony, except at extremely high frequencies
where frequency modulation could perhaps be used. They are
of intercst chiefly in that either or both may be present as
unwanted by-products in various systems of amplitude modula-
tion. An example of simultaneous amplitude and frequency.
modulation is the case of an oscillator which is modulated by
varying the plate-supply voltage at an audio-frequency rate.
As pointed out in the preceding chapter, these variations in the
voltage cause similar variations in the frequency of oscillation
as well as in the amplitude of the tank current.

In continuous-wave radio telegraphy (abbreviated C.W.) the
dots and dashes are produced by interrupting the carrier wave
during the spacing intervals, which is a case of amplitude modula-
tion. In the case of arc converters, ‘‘keying’’ was accomplished
by means of frequency modulation, the signaling frequency being
made slightly higher than the spacing frequency by 'short-
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circuiting a portion of the tuning inductance when the key was
depressed. The signals in both types of transmission are made
audible by means of a heterodyne detector. This is necessary
even in the case of the amplitude-modulated signals as otherwise
the dots and dashes would be heard in the telephone receivers as
a succession of almost unintelligible clicks. The radio-frequency
oscillations are sometimes modulated at an audio-frequency rate
at the transmitter by using 500-cycle alternating current as a
source of plate voltage, or else by rapidly interrupting the oscil- -
Jations by means of a motor-driven disk having insulated seg-
ments known as a “chopper.”  This type of signal is known as
“interrupted continuous wave’ (I.C.W.). An audible tone will
be heard in the telephone receivers with this method when an
ordinary rectifying detector is used.

125. Amplitude Modulation.—If the amplitude A in (1) is
made to vary sinusoidally, then at any instant

A = Ay(1 4+ m sin ) 2)

where m is the modulation factor and w, is the radian frequency
of the modulating source. The factor m may have any value
between zero and unity, and is defined, referring to Fig. 208, by

_ P (Aiax = Aui)
Ay

@)

Substituting the value of A from (2) in (1), and assuming the
phase angle ¢ in (1) to be zero, the equation of the wave is

i = Ao(1l + m sin w.t) sin w.t 4)

where w, is the radian frequency of the carrier.
Expanding (4), we get

1 = Aolsin we + m sin wyt sin wt]
m

5 008 (we + w;)t} ()

= Ao[sin wt + -—mz— cos (w; — ws)t —

The wave of Fig. 208 evidently contains three frequencies; the
original carrier frequency and two others, one lying above and
the other below the carrier frequency. These may be viewed as
the lines of a frequency spectrum as shown in Fig. 209. As the
modulating source will ordinarily consist of a band of audio
frequencies, there will be any number of sum and difference
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terms, depending upon the nature of w,. These sum and differ-
ence terms are called side bands. Consequently, if a group of
audio frequencies extending up to 5000 cycles are used to modu-
late a carrier frequency of 106 cycles, a band of frequencies 10,000

cycles in width will be produced,

7 extending from 995 to 1005 ke,
with the carrier frequency located
[ in the center of the band.
i The production -of the three
A:" I i frequencies of Fig. 208 in the case
' 240 -of the alternator of the previous
i ¥ example, where a low-frequency

(fc'fs)'f e ‘f(fc*‘fs) f— alternating current was super-

Fig.  209.—Carrier and side-band imposed upon the normal
frequencies represented as the lines of di _ . .

a frequency spectrum. irect-current excitation, may be

understood from a consideration

of Fig. 210. In (a), the armature is assumed to be rotating in a

stationary magnetic ficld of constant strength, represented by

the vector Fs. The frequency of the ean.f. induced in the

armature will depend upon its speed and the number of poles.

Thus, a two-pole machine rotating at 3600 r.p.m. would have a

Fy
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(a) (b) ()
Fii. 210.~~Resultant magnetic fields produced in an alternator when an alter-
nating current is superimposed upon the direct-current field excitation.

“carrier” frequency f. of 60 cycles induced in the armature. If
an alternating ““signal’ frequency f, of 5 cycles, for example, is
then superimposed upon the direct-current excitation, the
strength of the field will pulsate in magnitude, as shown in (b),
assuming that the maximum value of the alternating-current
field F .. is less than the magnitude of the direct-current field F.
The pulsations caused by the alternating excitation may be
thought of as having been produced by two oppositely rotating
vectors, F1 and F,, each having a magnitude of 4F,, whose
resultant at any instant is f., as in (c). The fields represented
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by these two vectors glide around the air gap of the machine in
opposite directions and with equal velocities of ws = 27f,. With
a clockwise rotation of the armature, the relative velocity with
which the armature conductors cut the field ¥, will be w. — ws,
while the field F, will be cut with a relative velocity of w, + ws.
Three frequencies will consequently be present in the armature;
the carrier f. of 60 cycles, the lower side band produced by F, of
55 cycles, and the upper side band produced by F2 of 65 cycles.
If the direct-current field excitation is removed and only the
5-cycle alternating-current excitation remains, the 60-cycle
carrier will disappear, leaving only the two side bands of 55 and
65 cycles. This simulates a “‘suppressed-carricr”” system, which
will be described in Sec. 135.

Frequency and phase modulation both produce side-band fre-
quencies extending over a much wider range of frequencies than
is the case with amplitude modulation.! A frequency-modulated
wave contains a series of side bands which differ from the carrier
frequency by integral multiples of the modulating frequency.
If a carrier frequency of f. cycles is frequency-modulated at a
rate of f, cycles per second, the side-band frequencies produced
will be fo + fo, fo = oy o + 2fe, fo = 2fu, fo + 3fs, fe — 3fs, cte.

126. Energy Relations.—When the carrier wave is completely
modulated (m = 1), the amplitude of the side bands is one-half
that of the carrier. The energy is proportional to the square of
the amplitude, and in a wave that is completely modulated the
carrier represents 6624 per cent of the total encrgy while the two
side bands represent 334 per cent. 'The intelligence is conveyed
- entirely by the side bands so that it is important to employ as
high a percentage of modulation as possible.  The radio-telephone
signal produced in a recciver by a strong carrier which is feebly
modulated will be no louder than that of a weak carrier which is
completely modulated. Furthermore, the strong carrier wave is
capable of producing heterodyne interference over a much larger
area than the completely modulated weaker signal, although the
service areas of the two might be approximately equal.

The continuous power output with 100 per cent modulation is
1.5 times the output at zero modulation. The output at modula-

1t H. Roper, Amplitude, Phase, and Frequency Modulation, Proc. I.R.E.,
vol. 19, p. 2145; December, 1931; also sec discussion of this paper in vol. 20,
p. 884, May, 1932.
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tions peaks in this case will be four times the unmodulated carrier
output.

127. Methods of Obtaining Amplitude Modulation.—Ampli-
tude modulation of a carrier wave can be secured in a variety of
ways. Omitting telegraphic keying, the various methods may
be classified as follows:

1. Absorption modulation.

2. Plate-circuit modulation.

3. Grid-circuit modulation.

4. Modulation by means of nonlinear impedances.

Most of these methods involve the use of a suitable vacuum
tube, although the first and last can also be accomplished by
other means. The method used will depend upon a variety of

£ 3%%
f}

(a) (b) )
Fru. 211.—Clircuits for absorption modulation.

Nl
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factors, such as the amount of power to be handled, the percentage
modulation desired, the cost of the necessary equipment, etc.

128. Absorption Modulation.—As its name implies, this
method absorbs a portion of the high-frequency power by means
of a voice-controlled impedance, such as a carbon-granule micro-
phone. Typical circuits are shown in Fig. 211a and b. The
limited current-carrying capacity of the microphone restricts
the power that can be absorbed by the device to a maximum
value of about 5 watts.

The magnetic modulator of Fig. 211c is capable of handling
large amounts of power and was used to modulate the outputs of
high-frequency alternators prior to the advent of vacuum tubes
in this ficld.? Two similar coils L, and L, wound as shown are
connected in parallel across the terminals of the alternator.

*E. F. ALExANDERSON, A Magnetic Amplifier for Radio Telephony,
Proc. I.R.E., vol. 4, p 101, April, 1916.
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The voice coil Ls is wound around both of the central legs of the
iron core so that no high-frequency voltage will be induced in this
circuit. The voice currents vary the flux density of the core and
cause changes in the incremental permeability of the iron, so
that the altcrnating-current impedance of coils Ly and L, shunted
across the alternator is made to vary. By proper magnetic
design it is possible to produce a considerable change in the value
of this impedance by a small change in the voice current. In
this way the power absorbed by the device is made to vary in a
manner dictated by the current through the microphone circuit.
The moderate values of radio frequency produced by these alter-
nators enable the magnetic properties of iron to be successfully
employed.

129. Plate-modulated Oscillators.—This method, known as
“constant current modulation”’ and also as ‘Heising modula-

Modulator R.F.Choke QJci//a/or
Y/ ¥ g Fub

tube  dp e C
' gl
Speech L Io
input ?ﬂ g Lo |
L ————— e
Ec (a) c (b)

Fia. 212.—Plate-modulated oscillator and its equivalent circuit.
tion,” after its inventor R. A. Heising, causes the plate voltage
applied to an oscillator tube to vary at an audio-frequency rate
by means of a modulator tube. The circuit diagram is shown in
Fig. 212. The modulator and oscillator tubes are both fed
from a common plate-supply voltage through the choke coil L.
The inductive reactance of this coil should be large compared to
the plate resistances of either tube at the lowest modulating
frequencies to be used. The radio-frequency choke coil L, is to
exclude radio-frequency currents from the modulator tube.

An inspection of the equivalent circuit reveals the modulator
to be nothing but a choke-coupled, audio-frequency power
amplifier, using shunt feed and having a useful load R,. The
tube operates as a Class A device and the theory developed in
Chap. VII concerning power amplifiers is therefore directly
applicable to modulators. Any power-amplifier tube capable of a
Jarge undistorted power output is satisfactory as a modulator.

The load resistance R, of the oscillating tube is given by
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Ry =3 (6)
h
and is the reciprocal of the slope of the Ei-I; characteristic of
the tube when oscillating.

The oscillator should be adjusted so that this characteristic
1s essentially linear, otherwise B, will vary with the modulating
voltage and the modulated output will be distorted as a result of
this fluctuating load, A similar linear relation must also exist
hetween the oscillatory tank current 7, and the plate voltage, or
the modulated envelope of the carricr wave will be distorted.
The voltage applied to the oscillator will be the plate-supply
voltage E, with the audio-frequency-voltage output of the modu-
lator superimposed upon it. The grid excitation, grid bias, and
the impedance of the tank circuit are adjusted until the desired
linear relations are obtained. The adjustments can be checked
by varying E, from as small a value as will still permit the circuit
to continue oscillating, to twice the normal value. The resultant
values of I, and I can then be plotted against Ep, as in Fig. 213,
for the case of a modulated amplificr. The value of tank-cireuit
impedance required is usually somewhat greater than normal,
resulting in a reduction of the plate efficiency. The value of E,
impressed upon the modulated oseillator is somewhat lower than
the normal value used for unmod#lated operation in order to
avoid excessive plate heating on modulation peaks.

The average power output to the tank circuit when the wave
is completely modulated is 1.5 times the unmodulated value.
This increase in power is represented by the énergy in the side
bands, since the carrier power is not affected by the degree of
modulation. The power associated with each side band is m?/4
times the power associated with the carrier. This increase in
power when modulated must be furnished by the alternating-
current power output of the modulator tube. Thus, if the power
represented by an unmodulated carrier wave is 100 watts, the
average power will rise to 150 watts at 100 per cent modulation,
50 watts being furnished by the modulator tube and 100 watts
from the direct-current supply to the oscillator. Since the
side-band power varies as the square of the modulation factor,
reducing the modulation to m = 0.5 would require only 12.5
watts from the modulator tube. The plate efficiency of the
oscillator has been neglected in this discussion and consequently
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the net input to the oscillator will be its output divided by its
plate efficiency. To summarize these relations, the power
required to generate the carrier wave is furnished by the direct-
current plate supply, while the power required to produce the
side bands is furnished from the alternating-current output of
the modulator tube. The modulator eutput determined in this
manner will be the average power output.
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Fig. 218.—Effect of platc voltage on radio-frequency tank current and plate
current in a Class C modulated amplifier.

Modulated oscillators are no longer used to any great extent
hecause of the fluctuations in the carrier frequency caused by the
variable voltage applied to the plate. A high degree of modu-
lation is difficult to secure as the tube may cease to oscillate
at low values of plate voltage.

130. Plate-modulated Amplifiers.—The disadvantages just
mentioned are avoided if the modulation is applied to the plate
circuit of a separately excited Class C amplifier instead of an
oscillator. The equivalent circuit of ¥ig. 212b applies equally
well to a modulated amplifier, since the only difference between
an oscillator and an amplifier is in the source of grid excitation.

Linear relations between tank current [, and plate current I,
with variable plate voltage are again necessary. These arc
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illustrated in Fig. 213 for a small triode. A higher value of tank-
circuit impedance would have made the curve for I, more nearly
a straight line, but with some sacrifice in power output. The
biasing voltage E. should be approximately twice the value of
cut-off. The output can be completely modulated by causing the
plate voltage to vary from zero to twice the value of the direct-
current plate-supply voltage. There is no danger in this case of
stopping the oscillations because of low plate voltage, as is the
case with an oscillator. It is impossible to swing the plate
voltage applied to the amplifier between these limits with the
modulator circuit of Fig. 212, since the modulator plate voltage
would also have to vary between these same limits. The reason
for this is apparent from a consideration of the I,-E, diagram
of a Class A amplifier, such as Fig. 121. Modulator circuits
which enable 100 per cent modulation to be secured will be
described presently.

It will be noted in Fig. 212b that the audio-frequency output
of the modulator is supplied to R, through the radio-frequency
choke coil Ly. The reactance of this choke coil should therefore
be small compared to R, at the highest modulating frequency to
be used. This limits L, to a value no larger than that necessary
to exclude radio-frequency currents from the modulator tube or
the distributed capacitance of L;. This is readily achicved when
the carrier frequency used is high compared to the highest modu-
lating frequencies. But at low carrier frequencies the choke
required may offer appreciable impedance to the higher voice
frequencies, with resultant frequency distortion. A parallel-
resonant circuit tuned to the carrier frequency can be substituted
for Ly in such cases.

The blocking condenser C is effectively in parallel with R,
as the tank-circuit impedance is negligible at audio frequencies.
Consequently, the higher modulating frequencies tend to be
by-passed around R, if C is made too large. This item should
also be made no larger than necessary.

These considerations as to the values of L, and C, apply
equally well to modulated oscillators. The power amplifiers
other than the modulated stage have no such limitations imposed
upon the maximum size of the chokes and blocking condensers.

The power required to modulate an amplifier is determined in
the same manner as described for modulated oscillators. The
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audio-frequency power necessary is relatively large, particularly
as m approaches unity. It is therefore advisable to modulate
one of the earlier stages where the energy level is low. For
example, if a 5000-watt carricr is to be completely modulated,
the side-band power will be 2500 watts. Assuming the modu-
lated amplifier to have a plate efficiency of 60 per cent, the
required undistorted output of the modulator will be 4167 watts.
An audio-frequency amplifier capable of furnishing this amount
of power would be sizable and costly. When similar tubes are
used for both modulator and amplifier, at least three or four
tubes will be required to produce the power necessary to modulate
a single amplifier tube, as the plate efficiency of the Class A modu-
lator is rarely more than 20 per cent.

The Class B amplifier stages which follow the modulated stage
should not employ too high a value of @ in their tank circuits,
otherwise the tuning may be too sharp and the outer side-band
frequencies may be discriminated against.

Either triodes or screen-grid. tetrodes can be used in the
modulated stage. When the former are used, some means of
neutralization must be employed to prevent self-oscillation.

131. Modulator Coupling Circuits.—In order for an amplifier
or an oscillator to be completely modulated, the plate voltage
must vary from zero to twice the value of E,, as illustrated in
Fig. 186. As this extreme variation is not possible with the
modulator tube acting as a Class A amplifier, the coupling
arrangement of Fig. 214a can be used. A resistance R, is placed
in series with the plate of the modulated amplifier, and of suffi-
cient size to drop the direct-current plate voltage applied to a
value just equal to the maximum amplitude of alternating-
voltage output of the modulator. By operating the modulated
amplifier at a lower plate voltage than the modulator tube it
becomes possible to secure 100 per cent modulation. The volt-
age-dropping resistance R, is shunted by a large by-pass conden-
ser C; which offers a path of low impedance for the audio-frequency
output of the modulator. The reactance of this condenser should
be small compared to B, of the modulated amplifier for the lowest
modulating frequencies to be used. This ordinarily requires a
condenser from 5 to 20 uf, or larger.

Another method of securing complete modulation is to replace
I with a suitable autotransformer which steps up the audio-
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frequency voltage output of the modulator to a value just equal
to E, on modulation peaks, as in I'ig. 214b. The plate voltage
applied to the modulated amplifier tube will then vary from
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Fic. 214.—Various methods of coupling a modulator to the modulated amplifier
to secure 100 per cent modulation.

zero to 2K, This transformer also steps down the value of R,
as viewed from the modulator tube by the square of the ratio of
transformation used. In this way it is possible to adjust the load
impedance of the modulator tube to its optimum value by the
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choice of the proper transformation ratio. In Fig. 212 the value
of the load R, is determined by the characteristics of the modu-
lated amplifier. This value of R, may be quite different from
that required by the modulator for maximum undistorted
output.

Instead of an autotransformer a two-winding transforner may
be used, as in Fig. 214c. The direct current for the modulator
flows through P, while that taken by the modulated amplifier
flows through S. This method of coupling offers a decided
advantage over the autotransformer in that the primary and
secondary windings can be connected so that the direct-current
ampere-turns oppose each other. This greatly reduces the
direct-current flux density in the core and permits a much
smaller cross section of iron to be used. In the previous methods
of coupling the direct current flowing through L, was the sum of
the two currents. This requires a relatively large core area in
order to keep down the direct-current saturation and secure a
reasonable value of incremental permeability from the core
material. The determination of the inductance under these
conditions has already been discussed in Sec. 29, Chap. III.

When a coupling transformer is used, it is no longer necessary
to use a common source of plate-supply voltage for both modu-
lator and amplifier. The two tubes, if desired, can now be oper-
ated from separate sources having the voltage values best suited
to the types of tubes used. The modulator may use two tubes
in push-pull, thereby obtaining the advantages of lower distortion
and higher output that pertain to this mode of operation. The
connections are shown in Fig. 214d. However, the direct-current
ampere-turns on the two halves of the primary cancel each other,
and hence are not available to oppose the ampere-turns of the
secondary produced by the direct current taken by the modu-
lated amplifier. The coupling transformer will accordingly
require a larger core than the single-tube arrangement of Fig. 214c.

When two tubes are used in push-pull, they are very often
operated Class B in order to obtain the relatively large output
possible under this condition. The advantages and disad-
vantages of this method as compared to Class A operation have
heen already discussed in Chap. VII. The calculation of output
and distortion in modulators is exactly the same as for power
amplifiers, and it will not be repeated here. The problem of
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direct-current saturation in the core of the push-pull coupling
transformer is the same with either Class A or Class B operation.

Pentodes could also be used as modulators, but they are much
more critical as to load impedance than triodes and their dis-
tortion is greater.

132. Grid-modulated Amplifiers.—Instead of varying the
voltage applied to the plate of the modulated amplifier, it is
possible to secure the same results by varying the magnitude of
the C bias at an audio-frequency rate. The schematie e¢ircuit
is shown in Fig. 215, together with the details of operation.
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Fie. 215.—Schematic circuit and details of operation of a grid-modulated
amplifier.

The tube is operated as a Class C amplifier with a biasing voltage
E, greater than cut-off. The tank-circuit impedance must be
made large enough to insure a linear dynamic I,-E, character-
istic over the operating range of grid voltages. The radio-
frequency and signal voltages are connected in series and applied
to the grid. The signal voltage cyclically adds to, and sub-
tracts from, the fixed biasing voltage E., causing the amplitude
of the plate-current impulses to rise and fall. The plate-current
wave shapes will be similar to those of the Class B amplifier of
Tig. 184, except that the angle 26, during which plate current
flows will vary with the modulation. The mode of operation
changes from an underexcited Class C amplifier when unmodu-
lated, to a Class B amplifier on modulation peaks, assuming
complete modulation.
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The advantage of this method over plate modulation is that
very little audio-frequency energy is required for complete
modulation. The modulating source is only required to furnish
a part of the grid-excitation losses of the modulated Class C
amplifier in this case, instead of having to produce the power
necessary to generate the side bands. This greatly reduces the
size and cost of the audio-frequency-modulating equipment
needed. - However, the plate efficiency of the modulated amplifier
is lower than with plate modulation. This is principally due to
the lower average value of grid excitation applied. A linear
relation between the tank current I, and the modulating voltage
is also somewhat more difficult to secure, although these adjust-

Fr1e. 216.—Schematic circuit of a push-pull grid-modulated amplifier.

ment difficulties are offset by the absence of a similar required
relationship between E, and I,.

Grid modulation can be conveniently adapted to a push-puil
connection as shown in Fig. 216. This method has been used with
low-power broadcast transmitters.?

133. Modulation Due to a Nonlinear Impedance.—When a
sine wave of voltage is impressed on a nonlinear impedance,
such as a vacuum tube, new frequencies will be produced. The
relationship between the current and voltage in any _nonlinear
device may be expressed in the form of a series as

1 =1+ ae + be* + ce* 4 - - - ™
The constants in (7) may be cvaluated by differentiation as
discussed in Sec. 54, Chap. VL.
If a voltage of ¢, = E, sin wt is impressed on the grid of a tube
having no C bias and zero external impedance in the plate circuit,
the plate current will be given, from (24), Chap. VI, by

3 A. W. KisupraucH, A Low-power Broadcast Trammnter, Bell Lab Rec by
vol. 11, p. 87, October, 1932: : .
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— al, » B2 d°I, E?
o =1+ g5 B °"+d—E—z7s ot + ggs g SWet +
_ ] . dgm 1 _ 1.
= I, + gnkl, sin ot + £, 2 <— 5 cos 2wt> +
d*g. E3 (3 . 1
d—EgF<z siet — g 3”‘) to @

From the standpoint of an amplifier the terms may be grouped
as follows:

— dgn E} . Direct-current
Iy =1 + dE, 4 terms

+ <gm e + (fi Z,;" £ g 4 . ) sin wt Useful terms
dgm (9
" dE,
_ dga E Distortion terms
dE” 24 sin 3wt

+ a o0 o

The direct-current terms following I, account for the rise in the
average value of the plate current from I, to I;, With a lincar
characteristie, dg,/dE, = 0 and no rectification takes place.
The distortion terms will likewise disappear.

If two frequencies, a carrier and a signal, are applied to the
grid so that

E, = E; sin wt 4+ E; sin w,t (10)
the plate current in (8) becomes
I, = I + gu(E, sin wt + K, sin w,t) +
%’-’(1’521 sin? w.t + 2E,F, sin w.d sin w,t 4+ K} sin? w,t)

12
+ %‘(Ei sin® w + 3E%E, sin? w.t sin wsd + 3E1E% sin wd

sin? wd + Eisinfwit) + - - - (11)
where

dg m d%gm
! 1! =
gm d E " .(Im dE,z]

Tabulating the various terms as before, we get
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- ﬁn 2 p Direct-current
Ir—Ib+ 4(E1+E2) terms
+ (ng2 qp ET— ng F + Il )sm wst  Signal frequency
03
- T4 2wt . .
g s Harmonics of sig-
gnE} ‘ nal frequency
— sin 3w,
24
2
g%lEz sin (w, — 2w,)¢
BE Lower side band
+ = (EAALE 1 % 008 (we — ws)i
13
+ <ng1 + == g,,, B G E) sin wet Carrier (12)
’
LRI (0 + wt
J B Upper side band

- fei = sin (e + 200)t

"2

+ ME;E? sin (2w, — ws)t

r 12 .,

— 2 cos 2ud B ere=r
ek

— %IE'? sin (2w, + wy)t

gt} sin 3wd Third haymonic
24 of carrier

If more terms had been included in the series of (7) third-
order side-band terms of the form (3w. + w.) would have accom-
panied the third harmonic of the carrier. The upper and lower
side bands of w, will include harmonics of the signal frequency.
These harmonies will be absent if the characteristic of the tube
follows a square law, 7.e., if the higher order terms above be?in (7)
are negligible. In this case the carrier-frequency terms will be

te = gmbE) sin wd + 1 ng E\E, cos (w, — we)t
— 149, E\E, cos (we + we)t

E1<1 + %ﬁE’z sin wst> sin wet
= gmB1(1 + m sin wt) sin wd (13)
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where m is. the modulation factor and is equal to

!
m =g, (14)
Equation (13) isidentical in form with (4), showing that ampli-
tude modulation will occur whenever two or more different
frequencies are impressed on a nonlinear impedance. The value
of gl./gn will be small in & vacuum tube so that E, must be rela-
tively large to secure a value of m approaching unity.

I Dynamic
characteristic

|
[€<---= Ec""'h %
_____ ._.—_._._.: ] ot  — —  —— — —
! = ==
! =
13
| | = | :
[ Il Zy
{ :*"7"' i 2
J)b’na/ arrer .
oltageE, voltage E, . ||i+ ijifs 0
Ez E'c E’b

F1a. 217..—S8chematic circuit and details of operation of a van der Bijl type
modulator.

134. The van der Bijl Type of Modulated Amplifier.—A
modulator using the principle of a nonlinear impedance, due to
H. J. van der Bijl, is shown in Fig. 217. The carrier and signal-
voltage sources are connected in series and applied to the grid of a
negatively biased tube. -As the operation of the device depends
upon the curvature of the dynamic I,-E, characteristic, the
load impedance Z, in the plate circuit must not be too large
because of the straightening effect it would have. It will be
shown later that in the case where the load in the plate circuit
is a pure resistance R, the modulated-power output will be a
maximum when R, = 147,.
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The output of the modulator contains numerous undesired
frequencies as will be seen from (12). Suitable tuned circuits
or a band-pass filter must therefore be incorporated in the output
circuit which will only transmit the desired frequency terms.
Modulators of this typce have been used extensively in carrier-
current telephony.*

135. Balanced Modulators for Carrier Suppression. —Wlth a
modulated wave the intelligence is transmitted only by the side
bands and the carrier serves no useful purpose except at the
receiving point. Here, the beats betwecen the carrier and the
two side bands produce the signal frequency. It would therefore
be possible to suppress the carrier at the transmitter and transmit
only the two side bands. At the receiving point the carrier
frequency could be supplied by a local oscillator. However, if
both side bands were transmitted, the missing carrier would have
to be restored at the recciver at exactly the proper frequency and
phase, which would be extremely difficult to do. But if only
one side band is transmitted, the missing carrier can be supplied
at the receiver to within perhaps 30 cycles of the correct value’
without producing objectionable distortion in the case of speech.
With music the tolerance would be much lower.

By connecting two modulator tubes of the van der Bijl type
in push-pull it is possible to suppress the carrier frequency and
allow the two side bands to survive. One of the two side bands
may then be removed from the output of the balanced modulator
circuit by means of a suitable filter. In addition to other advan-
tages, this method of single side-hand transmission cuts in half
the width of the frequency spectrum required for the transmission
of intelligence. This is of considcrable importance in carrier
telephony which employs a {requency range extending from
about 7 to 40 ke, as more communication channels are thereby
provided.

The suppression of the carricr frequency may be accomplished
in several ways. If an ordinary push-pull circuit is provided with
two additional transformers at 4 and D, as in Fig. 218, there will

4 For a comprehensive discussion of carrier current systems, sec papers
by E. H. Colpitts and O. B. Blackwell, Carrier Current Telephony and
Tclegraphy, Trans. A.I.E.E., vol. 40, p. 205. 1921; and H. A. Affel, C. 8.
Demarest, and C. W. Green, Carrier Systems on Long Distance Telephone
Lines, Bell System Tech. Jour., vol. 7, p. 564, July, 1928
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be two places A and B where input voltages can be applied and
two places C and D where the output power can be taken.

If the carrier and signal voltages are both applied to A, the
two tubes are effectively in parallel with cach other and no output
voltage will appear across C. The output across D will contain
all of the frequency terms listed in (12). If the signal E;is applied
to B while the carrier £, is inserted at A, the side-band frequencies
will appear across C, but the carrier will be suppressed as the two
currents of thid frequency are 180 degrees out of phase with each
other in the two halves of the primary of transformer C. . The
currents in tube 1 due to E, will be given by (12). The currents
in tube 2 will be given by the same equation, except that E, will
now be negative, since E; causes the potential of one grid to rise

Fia. 218.—Balanced modulator circuit for carrier suppression.

while that of the other falls. If we reverse the sign of Ezin (12)
and designate the result as (12a), the frequency terms appearing
across C will be (12) minus (12¢). The frequency terms appear-
ing across D will be (12) plus (12a). The carrier E, across A
will cause the grid potentials of both tubes to rise and fall in
unison so that the phase of K, is the same for hoth tubes and
henee its sign will be the same in (12) and (12a).

Suppose the carrier and signal a